
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 9
:2

1:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Factors affecting
aDepartment of Food Engineering, Facul

Kasetsart University, Kamphaengsaen Cam

E-mail: fengrns@ku.ac.th
bKasetsart Agricultural and Agro-Industry P

University, Bangkok 10900, Thailand

Cite this: RSC Adv., 2022, 12, 28441

Received 20th August 2022
Accepted 30th September 2022

DOI: 10.1039/d2ra05220b

rsc.li/rsc-advances

© 2022 The Author(s). Published by
sericin hydrolysis and application
of sericin hydrolysate in sericin films

Jitrawadee Meerasri,a Rungsima Chollakupb and Rungsinee Sothornvit *a

Sericin is a natural protein and a by-product obtained from silk processing. To enhance the antioxidant

properties of sericin, sericin hydrolysis was studied. The solvent effects (distilled water, citric acid and

hydrochloric acid) and hydrolysis methods (heat treatment (water bath) and mild ultrasonic treatment at

20%, 40% or 60% amplitude) were investigated on the properties of sericin hydrolysate (SH).

Furthermore, solvent effects (distilled water and 15% ethanol) were examined for the properties of the

sericin films incorporated with selected SH. The SH samples from acid hydrolysis and the ultrasonic

method had a darkened visual appearance. However, the degree of hydrolysis and antioxidant activity of

SH increased with ultrasonic-assisted acid hydrolysis. The molecular weight (MW) of sericin was notably

reduced. As expected, hydrochloric acid hydrolysis resulted in a lower MW for the SH than from citric

acid. Thus, SH from hydrochloric acid and 20% amplitude in the ultrasonic method were selected to

produce a sericin film. As revealed, using distilled water as a general solvent provided films with lower

solubility and water vapor permeability but higher tensile strength. Furthermore, the addition of SH

enhanced the antioxidant properties of its hydrolysate as a novel protein packaging film material for

various applications.
1. Introduction

Sericin is a natural protein derived from the silkworm (Bombyx
mori) and contributes about 25–30% of the cocoon weight. In
the textile industry, about 50 000 t of sericin is removed during
silk processing and discharged with industrial wastewater.1 The
recovery and reuse of sericin not only reduces environmental
problems but also provides a high commercial value return.
Nowadays, sericin is used in food and medical materials due to
its various bioactivities, such as antioxidant activity,2 tyrosinase
inhibition activity3 and anti-inammatory activity.4 Sericin
hydrolysate (SH) presents higher antioxidant activity than
sericin and acts as an alternative additive for the cosmetic and
food industries.5,6 Thus, it is interesting to apply SH in the food
industry and packaging.

Generally, sericin is hydrolyzed using enzymatic hydrolysis.
For example, trypsin was used to hydrolyze sericin.5 However,
enzymes are very expensive as well as being difficult to control
and predict the reaction product due to the structural
complexity of protein resulting in limited enzyme–protein
interaction.7,8 Ovissipour et al.9 reported that the limitation of
the enzyme activity by formation of reaction products affected
a reduction of the hydrolysis rate. Thus, various methods have
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roduct Improvement Institute, Kasetsart

the Royal Society of Chemistry
been studied to improve protein hydrolysis, such as chemical
(acid and alkaline) hydrolysis, microwave-assisted acid hydro-
lysis, ultrasonic-assisted hydrolysis and ultrasonic-assisted acid
hydrolysis.10–13 Acid hydrolysis of protein is widely used to cleave
peptide bonds to produce peptides and free amino acids, as it is
a simple and less expensive method.14 Furthermore, ultra-
sonication is a mild and novel technology widely used to
hydrolyze proteins. Therefore, their combination in ultrasonic-
assisted acid hydrolysis should increase the efficiency of
hydrolyzing proteins and improve the functional properties of
the proteins. As reported, the ultrasonication improved the
foaming, emulsifying and antioxidant properties of whey
protein isolate.15 Furthermore, ultrasonic-assisted acid hydro-
lysis enhanced effective unfolding and dissociation of soybean
protein isolate (SPI).12 Nonetheless, this technique increased
water and oil absorption capacity of elephant foot yam starch.16

However, currently, little is known about the ultrasonic-assisted
acid hydrolysis of SH. Therefore, this work focused on the
comparison of SH using a mild treatment of ultrasonication
and heat treatment using a water bath and selected the SH with
desirable properties to enhance the properties of sericin lm.

Sericin has been widely used in lm applications. However,
the properties of sericin lm depend on the sample prepara-
tion. For example, sericin lm prepared from water decreased
the water content but increased the crystallinity index. However,
sericin lm prepared from formic acid and ethanol solution did
not affect the water content and crystallinity index.17 It is known
that ethanol induces b-sheet formation and increases the
RSC Adv., 2022, 12, 28441–28450 | 28441
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crystallinity index of sericin.17,18 In addition, 15% ethanol was
optimal to create the gelation of sericin because it produced
a higher crystallinity index and gel strength with a lower gela-
tion time.19 Thus, it is of interest to study the effects of solvents
(distilled water and 15% ethanol) on the properties of sericin
lm. Furthermore, the protein hydrolysate might enhance the
antioxidant activity of the lm as an active food packaging
material. The addition of shrimp and crab protein hydrolysates
into chitosan/sh gelatin composite lms increased surface
wettability and antioxidant and antibacterial activities.20 To the
best of our knowledge, there has been no report on the sericin
lm incorporated with SH. Therefore, the aim of this work was
to study the factors (3 solvent types and 4 different hydrolysis
methods) affecting SH. Moreover, the effect of lm forming
solvents (distilled water and 15% ethanol) and the addition of
SH on the properties of sericin lm was evaluated. The
outcomes from this study would be benecial to the utilization
of sericin as an active lm for food or other applications.

