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ABSTRACT (ENGLISH) 

# # 6176453033 : MAJOR PHARMACEUTICAL SCIENCES AND TECHNOLOGY 
KEYWORD: Sericin, Enzymatic hydrolysis, wastewater, Melanogenesis, MITF, Tyrosinase, Reactive oxygen 

species, Response surface methodology, Alcalase® 
 Keerati Joyjamras : ANTIOXIDANT WITH ANTIMELANOGENIC ACTIVITIES OF SERICIN HYDROLYSATES 

OPTIMIZED BY RESPONSE SURFACE METHODOLOGY IN HUMAN MELANIN-GENERATING MNT-1 CELLS. 
Advisor: Prof. PITHI CHANVORACHOTE, Ph.D. Co-advisor: Asst. Prof. CHATCHAI CHAOTHAM, Ph.D. 

  
Sericin, a protein presenting in the wastewater from silk industry, causes water pollution and 

ecological problem. To increase economic value to this waste product, the optimum enzymatic condition that 
could create sericin hydrolysates with high antioxidant and antimelanogenic capacities was generated through 
response surface methodology (RSM). Response surface plots demonstrate the major role of temperature on 
scavenging capacity of sericin hydrolysates assessed via DPPH, FRAP and ORAC assays. Alcalase®-hydrolyzed 
sericin consisted of sericin-related peptides in differing amounts and smaller sizes compared with 
unhydrolyzed sericin, as respectively demonstrated by peptidomic and SDS-PAGE analysis. Pre-incubation with 
20 mg/mL sericin hydrolysates digested by Alcalase® at RSM-optimized condition (enzyme/substrate ratio: 1.5, 
pH: 7.5, temperature: 70°C) exhibited higher antioxidant activity against 1 mM hydrogen peroxide in human 
HaCat keratinocytes and melanin-generating MNT-1 cells when compared with 5 mM N-acetyl cysteine. The 
lower half maximum inhibitory concentration was 9.05 ± 0.66 mg/mL compared with unhydrolyzed sericin 
(24.54 ± 0.17 mg/mL) indicated a potent effect of Alcalase®-hydrolyzed sericin on inhibiting melanin 
production in MNT-1 cells. Not only inhibiting enzymatic activity but also downregulated expression of 
tyrosinase was evident in MNT-1 cells incubated with 20 mg/mL sericin hydrolysates. Quantitative RT-PCR 
revealed the decreased mRNA level of MITF, a tyrosinase transcription factor, which correlated with the 
reduction of pCREB/CREB, an upstream cascade, as assessed by western blot analysis in MNT-1 cells cultured 
with 20 mg/mL sericin hydrolysates for 12 h. Interestingly, treatment with Alcalase®-hydrolyzed sericin for 6-24 
h also upregulated pERK, a molecule that triggers MITF degradation in human melanin-producing cells. The 
acquired information would facilitate the recycling of waste products from silk industry as an effective 
antioxidant and antimelanogenic compound.  
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CHAPTER 1   

INTRODUCTION 

 

Background and rationale  

The rapid expansion of industries to supply consumable products, globally 

unavoidably causes of ecological problems (1). Without proper management, sericin 

protein presenting in the degumming water used in silk processing results in a high 

level of chemical oxygen demand (COD), which contributes to water pollution (2). In 

seeking to recycle the wastewater from silk production, several researchers have 

discovered the potential benefits of silk sericin (3),(4),(5). Silk protein, which is 

produced from Bombyx mori, comprises with 25-30% sericin protein wrapped around 

fibroin fiber (6). The globular structure of water-soluble sericin consists of diverse 

amino acids, among which serine, histidine, glycine, threonine, tyrosine, aspartate and 

glutamine are predominant (3). Recently, several biological functions of sericin have 

been reported, including antioxidant and anti-tyrosinase activities (7),(8),(9). 