2. Experimental section
2.1 Sample and chemicals

The sericin powders were provided by Ruenmai-Baimon Part
Ltd (Surin, Thailand). Glycerol was purchased from Ajax Fine-
chem Pty Ltd (Sydney, NSW, Australia). Gallic acid ($98%),
(�)-6-hydroxy-2,5,7,8-tetramethyl-chromane-2-carboxylic acid
(Trolox, 97%) and 2,2′-diphenyl-1-picrylhydrazyl radical
(DPPHc) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Folin–Ciocalteu reagent was procured from Merck KGaA
(Darmstadt, Germany). All chemical reagents in this study were
analytical grade.

2.2 Preparation of sericin hydrolysates

The sericin powders were hydrolyzed using distilled water (SH-
DW), citric acid (SH-CA) (1 M) or hydrochloric acid (SH-HA) (1
M) at a solid-to-liquid ratio of 1 : 20 (w/v) using a water bath at
70 �C for 40min with amodiedmethod from Babu et al.21 or an
ultrasonication (VCX 750, Sonics & Materials, Inc., Newtown,
CT, USA) method at 750 W and 20 kHz according to the method
from Kim et al.22 The ultrasonic treatment involved pulsing on-
time for 20 s and off-time for 20 s and the sample solution was
controlled to not exceed 60 �C. The standard tip (13 mm
diameter) of the ultrasound probe was immersed into the
solution at 20%, 40% or 60% amplitude for 40 min. The
hydrolyzed solutions were frozen and dried to obtain SH
powders using a freeze dryer (Scanvac Coolsafe 100–4 Pro,
Lynge, Denmark).

2.3 Characterization of sericin and sericin hydrolysates

2.3.1 Moisture content. The moisture content (MC) levels
of the sericin and SH powders were determined according to
AOAC.23

2.3.2 Color. The color values of the sericin and SH powders
were measured based on the CIE system (L*, a* and b*) using
a spectrophotometer (Spectro-guide sphere gloss, model CD-
6834, BYK-Gardner GmbH; Geretsried, Germany).
28442 | RSC Adv., 2022, 12, 28441–28450
2.3.3 Degree of hydrolysis. The degree of hydrolysis (DH)
for each SH powder was determined according to Hoyle and
Merritt24 with a slight modication. The sample (0.4 g) was
dissolved in 10 mL of distilled water and shaken in a water bath
for 30 min. The solution (10 mL) was mixed with 10 mL of 10%
trichloroacetic acid (TCA). The mixtures were centrifuged at
5000�g (25 �C) for 10 min to obtain the supernatant. Then, 10%
TCA soluble nitrogen of the supernatants and total nitrogen in
the sample were determined using the Kjeldahl method. DH
was calculated as follows:

DHð%Þ ¼ 10% TCA soluble nitrogen in the sample

Total nitrogen in the sample
� 100

2.3.4 Total phenolic content. The total phenolic content
(TPC) levels of the sericin and SH powders were determined
using the Folin–Ciocalteu method, following the method of
Meerasri and Sothornvit25 with a slight modication. Sericin
powder (0.1 g) was dissolved in 10 mL of distilled water and
homogenized at 7000 rpm for 30 s. Then, the sericin extract
solution (0.4 mL) was mixed with 2 mL of 10% Folin–Ciocalteu
reagent and kept at room temperature (RT, 25 �C) for 5 min
before adding 1.6 mL of 7.5% Na2CO3. The absorbance was
measured at 765 nm using a spectrophotometer (V-770 UV/VIS/
NIR, Jasco Corporation, Tokyo, Japan) aer incubation in the
dark at RT for 1 h. A calibration curve of gallic acid was used and
results were expressed as grams of gallic acid equivalent (GAE)
per gram of dry sample.

2.3.5 Antioxidant activity. The antioxidant activities of the
sericin and SH powders were evaluated using DPPH assay,
according to the method of Meerasri and Sothornvit25 with
a slight modication. A 0.1 g sample of sericin powder was
dissolved in 30 mL of distilled water and homogenized at
7000 rpm for 30 s. Then, the sericin extract solution (2 mL) was
mixed with 0.25 mM DPPH solution (4 mL). The solution was
allowed to stand for 1 h in the dark at RT and then the absor-
bance was measured at 515 nm using the spectrophotometer.
The calibration curve of Trolox was used and results were
expressed as milligrams of Trolox per gram of dry sample.