  Scavenging activity, or the capability to eliminate the unpaired electron in 

oxygen and other molecules, is one of the major characteristics of antioxidant 

compounds (10). Through direct interaction with reactive oxygen species (ROS), 

antioxidants can restrain oxidative stress and prevent the propagation of oxidative 
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chain reactions, which otherwise damage cellular organelles (11). Moreover, the 

application of natural antioxidants has been researched in food, pharmaceutical and 

cosmetic products (12),(13). It is widely accepted that the antioxidant capacity of 

natural compounds can be accessed through various in vitro assays, including 2,2-

diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity, ferric-reducing 

antioxidant power (FRAP) and oxygen radical absorbance capacity (ORAC) (14). Based 

on the donation of a single electron to free radicals and ferric ions (Fe3+), antioxidant 

activity can be respectively determined using DPPH and FRAP assays (15). Despite 

their simplicity and repeatability, DPPH and FRAP assays carry the drawback of 

irrelevance to biological ROS and physiological conditions (16). Therefore, ORAC 

assay, which generates peroxyl radicals (ROO·), is introduced to examine the 

translocation of hydrogen atoms from antioxidant to oxygen molecules (17). 

According to diverse mechanisms of action, ROS scavenging activity of antioxidant 

compounds is recommended to be evaluated through several methods (18),(19),(20).  

  Intriguingly, the ROS scavenging capacity of peptides, in both natural and 

hydrolyzed forms, is well established (21),(22),(23). While the antioxidant potential of 

sericin and sericin hydrolysates has largely been evidenced by DPPH assay 

(6),(24),(25), the study of scavenging activity of sericin hydrolysates prepared by 

specific enzymes against diverse free radicals is still limited (26),(27). To optimize 

conditions in both laboratory and industrial scenarios, response surface methodology 

(RSM), a type of statistical and mathematical analysis, has been broadly applied (28). 
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RSM gathers the effects of different independent factors to generate an applicable 

model for desired output (29). Variables in enzymatic reactions, including pH, 

temperature and enzyme/substrate ratio are acquired from RSM in this study, and 

analyzed to discover the optimum conditions for antioxidant activity of sericin 

hydrolysates assessed via DPPH, FRAP and ORAC assays.  

  The inhibitory potential of sericin against enzymatic activity of mushroom 

tyrosinase has been recently indicated (24),(29). Interestingly, anti-tyrosinase activity 

of sericin and sericin hydrolysates seem to be correlated with their ROS scavenging 

activity (25). Nevertheless, the effect of sericin hydrolysates on tyrosinase enzyme 

isolated from human melanin-generating cells has not been investigated. Despite 

composing of various regulatory proteins, tyrosinase has been considered as a rate 

limiting enzyme, which catalysts tyrosine amino acid to melanin pigment in 

melanogenesis pathway. Thus, tyrosinase inhibitors have been widely accepted as 

effective depigmenting agents in cosmetic application (30). Not only determining 

color tone but also protecting skin cells from environmental exposures, especially 

ultraviolet (UV) radiation which is an important role of epidermal melanin. However, 

the overproduction of melanin, or hyperpigmented condition, also causes many 

health problems and aesthetic concerns (31). Large number of available whitening 

cosmetic products reflects health concern in hyperpigmented condition that affects 

self-confidence and quality of life. Although, various synthetic and natural 
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hypopigmenting agents have been continuously introduced but most of them own 

short efficacy and serious side effects (32). 

  Melanocytes that located at the bottom layer of epidermis are responsible 

for melanin production through melanogenesis pathway. The expression of 

tyrosinase, tyrosinase-related protein-1 (TRP-1) and tyrosinase-related protein-2 (TRP-

2 or dopachrome tautomerase; Dct) is regulated by microphthalmia-associated 

transcription factor (MITF) (33). From the fact that the production of melanin is also 

mediated by cyclic adenosine 3’,5’-monophosphate (cAMP), activation of cAMP 

results in phosphorylation of cAMP response element-binding protein (CREB), which 

in turn provokes MITF transcription (34). MITF is also post-translationally modulated 

by mitogen-activated protein kinase (MAPKs)/extracellular signal-regulated protein 

kinase (ERK) signal. Activated ERK (pERK) triggers proteasomal degradation of MITF 

consequence with diminished level of tyrosinase and suppression of melanin 

synthesis (35),(36). According to regulatory role on tyrosinase expression, MITF has 

been proposed as a novel target for antimelanogenic compound that could provide 

sustainable effect on preventing melanin production (37),(38).  