2.3.6 Molecular weight distribution. Sodium dodecyl
sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) anal-
ysis was performed in a vertical SDS-PAGE system (Bio-Rad
Laboratories, Inc., Philadelphia, PA, USA) according to the
method of Samsalee and Sothornvit.26 Samples (each 20 mL) of
the sericin or SH powders solution (0.4% w/v) were diluted at
1 : 1 in sample buffer (Laemmli sample buffer, b-mercaptoe-
thanol) and heated at 90 �C for 10 min prior to the gel running.
The gels (4–20% precast polyacrylamide gel, Mini-Protein®
TGXTM Precast Gels) were placed in the electrophoresis cell.
The electrode buffer (25 mM Tris–HCl, 0.192 M glycine and
0.1% SDS) was added into the chamber. A 7 mL sample of
Precision Plus Protein All Blue as a standard marker (15–250
kDa; Bio-Rad, Philadelphia, USA) was used in the rst lane and
10 mL of sample was loaded in each lane. The electrophoresis
was run at 120 V for 40 min. Coomassie Brilliant Blue R-250
(0.15%) was used to stain and x the protein bands in gel
using 30% (v/v) methanol and 10% (v/v) acetic acid.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.4 Sericin lm preparation

Sericin lm solution (2 wt%) was prepared by dissolving sericin
powders in distilled water (SF-DW) or ethanol (15% v/v; SF-E).
The solution was stirred at 70 �C for 50 min, cooled and later
added with 50% (w/w of sericin powders) of glycerol with
a slight modication from Yun et al.27 The solution was
completely mixed using magnetic stirring, poured into Petri
dishes (15 cm diameter) and then dried in a hot-air oven at 50
�C for 10 h. The total solid of each lm was controlled at 2 g per
dish. The lm samples were peeled from the Petri dishes and
kept at 25� 3 �C and 50� 5% relative humidity (RH) for further
analyses.

A sericin-to-SH lm solution ratio of 1 : 1 (w/w) was prepared
by dissolving sericin powder and SH in distilled water (SF-SH-
DW). The lm preparation was done as described previously,
except 30% glycerol used for lm formation.
2.5 Properties of sericin lms

2.5.1 Moisture content. The MC of sericin lm was deter-
mined according to AOAC.23 The sericin lms were weighed and
dried in the hot-air oven at 105 �C for 24 h until a constant
weight was reached.

2.5.2 Color. The color of the sericin lms was evaluated
using the spectrophotometer. The color values (L*, a* and b*)
were reported. A white standard (L* ¼ 88.25, a* ¼ 1.44, b* ¼
6.58) was used as a background for color calibration.

2.5.3 Water vapor permeability. The water vapor perme-
ability (WVP) of the sericin lms was determined using the
gravimetric method, according to ASTM.28 A cup was lled with
6 mL distilled water and the lm was xed on the mouth of cup
and then placed into a chamber at 27 � 2 �C and 50 � 2% RH.
The weight of cup sample was recorded at different times up to
10 h. TheWVP (g mm kPa−1 h−1 m−2) was determined using the
following equation:

WVP ¼ WVTR� d

PA1 � PA2

� 100

where WVTR is the water vapor transmission rate (g h−1 m−2),
d is the lm thickness (mm) and PA1, PA2 are the partial pres-
sures of water vapor inside and outside the cup (kPa),
respectively.

2.5.4 Solubility. The lm samples were cut into pieces (2 cm
� 2 cm) and dried in the hot-air oven at 105 �C for 24 h. The
initial dry weight was measured. Samples were put in 10 mL of
distilled water and shaken in the water bath for 24 h. The
residual lms were dried in the hot-air oven at 105 �C for 24 h
until the weight was constant, which was recorded as the nal
dry weight. The solubility of lms was determined using the
equation:

Solubilityð%Þ ¼ ðInitial dry weight� Final dry weightÞ
Initial dry weight

� 100

2.5.5 Mechanical properties. The mechanical properties of
the sericin lms (tensile strength, elastic modulus and elon-
gation) were evaluated using a universal testing machine (5569,
© 2022 The Author(s). Published by the Royal Society of Chemistry
Instron, Norwood, MA, USA) with a 50 N load cell. The lm
samples were cut in a dumbbell shape (width 8 mm and length
50 mm). The lm samples were kept at 25 � 3 �C and 50 � 5%
RH for 48 h before testing. The initial grip separation and cross-
head speed were set at 50 mm and 50 mm min−1, respectively.

2.5.6 Total phenolic content. Each lm (0.1 g) was mixed
with 10 mL of distilled water and then homogenized at
7000 rpm for 30 s to obtain the lm extract for TPC and anti-
oxidant activity. The TPC of the lm extract was determined
using the Folin–Ciocalteu method, as mentioned previously.
The results were expressed as grams of GAE per gram of dry
sample.

2.5.7 Antioxidant activity. The antioxidant activity of the
lm extract was evaluated using DPPH assay, as mentioned
previously. The results were expressed as milligrams of Trolox
per gram of dry sample.
2.6 Statistical analysis

A completely randomized design was used to conduct the
experiment. All experimental data were analyzed using one-way
analysis of variance in the SPSS statistical soware package
(SPSS 18.0 for Windows, SPSS Inc., Chicago, IL, USA) and
expressed as a mean � standard deviation. Signicant differ-
ences between mean values were calculated using Duncan's test
at a signicance level of 0.05.
3. Results and discussion
3.1 Characterization of sericin and sericin hydrolysate

3.1.1 Moisture content. The MC of sericin and SH was
inuenced by the type of solvent and the hydrolysis method, as
shown in Table 1. The sericin had the lowest MC of 0.39%. SH-
CA using either the water bath or ultrasonication at different
amplitudes produced a higher MC compared to those from SH-
HA and SH-DW. This might have been due to the formation of
ester bonds between the reactive hydroxyls of sericin and the
carboxylic acids of CA, enhancing the cross-links between the
molecules, consequently resulting in water being trapped inside
the matrix.29 Likewise, there were higher MC values of the
samples treated with CA than for samples treated with HA in the
rice starch hydrolysis process.29 In addition, sweet potato starch
treated with CA had a higher water absorption index (WAI) than
samples treated with HA.21 For the hydrolysis method, SH using
ultrasonication had a lower MC than from using the water bath.
This might have been due to the acoustic waves providing high
shear to the smaller size resulting in the decrease in water
retention and nally the lower MC of the SH.30,31

3.1.2 Color. There was a signicant reduction in the light-
ness of SH obtained from ultrasonic-assisted acid hydrolysis
compared to SH using DW and sericin (Table 1). In particular,
SH using ultrasonic-assisted HA hydrolysis had lower L* and
higher a* and b* values than SH obtained from CA. This indi-
cated a color tendency toward greenness and yellowness (Fig. 1).
This might have been because the strong acid (HA) combined
with ultrasonic hydrolysis was more powerful in breaking down
the protein molecules of sericin. Similarly, Rodsamran and
RSC Adv., 2022, 12, 28441–28450 | 28443
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Table 1 Moisture content (MC) and color of sericin and sericin hydrolysate obtained using different solvents with water bath or ultrasonication at
different amplitudesa

Sample

MC (%)

Color

Method Solvent Amplitude (%) L* a* b*

Sericin 0.39l � 0.01 55.13h � 0.10 1.67f � 0.01 13.62e � 0.00
Sericin hydrolysate
Water bath DW 5.55e � 0.09 57.34g � 0.55 1.01h � 0.08 12.88f � 0.25

CA 21.97a � 0.01 57.95f � 0.00 2.09d � 0.04 15.06c � 0.04
HA 4.29f � 0.06 64.53c � 0.01 0.55j � 0.03 11.80h � 0.06

Ultrasonication DW 20 2.45h � 0.05 62.81d � 0.09 0.25l � 0.08 9.21i � 0.01
40 3.25g � 0.03 60.81e � 0.00 0.07m � 0.04 8.03j � 0.01
60 1.89j � 0.07 60.91e � 0.15 0.39h � 0.00 7.79k � 0.19

CA 20 19.27b � 0.12 68.75a � 0.01 1.79e � 0.12 16.70a � 0.06
40 17.84c � 0.84 65.19b � 0.02 1.48g � 0.01 16.58a � 0.00
60 15.60d � 0.31 53.23i � 0.03 0.80i � 0.01 12.11g � 0.03

HA 20 1.23k � 0.02 40.32j � 0.01 6.38a � 0.04 16.09b � 0.05
40 3.56g � 0.30 35.69l � 0.01 3.90k � 0.01 14.66d � 0.04
60 1.72i � 0.01 37.99k � 0.01 4.74b � 0.04 14.75d � 0.10

a Mean values (�SD) followed by different letters in same column indicate signicant (p < 0.05) differences. DW ¼ distilled water; CA ¼ citric acid;
HA ¼ hydrochloric acid.

Fig. 1 Visual appearance of (a) sericin and sericin hydrolysate (SH)
powder obtained using distilled water (SH-DW), citric acid (SH-CA) and
hydrochloric acid (SH-HA) using (b) water bath or (c) ultrasonication at
different amplitudes.
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Sothornvit32 reported that lime peel pectin obtained from
conventional extraction with HA had lower L* and higher a* and
b* values than those obtained from CA. Fadimu et al.11 and
Zhou et al.33 reported a decrease in the L* and the increase in
the b* values in lupin protein and egg white protein hydroly-
sates pretreated using ultrasound. Ultrasonic cavitation might
increase the surface hydrophobicity of the protein and decrease
the sulydryl group content. As a result, the exposed area of
28444 | RSC Adv., 2022, 12, 28441–28450
molecules of embedded riboavin (coloring agent) inside
proteins was increased. Sit et al.34 found that dry taro starch
powder treated using different ultrasonic treatment conditions
signicantly decreased the L* value and increased the a* and
b* values compared to the untreated sample.