  This study aims to optimize enzymatic condition for preparation of sericin 

hydrolysates containing high ROS scavenging activity against various free radicles 

through RSM compared with unhydrolyzed sericin and known antioxidant. 

Furthermore, antimelanogenic activity and related mechanisms of RSM-optimized 

sericin hydrolysates were investigated in human melanin-generating cells. The 
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obtained information would be benefit for recycling and utilizing sericin, a waste 

product from the silk industry, as a potent antioxidant and hypopigmenting agent for 

further development of a safe and effective cosmeceutical products. 

 

Research questions 

1. Does an optimum enzymatic condition for preparing sericin hydrolysates 

possess ROS scavenging capacity against various free radicals obtained from 

RSM? 

2. Does RSM optimized-sericin hydrolysates exhibit antimelanogenic activity via 

modulating MITF in human melanin-generating cells? 

 

Objectives 

1. To optimize condition of enzymatic hydrolysis and ROS scavenging activity of 

sericin hydrolysates through RSM. 

2. To investigate antimelanogenic activity and related mechanisms of RSM 

optimized-sericin hydrolysates in human melanin-generating cells. 
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Hypotheses 

1. The optimum condition for preparation of sericin hydrolysates containing high 

ROS scavenging activity against various free radicles could be obtained from 

RSM. 

2. RSM optimized-sericin hydrolysates could inhibit melanin synthesis through 

regulating on MITF-related proteins. 

 

Expected benefits 

1. The optimum enzymatic condition for preparing sericin hydrolysates 

containing potential ROS scavenging activity against diverse free radicals and 

biological antioxidant activity. 

2. The information of antimelanogenic activity and related mechanisms of 

sericin hydrolysates for further recycling the waste product from silk industry 

as a cosmeceutical ingredient. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

LITERATURE REVIEWS 

 

Silk sericin protein 

  Silk is a protein fiber spontaneously synthesized during specific lifetime of 

various animals, including silkworm and spider. In fabric industry, a silkworm, Bombyx 

mori, is a major source of natural silk production. Silk fiber containing in cocoons, 

which are derived during the end of larval stage of Bombyx mori, comprises with 70-

80% fibroin, 20-30% sericin and 1-5% other components, including wax, sugars, 

minerals and pigments (Figure 1) (39),(40). Fibroin is glycoprotein fiber used for 

producing silk thread while sericin is protein polymer connecting fibroin filaments 

and protecting cocoons against environmental stimuli (40). In the degumming step of 

silk processing, sericin that acts as glue protein wrapping around fibroin will be 

removed from cocoons by boiling in hot water.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 8 

 

Figure  1  Cross-sectional image obtained from scanning electron microscopy (SEM) 

of silk fiber presents sericin (solid arrow) linking each fibroin filament (dash arrow) 

together. (39).    

 

  Approximately, 50,000 tons of sericin present as a production waste from silk 

industry all over the world (41). Without proper management, sericin protein 

presenting in the degumming water results in a high level of chemical oxygen 

demand (COD), which contributes to water pollution (2). Recently, sericin from 

industrial waste can be recovered after separation of low molecular weight impurities 

via dialysis following with further freeze-drying of the solution containing sericin (42).  

In seeking to recycle the wastewater from silk production, several researchers have 

discovered the potential benefits of silk sericin (3),(4),(5).  
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Structure and amino acid composition of silk sericin 

  Despite composing of polar amino acids, sericin possesses low water 

solubility, and forms gel at room temperature. Boiling with hot water (≥ 50–60°C) 

during degumming process activates the transformation of 𝛽-sheet, which responses 

for gel forming, into random coil (amorphous) structure of globular sericin that can 

increase water solubility (3). Sericin contains different 18 amino acids in which 30-

39% serine has been considered as one of the identical characters of sericin (Table 

1). Additionally, sericin is constructed by 14-16% glycine, 11-15% asparagine acid, and 

8-10% threonine (42). Among these amino acids, polar amino acid accounts for 

42.3% while non-polar amino acids are about 12.2% (45). Moreover, inorganic 

constituents, including carbon, oxygen, nitrogen, and hydrogen also present in sericin 

(3). According to solubility and location surrounding fibroin, sericin can be 

differentiated into three types of A, B and C (Figure 2). As an adhesive protein, sericin 

fasten two strands of fibroin for forming silk filament in cocoons. Presenting in the 

outer layer, sericin A composing of nitrogen, serine, threonine, glycine and aspartic is 

soluble in boiling water. Sericin B comprising of nitrogen, serine, threonine, glycine, 

aspartic and tryptophan locates at the middle layer. For the inner layer attaching 

closely to fibroin is sericin C, which is insoluble and contain nitrogen, sulphur, serine, 

threonine, glycine, aspartic, tryptophan and proline (45),(46).  
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Figure  2  Diagram illustrates sericin layers wrapping around fibroin (40). 
 

Table  1 Amino acid composition (mol%) in silk sericin and fibroin proteins (40). 

No Amino acids S So Sm Si F 
1 Gly 17.85 16.29 16.35 17.87 42.62 
2 Ala 6.70 5.20 6.13 11.58 33.38 
3 Val* 4.05 3.77 4.27 5.43 2.58 
4 Leu* 1.49 1.21 1.77 4.06 0.54 
5 Ile* 1.02 0.79 1.17 3.76 0.72 
6 Phe* 0.67 0.64 0.66 2.49 0.81 
7 Met* 0.31 - - 0.83 0.15 
8 Pro 0.81 - 0.64 - 0.47 
9 Thy 3.10 2.87 3.98 4.09 5.84 
10 Cys 0.38 0.69 0.95 0.75 0.26 
11 Ser 25.50 28.00 25.57 13.32 7.65 
12 Thr* 7.47 7.78 8.13 5.66 0.85 
13 Asp 18.38 17.97 17.08 15.83 1.79 
14 Glu 5.74 6.25 4.65 7.34 1.36 
15 His 1.32 1.32 1.69 1.38 0.21 
16 Lys* 2.08 3.72 3.16 2.18 0.33 
17 Arg 3.12 3.52 3.83 3.41 0.44 

S: Sericin, So: Outer sericin, Sm: Middle sericin, Si: Inner sericin, F: Fibroin  
* represents essential amino acid 
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  Molecular weight distribution of sericin is variable depending on extraction 

methods (29),(41). The reported methods for isolating sericin from silk cocoons, 

include denaturing with boiled detergent or alkaline compounds, enzymatic 

digestion, steaming, ultrafiltration and infrared ray which present sericin constituents 

ranged from 10 to 310 kDa (25),(47). Naturally, polypeptide at ~ 400, 250 and 150 kDa 

have been revealed in silk sericin (42). Teramoto, et al. (2005) demonstrated the 

separated band of protein constituents detected via SDS-PAGE analysis in soluble 

fraction of sericin at low temperature (Figure 3). Meanwhile, the extraction at high 

temperature of 121°C provided continuous distribution of sericin proteins range from 

< 50 to 250 kDa (42). Moreover, the distribution of protein between 5 to 50 kDa had 

been reported in sericin obtained from spray-drying (45).  These modifications of 

protein distribution pattern could arise from denaturing and transformation of 𝛽-

sheet to random coil structure during extraction process (48). General information of 

sericin characteristic is indicated in Table 2. 
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Figure  3  SDS-PAGE analysis of protein distribution in sericin obtained from 1) water 

soluble at room temperature, 2) boiling water for 20 min, and 3) autoclave at 121°C 

for 20 min (41). 

 

Biological activities and applications of sericin 

  Biological activities and potential therapeutic applications of sericin have 

been continuously discovered. Recently, cosmetic products containing sericin as an 

active ingredient are commercially available. These cosmetic preparations highlight 

sericin as skin moisturizer, sun protectant, antioxidant, brightening agent and anti-

aging substance. Not only aesthetic application but also therapeutic potentials, 

including anti-bacterial, anti-inflammation and anti-cancer as well as biocompatible 

and biodegradable property bring attention to biological activity of sericin (Figure 4) 

(3),(49). It is the fact that amino acid constituents and secondary structure resulted 

from diverse extraction and modification methods critically influence on biological 
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activities of sericin (3). Gel forming capability and high glycine and serine containing 

involve with moisturizing property of sericin (44),(50). Sericin at low molecular weight 

(<100 kDa) possesses high proliferative effect in human fibroblast (51). However, toxic 

profile of small size sericin is also demonstrated at high concentration (>100 μg/mL) 

in both normal and cancer cells (51),(52),(53).  