3.1.3 Degree of hydrolysis. The DH of SH with different
solvents using the water bath or ultrasonication at different
amplitudes of 20%, 40% or 60% are shown in Table 2. For acid
hydrolysis, SH hydrolyzed by HA had the highest DH value,
followed by CA and DW, respectively. These results showed that
the strength of the acid affected the DH values. Similarly, the
results of HA hydrolysis of Persian sturgeon visceral protein
presented higher DH values than from sodium hydroxide
hydrolysis13 and HA (8 M) hydrolysis had a higher DH value of
sh protein hydrolysates than those at 4 M and 6 M.35 In
addition, SH obtained from an ultrasonic method (33.54–
68.60%) had lower DH values than from the water bath method
(71.36–81.11%). It was possible that the temperature affected
the change in the DH of SH because the ultrasonic method (60
�C) had a lower temperature than the water bath method (70
�C). Similarly, the DH of hydrolyzed collagen from salmon scale
ossein using a thermal treatment (55 �C) in a water bath was
higher than for pretreatment using ultrasonication (5–8 �C)
alone, while hydrolyzed collagen pretreated using ultra-
sonication and followed by thermal treatment had the highest
DH value.36 The DH of protein hydrolysates from Persian stur-
geon viscera increased with increasing hydrolysis temperature.9

Interestingly, different amplitudes also affected DH values. The
DH values of SH treated using ultrasonication increased with
increasing amplitude levels from 20% to 40% and decreased
when it was increased up to 60%. This might have been due to
the aggregation of polymers between hydrophobic and hydro-
phobic interactions at higher amplitudes, resulting in lower DH
values.37 Similarly, duck albumen hydrolysates pretreated ther-
mally, followed by ultrasonication at 60% amplitude had the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Degree of hydrolysis (DH), total phenolic content (TPC) and antioxidant activity (DPPH) of sericin and sericin hydrolysate obtained using
different solvents with water bath or ultrasonication at different amplitudesa

Sample

DH (%)
TPC (g GAE per g
of dry sample)

DPPH (mg Trolox per g
of dry sample)Method Solvent Amplitude (%)

Sericin — 0.39a � 0.00 5.95g � 0.09
Sericin hydrolysate
Water bath DW 71.36b � 0.08 0.29e � 0.00 5.31h � 0.00

CA 78.49a � 0.01 0.18h � 0.00 9.33e � 0.00
HA 81.11a � 0.49 0.23g � 0.01 8.62f � 0.01

Ultrasonication DW 20 44.80ef � 0.25 0.35b � 0.00 6.07g � 0.33
40 50.96d � 0.08 0.32d � 0.00 4.10i � 0.04
60 34.19g � 0.64 0.33c � 0.00 3.01j � 0.35

CA 20 33.54g � 0.15 0.11j � 0.00 10.85d � 0.11
40 48.57de � 1.50 0.16i � 0.00 9.26e � 0.00
60 43.06f � 6.74 0.18h � 0.00 10.83d � 0.37

HA 20 55.65c � 0.72 0.29e � 0.00 14.56c � 0.05
40 68.60b � 0.06 0.26f � 0.01 15.31b � 0.00
60 56.03c � 0.41 0.32cd � 0.00 17.31a � 0.15

a Mean values (�SD) followed by different letters in same column indicate signicant (p < 0.05) differences. GAE ¼ gallic acid equivalents; DW ¼
distilled water; CA ¼ citric acid; HA ¼ hydrochloric acid.
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highest DH.37 Surprisingly, the DH values in the current
research were higher than those from enzymatic hydrolysis of
SH (10.04–22.23%) reported by Wu et al.,38 suggesting that the
formation of reaction products at high degrees of hydrolysis
limited the enzyme–protein interaction.13 Thus, this could be
considered as an advantage of using acid hydrolysis assisted
with a water bath or ultrasonication compared to using enzy-
matic hydrolysis.

3.1.4 Total phenolic content. The TPC of the sericin and SH
obtained using the different methods are shown in Table 2.
Aer hydrolysis, the TPC of SH signicantly decreased
compared to that of sericin. In general, acid hydrolysis is used
to cleave the ester bond of the sample, which acts as other
specic phenolic compounds.39 In the current study, the use of
acid hydrolysis clearly affected the reduction in the TPC of the
SH due to the high temperature of hydrolysis. The TPC is
temperature-sensitive and degrades easily. This corresponded
with the losses in cinnamic acid derivatives, p-coumaric, caffeic
and ferulic acids of wheat bran under the high temperature of
acid hydrolysis conditions.39

3.1.5 Antioxidant activity. The effects of the acid and
hydrolysis method on the DPPH of SH is shown in Table 2. The
DPPH value of sericin was 5.95 mg Trolox per g of dry sample. In
comparison, ultrasonic hydrolysis produced a higher DPPH of
SH than the water bath hydrolysis method. This implied that
the ultrasonic method could signicantly improve the antioxi-
dant activities of SH. The increase in the DPPH value of SH was
due to the acoustic cavitation of ultrasonication disrupting the
protein molecules to small peptides or amino acids, which
acted as hydrogen donors and converted free radicals to be
more stable products.31,40 Zhang et al.41 also reported that the
smaller MW of the peptides could produce a higher DPPH
value. Solvents inuenced the antioxidant activity of SH. As
shown, a strong acid had a higher DPPH of SH than a weak acid.
Sani et al.42 reported that acid hydrolysis (HCl) of germinated
© 2022 The Author(s). Published by the Royal Society of Chemistry
grown rice had a higher DPPH value than basic hydrolysis
(NaOH) and the non-hydrolyzed sample.