 

Table  2  General characters of silk sericin (42) 

Attributes Properties 
Characteristics White/yellow, water soluble, odor free, and sweet in taste. 

Moisture content is 10-17%. 
Morphology Wrinkled particles due to collapse of hollow spherical 

structures on rapid evaluation. 
Molecular weight Ranges from 17100 to 18460 or 90-125 kDa. 
Solubility Insoluble in cold water, soluble in hot water. Solubility 

increases with addition of polyacrylate and decreases with 
addition of formaldehyde. 

Isoelectric pH As it contains more of basic amino acids, its isoelectric pH is 
4.0. 

Sol-gel transition It gets transformed to fluid at 50-60 C and returns to gel 
form on cooling. 

 

  Sericin mediates protective effect against UVB-induced cell damage via 

modulating cellular oxidative stress (54). Intriguingly, greater scavenging activity 

against reactive oxygen species (ROS) can be achieved after modified structure and 

component of sericin. Short chain sericin peptide comprising of arginine, valine or 
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tyrosine indicates the direct inhibition on enzymatic activity of mushroom tyrosinase 

(55),(29). Moreover, flavonoids and carotenoid presenting in degumming water also 

involve with anti-tyrosinase activity (29).  

 

 

Figure  4  Potential applications of sericin from silk cocoons. TE: tissue engineering 

(48). 

 

  Although the immune modulating effect of sericin is still controversial, many 

biomaterials and drug delivery systems have been developed from sericin 

(3),(49),(56). According to hydrophilic property and stimulation of collagen synthesis, 

the benefits of sericin in tissue engineering have been highlighted (3),(57),(58). 

Response to pH adjustment and composing of OH containing amino acid are 

principal properties of sericin, which is suitable for drug delivery application (48),(59). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 15 

Not only sustain release hydrogel but also conjugation with drugs or other molecules 

gains attention for development of sericin as drug delivery systems 

(60),(61),(62),(63),(64). 

  Furthermore, the benefits of sericin as dietary supplements and food 

additives are constantly documented. The improvement of glucose and lipid 

metabolism was demonstrated in high-fat diet rat administrated with sericin (65),(66).  

Focusing on obesity and cardiovascular disease, supplementation with high sericin 

containing cocoon extracts significantly reduced plasma cholesterol and triglyceride, 

and lowered fat weight in high-fat diet mice (67).  Surprisingly, very low molecular 

weight (< 5 kDa) of sericin protein decreased blood pressure through vasodilation 

(68). It should be noted that chemical reagent as well as extraction and isolation 

procedure need to be validated for suitable preparation of food grade sericin.  

  

Reactive oxygen species  

 Reactive oxygen species (ROS) are active substances that highly interact with 

other molecules consequence with oxidative chain reaction, damaged biological 

molecules and injured cellular organelles. Both non-free radical and free radical 

oxygen atom is the active site of ROS. Indeed, reactive nitrogen, reactive sulfur, 

reactive iron and reactive copper species also play a role in oxidative chain reaction 

and ROS initiation (69). Despite being harmful at high concentration, low amount of 
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ROS is essential for mediating cellular signaling pathways. The optimal level of 

cellular ROS is tightly modulated by intrinsic antioxidant mechanism. As involving in 

many pathological conditions, the unbalance between generated ROS and cellular 

antioxidant molecules results in oxidative stress, damaged organelles and eventually 

cell death (70). Cellular ROS are contributed by endogenous pathways and 

exogenous stimuli. Exposure to pollutants, toxins, radiations and ozone as well as 

microbial infections and extensive exercise account for over-production of cellular 

ROS (71). Superoxide anions (O2
•-), hydrogen peroxide (H2O2), and hydroxyl radical 

(OH•) are major endogenous ROS generated during cellular metabolism and oxidative 

phosphorylation in mitochondria (72). Among these, O2
•- and OH• are considered as 

free radical due to containing an unpaired electron (70). Superoxide anions are 

initially generated from oxygen molecules, which act as an electron acceptor in 

mitochondrial electron transport and from the catalytic enzyme reaction of 

cytoplasmic xanthine oxidase (Figure 5). Then, superoxide dismutase (SOD) converts 

O2
•- into H2O2, which is detoxified to H2O by glutathione-redox system or catalase. 