3.1.6 Molecular weight distribution. The MW distributions
of SH obtained using different solvents with a water bath or
ultrasonication at different amplitudes are presented in Fig. 2.
The results showed high density protein bands of SH-DW using
the water bath in the range 50–150 kDa, which did not differ
from sericin (Fig. 2(a)). SH-CA and SH-HA using the water bath
showed continuous protein bands in the range 50–100 kDa. The
decrease in the MW of SH using acid hydrolysis was due to the
break down between the protein molecules. Xie et al.43 reported
that resistant waxy maize dextrin hydrolyzed using sulfuric acid
(3.16 M) resulted in a smaller size of crystallized particles than
in samples without hydrolysis. In addition, He et al.44 suggested
that the use of an acid–alkali treatment at low pH affected the
degradation of protein and reduced the allergenicity of silk-
worm pupa protein extract. Under hydrolysis methods, the MW
of SH decreased using ultrasonic-assisted hydrolysis compared
to SH using the water bath for the same solvent, as shown in
Fig. 2(b). SH-DW using ultrasonic-assisted hydrolysis showed
continuous protein bands in the range 50–75 kDa and high-
density protein bands at 15 kDa, whereas SH-CA showed
protein bands in the range 37–50 kDa and SH-HA showed
continuous protein bands in the range 20–37 kDa and high
density protein bands at 15 kDa. These results indicated that SH
obtained from ultrasonic-assisted hydrolysis had lower MW
values than from using the water bath. It was possible that the
effect of cavitation during the ultrasonication resulted in the
small peptides or amino acids.31,40 Zhang et al.41 reported that
the effects of the high temperature, pressure and shear forces of
ultrasonic treatment caused a break in the cross-linkage
between protein molecules. They found that soy protein
isolate (SPI) hydrolysates pretreated using ultrasonic assistance
had a lower MW than the control (SPI without ultrasonication).
However, the different amplitudes did not affect the MW of SH.
RSC Adv., 2022, 12, 28441–28450 | 28445
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Fig. 2 SDS-PAGE profiles of protein standard marker and protein of sericin and sericin hydrolysate (SH) obtained using distilled water (SH-DW),
citric acid (SH-CA) and hydrochloric acid (SH-HA) using (a) water bath or (b) ultrasonication at different amplitude.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 9
:2

1:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The results showed that the MW of SH-HA using ultrasonic-
assisted hydrolysis were similar to the SH produced by
protease from Bacillus halodurans SE5 or Alcalase and SH
hydrolysed by trypsin. Furthermore, sericin extracted using
Bacillus halodurans SE5 or Alcalase and hydrolysed using trypsin
had MW values of 50 kDa, <15 kDa and <10 kDa, respec-
tively,45,46 whereas SH-HA using ultrasonic-assisted hydrolysis in
the current study had protein bands in the range 20–37 kDa and
at 15 kDa, indicating that the hydrolysis process with HA using
ultrasonic assistance was as effective as enzymatic hydrolysis. In
addition, this hydrolysis was cheaper than using enzymatic
hydrolysis.

The correlation between the factors of hydrolysis and prop-
erties of SH is shown in Table 3. It was found that the solvents
were signicantly correlated with the MC, color (L*, a*, b*) and
DPPH values, while the hydrolysis method and the amplitude
were correlated with only the DH value. Thus, the solvent was
the main factor in selecting the SH. The results showed that SH-
HA had lower MC and higher DPPH values compared to the SH
from other solvents. Furthermore, ultrasonic hydrolysis using
20% amplitude produced a DH value that did not differ from
60%. Therefore, SH-HA using ultrasonic hydrolysis at 20%
amplitude was chosen to incorporate into the sericin lm. It was
expected that SH-HA with a higher DPPH valuemay enhance the
lm antioxidant properties of the active sericin lm.
Table 3 Correlations for the effect of methods, solvents and amplitudes
total phenolic content (TPC) and antioxidant activity (DPPH)

Factor MC L*

Methods Pearson correlation 0.353 −0.239
Sig. (2-tailed) 0.091 0.261

Solvents Pearson correlation 0.746a −0.597a

Sig. (2-tailed) 0.000 0.002
Amplitudes Pearson correlation 0.288 −0.321

Sig. (2-tailed) 0.172 0.126

a Correlation is signicant at 0.01 level (2-tailed).