However, H2O2 is also being a substrate for generating OH•, the most dangerous ROS 

via Fenton reaction (73),(74),(75). The commonly found endogenous ROS are 

presented in Table 3 (70).  
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Table  3  General endogenous ROS (70) 

Oxidant Formula Reaction Equation 
Superoxide anion O2

- NADPH + 2O2   NADP+ + 2O2
- + H+ 

2O2
- + H+ 

 O2 + H2O2 

Hydrogen peroxide H2O2 Hypoxanthine + H2O + O2  xanthine + H2O2 

xanthine + H2O + O2  uric acid + H2O2 

Hydroxyl radical OH Fe2+ + H2O2 Fe3+ + OH- + OH 
Hypochlorous acid HOCl H2O2 + Cl-  HOCl + H2O 

Peroxyl radicals ROO R + O2 + ROO 
Hydroperoxyl radical HOO O2

- + H2O  HOO + OH- 
 

 

 

 

Figure  5  Generation of major cellular ROS (75). 
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  To maintain optimal ROS level, which benefits for biological function, cellular 

redox status is regulated by enzymatic antioxidant and non-enzymatic antioxidant 

mechanisms. Despite conversion of O2
•- into H2O2, SOD is classified as cellular 

enzymatic antioxidant that covers catalase (CAT) and glutathione redox system 

related proteins, including glutathione peroxidase (GPx) and glutathione transferase 

(GST) (70),(73). Meanwhile ascorbic acid (vitamin C), α-tocopherol (vitamin E), 

glutathione (GSH), β-carotene and uric acid are categorized as non-enzymatic 

antioxidant molecules (76). These non-enzymatic antioxidant molecules directly 

interact with an unpaired electron on ROS to terminate the oxidative chain reaction 

(70). Additionally, vitamin C, vitamin E, carotenoids, and flavonoids are exogenous 

antioxidants, which can be dietary intake from food (77). 

 

Free radical scavenger 

  At low concentration, antioxidants are the substances that can inhibit or 

prevent damage induced by ROS (78). Antioxidants possibly modulate oxidative 

stress through various machineries, including direct interaction with free radicals, 

suppression of ROS generation and regulation of antioxidant enzymes (79). Generally, 

free radical scavengers are defined as small molecules that are able to react with 

ROS and other free radicals via donating hydrogen atom or acceptance of free 

electron (10),(80).  Moreover, ROS scavengers can synergize function of other free 

radical scavengers and cellular antioxidant (78). According to physical property and 
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mode of action, ROS scavengers can be classified as water/lipid-soluble and 

primary/secondary antioxidant. Because of producing stable radicals, the propagation 

of oxidative chain reaction can be stopped after the interaction between primary 

antioxidants and ROS. Meanwhile, secondary antioxidants can facilitate antioxidant 

mechanism via regenerating primary antioxidant (10). Such recycling of ROS 

scavengers includes the regeneration of active tocopherols (vitamin E), a lipid-soluble 

antioxidant, from a phenyl radical by a water-soluble antioxidant vitamin C (Figure 6) 

(79). Additionally, secondary antioxidants are considerably delay and restrain 

oxidation, and promote activity of metal ions, singlet oxygen, pro-oxidative enzymes 

and oxidative molecules through redox reactions (10).  It should be noted that 

despite direct interaction with ROS, not all ROS scavengers efficiently provide stable 

free radical molecule, or stop oxidative chain reaction (80).   
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Figure  6  Scavenging activity of A) vitamin E, a secondary antioxidant, B) vitamin C, 

a primary antioxidant, and C) the regeneration of vitamin E from a phenyl radical 

mediated by vitamin C (79). 