28446 | RSC Adv., 2022, 12, 28441–28450
3.2 Effect of sericin hydrolysate in sericin lm properties

3.2.1 Moisture content. The MC of the sericin lms is
presented in Table 4. The type of lm forming the solvent
signicantly affected the MC of the lm. The sericin lm
prepared from the DW solution (SF-DW) had a higher MC than
from 15% ethanol (SF-E). This result may have been due to the
polarity of the solvents affecting the affinity of the hydropho-
bicity or hydrophilicity of the sericin lms. Sericin protein
contains many polar amino acids (serine, aspartic acid and
glycine), especially a majority of strong hydrophilicity polar
hydroxyl amino acids that can be considered as a hydrophilic
protein.47 Thus, the higher polarity of water over ethanol
provided a higher MC of the SF-DW than for SF-E. In contrast,
the addition of SH reduced the MC of the lm. The SH might
possibly interact with water molecules resulting in lower MC of
SF-SH-DW lm. This phenomenon was similar to the decrease
in moisture content of sh tofu with the addition of shrimp
hydrolysate in the recipe.48

3.2.2 Color. There were no differences in the color param-
eters of SF-DW and SF-E, except for L* (Table 4). As expected, the
addition of SH affected the lm color of SF-SH-DW; L* signi-
cantly decreased, while a* and b* increased compared to SF-
DW, with a slight color tendency toward greenness and yel-
lowness in SF-SH-DW due to the yellowness of the SH powder
(Fig. 1).
on moisture content (MC), color (L*, a*, b*), degree of hydrolysis (DH),

a* b* DH TPC DPPH

0.221 −0.052 −0.796a 0.144 0.239
0.300 0.810 0.000 0.502 0.261
0.734a 0.640a 0.394 −0.256 0.878a

0.000 0.001 0.057 0.226 0.000
0.075 −0.217 −0.620a 0.186 0.179
0.727 0.308 0.001 0.385 0.401

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Properties of sericin films using distilled water (SF-DW) or 15%
ethanol (SF-E) and sericin hydrolysate incorporation (SF-SH-DW)a

Film
property

Film formulation

SF-DW SF-E SF-SH-DW

Moisture
content (%)

52.90a � 0.12 42.41b � 0.04 27.21c � 0.78

Color L* 83.23b � 0.08 83.69a � 0.17 78.41c � 0.01
a* −0.95b � 0.01 −1.05b � 0.04 −0.47a � 0.02
b* 15.36b � 1.02 13.98b � 0.59 26.09a � 0.09

WVP (g mm
kPa−1 h−1

m−2)

3.31c � 0.01 3.81b � 0.04 6.43a � 0.14

Solubility
(%)

47.82c � 0.03 61.13b � 0.06 89.93a � 6.48

Tensile
strength
(MPa)

18.13a � 1.15 14.05b � 1.77 5.73c � 0.37

Elongation
(%)

14.23a � 0.06 6.22b � 0.01 6.49b � 0.81

Elastic
modulus
(MPa)

334.87a � 14.64 430.37a � 65.13 159.36b � 4.09

a Mean values (�SD) followed by different letters in same column
indicate signicant (p < 0.05) differences. WVP ¼ water vapor pressure.

Fig. 3 Total phenolic content (TPC) of sericin films (SF) using distilled
water (SF-DW) or 15% ethanol (SF-E) and sericin hydrolysate incor-
poration (SF-SH-DW), where error bars ¼ standard deviation.
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3.2.3 Water vapor permeability. Table 4 shows the WVP
values of SF-DW, SF-E and SF-SH-DW. Compared with SF-DW,
SF-E had a signicant greater WVP perhaps because of the
affinity of the hydrophobic or hydrophilic interaction between
the sericin and solvents affecting the rearrangement of the lm
structure during lm drying. The results obtained were in
agreement with those reported by Zhang et al.49 that the WVP of
zein/chitosan lms produced from 80% ethanol (5.00 kg m Pa−1

s−1 m−2) was lower than that produced from 95% ethanol (5.56
kg m Pa−1 s−1 m−2) due to the polarity of the solutions. Another
hypothesis is that the easier evaporation of the ethanol in SF-E
resulted in the voids in the protein lm matrix driving the water
vapor diffusion better than in SF-DW. The addition of SH
increased the WVP of the lm due to the smaller molecular size
of SH leading to an increase in water affinity. In addition, SH
might act as an alternative plasticizer making the lm more
exible and creating free volume for water vapor diffusion.50

The WVP of gelatin51 and alginate52 lms were signicantly
increased with the addition of protein hydrolysates.

3.2.4 Solubility. The solubility of SF-E was signicantly
higher than that of SF-DW (Table 4). This might be attributed to
the reduced compactness of the lm structure of SF-E due to the
easier evaporation of ethanol during lm drying. Thus, water
was easily inserted into the lm structure, resulting in higher
lm solubility. Furthermore, the incorporation of SH increased
the solubility of the lm. This may have been due to the
hydrophilic nature increasing the water affinity of SH and the
weak interactions between short chain peptides and the protein
matrix.53 In addition, SH also contained a high amount of the
hydrophilic amino acids,38 causing higher solubility of SF-SH-
DW than for the other lms. Similarly, Da Rocha et al.54
© 2022 The Author(s). Published by the Royal Society of Chemistry
reported a higher solubility of agar-based lms with the incor-
poration of Argentine croaker protein hydrolysates (PH) from
sh than for the control lm (without PH).

3.2.5 Mechanical properties. Different solvents inuenced
the tensile strength (TS), elongation (E) and elastic modulus
(EM) values of the sericin lms (Table 4). The values for TS and
E of SF-DWwere higher than those for SF-E due to the polarity of
the solvents. The strong interactions within the lm network
resulted in increased TS in the sericin lm. However, the
incorporation of SH led to a signicant decrease in TS, E and
EM in the lm compared to SF-DW. This might have been due
to the small particle size of SH that could be easily inserted in
the sericin network and weakened the structure of the sericin
lm, leading to fewer intermolecular interactions and increased
free volume between the polymer chains, as conrmed by the
WVP results.55 Similarly, the addition of sh protein, purafect or
savinase hydrolysates into the gelatin lms led to a decrease in
TS values due to the weaker chain-to-chain interaction by
hydrogen bonding.51,55

3.2.6 Total phenolic content. The results showed signi-
cant differences in the TPC values between DW and the ethanol
(15%) solvents in the sericin lms (Fig. 3). It was found that the
SF-E (0.26 g GAE per g of dry sample) had a signicantly lower
TPC value than SF-DW (0.29 g GAE per g of dry sample). The
concentration of ethanol and the properties of the solvent
(density, dielectric constant and dynamic viscosity) affected the
change in solubility of polyphenols.56,57 Thus, the amount of
obtained TPC depended on the optimum use of solvents and
polar or nonpolar phenolic acids during extraction.56 Butkhup
et al.2 reported that silk sericin extracted from the Nangnoi,
Chokumnoui 1, Chokumnoui 2 and Eri strains using water had
higher phenolics than using 70% ethanol extraction. It might be
possible that the preparation of the lm solution inuenced the
TPC. A lm solution prepared using DW may have a greater
amount of TPC from sericin and be later dissolved into lm
solution than that prepared with 15% ethanol. Comparatively,
the ethanol concentration affected the TPC of black currants by
increasing the ethanol concentration from 39% to 60% and
RSC Adv., 2022, 12, 28441–28450 | 28447
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then decreasing it with an increased ethanol concentration
from 60% to 95%.56 These results were in agreement with the
observation that a higher concentration of TPC extracted from
olive (Olea europaea) leaf was obtained using 40% and 60%
ethanol.57 However, the incorporation of SH into the sericin lm
had the highest TPC values (0.31 g GAE per g of dry sample). It
was possible that SH contained the primary structure antioxi-
dant amino acids (such as histidine, proline and phenylalanine)
which are also involved in the biosynthesis of polyphenols and
alkaloids.5,58,59 Furthermore, SH also contains phenols5 result-
ing in a higher TPC for SF-SH-DW. Similarly, cottonseed protein
hydrolysate (PH) enriched lms had higher TPC values at higher
PH concentrations.52

3.2.7 Antioxidant activity. The SF-DW had a DPPH value of
10.05 mg Trolox per g of dry sample, which was 30.45% higher
than that of the SF-E (Fig. 4). This might relate to the many
polar amino acids (such as serine, threonine and proline) of
sericin that were greatly dissolved in the solvent at a high
water content, and the composition of amino acids (such as
hydroxyl groups of serine and threonine) associated with the
increasing DPPH values.60 In addition, the DPPH value was
a signicantly higher antioxidant in the sericin lms enriched
with SH due to the high amounts of amino acids (serine,
aspartic acid, glycine, threonine and glutamic acid) of SH
which was related to antioxidant activity.38 Particularly, SH
contained more glutamic acid (5.04%) than sericin (2.54% ref.
5 and 38). This might be due to the increase in formation of
small peptides during hydrolysis.61 This amino acid can act as
free radical scavengers or hydrogen donors,20 resulting in
a higher DPPH of SF-SH-DW. Therefore, the incorporation of
protein hydrolysates into lms increased the antioxidant
capacity of lm. As reported, chitosan and gelatin lm
enriched with shrimp and crab shells protein hydrolysates
(SPH and CPH) at different concentrations (1.5–6%), showed
DPPH values of 75.37–86.23% and 71.46–78.30% for SPH and
CPH, respectively, compared with 49.20% DPPH of chitosan
and gelatin lm without SPH and CPH.20
Fig. 4 Antioxidant activity (DPPH) of sericin films (SF) using distilled
water (SF-DW) or 15% ethanol (SF-E) and sericin hydrolysate incor-
poration (SF-SH-DW), where error bars ¼ standard deviation.

28448 | RSC Adv., 2022, 12, 28441–28450
4. Conclusions

Acid solvent was used to hydrolyze sericin, resulting in a lower
MW, with strong acid hydrolysis producing a signicant MW
reduction. The acid hydrolysis affected the color parameters
(lower lightness and higher redness and yellowness) of SH. As
conrmed, the use of acid solvent led to higher antioxidant
activity of SH. Thus, SH from a strong acid with 20% amplitude
of ultrasonic-assisted hydrolysis was selected to produce an
active sericin lm, due to its higher antioxidant activity and
lower MW. The solubility, WVP and mechanical properties of
the sericin lms were inuenced by using different solvents and
the addition of SH. Sericin lm produced from DW showed
lower solubility and WVP values but higher tensile strength and
elongation than lms produced from 15% ethanol and lm
from DW with SH. Nevertheless, the addition of SH into the
sericin lms enhanced their total phenolic content and anti-
oxidant properties. Consequently, sericin lm incorporated
with sericin hydrolysate might be a novel alternative functional
active lm material for use in pharmaceutical medical and food
packaging applications.
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