  

  Scavenging agents for free radicals and ROS can be intrinsically found in 

cellular antioxidant such as vitamin C, vitamin E and glutathione, or exogenously 

obtained from dietary intakes. Recently, therapeutic potentials of free radical 

scavengers from natural extracts, including plant-derived phenolic compounds and 

protein hydrolysates obtained from various resources, have been continuously 

demonstrated (81),(82),(83),(84). These free radical scavengers might compose of 

aromatic ring in which electron delocalization occurs to create stable free radicals 

(79). 

  As mention above, antioxidants (AH) can transfer their hydrogen atom to 

neutralize free electron presenting in ROS (ROO• and RO•) and free radicals (R•) as 

following.   
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R• + AH → RH + A• 

ROO• + AH → ROOH + A• 

RO• + AH → ROH + A• 

Considering the product of antioxidant (A•), these antioxidant radicals can be 

inactivated through delocalization of the unpaired electron in aromatic ring, or 

further accept electron from another free radical to generate non-radical compound 

as indicted below (85).  

 

ROO• + A• → ROOA 

RO• + A• → ROA 

A• + A• → AA 

  According to diverse mechanisms of action, ROS scavenging activity of 

antioxidant compounds is recommended to be evaluated through several methods 

(18),(19),(20). It is widely accepted that antioxidant capacities of natural compounds 

can be accessed through both chemical and biological models. Due to high 

sensitivity and simple protocol, chemical antioxidant assays are usually performed 

for screening ROS scavenging activity though there are less relevance to biological 

ROS and physiological condition. Nevertheless, these assays are required to provide 

the intrinsic information about free radical scavenging activity of antioxidant 

compounds. Classification based on scavenging machinery, there are two major 
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groups of chemical antioxidant assays, including hydrogen atom transfer (HAT) 

reaction-based assays and single electron transfer (SET) reaction-based assays 

(10),(79). Antioxidant might eliminate free radicals through both hydrogen donation 

and transferring electron machinery, however, the major mechanism depends on 

structure of antioxidant and reaction condition that influences on solubility and 

partition coefficient of antioxidant (86). Notably, the efficient antioxidant activity also 

involves with type of ROS, concentration of antioxidant and cellular compartment 

(87). 

  Among many free radical scavenging assays, 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) radical scavenging activity is one of the most recommended assays because 

of its’ simplicity and repeatability (86). In DPPH assay, antioxidant capacity is 

determined through the capability of transferring electron from stable DPPH free 

radicals, which are less relevant to biological ROS. Moreover, the inhibitory activity of 

ROS scavengers against DPPH radicals can be modulated by type of solvent and 

recentness of DPPH solution (88). Schematic of reaction between DPPH radical and 

antioxidants (AH) presents in figure 7. It should be noted that antioxidants might also 

donate hydrogen atom to DPPH radical (89).  
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Figure  7  Reaction diagram of DPPH assay (90). 

   

  Another electron transfer-based assay is ferric-reducing antioxidant power 

(FRAP) in which capability to reduce ferric ion (Fe3+) to blue colored ferrous (Fe2+) is 

determined at acidic conditions as indicated in figure 8 (90),(91). Because the 

reducing power of interested compound is emphasized in testing condition, FRAP 

assay is commonly used for evaluation of reducing power of biological fluids, foods, 

and natural extracts (10). Nevertheless, there is less correlation between antioxidant 

capacity evaluated via FRAP and other chemical assays (86). 
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Figure  8  Schematic of reaction in ferric-reducing antioxidant power (FRAP) assay, 

AH: antioxidant [Adapted from (90)]. 

 

  Despite their simplicity and repeatability, DPPH and FRAP assays carry the 

drawback of irrelevance to biological ROS and physiological conditions (16). 

Therefore, oxygen radical absorbance capacity (ORAC) assay, in which generates 

peroxyl radicals (ROO•), is introduced to examine the translocation of hydrogen 

atoms from antioxidant to oxygen molecules (17). Based on donating of hydrogen 

atom to ROO•, a major ROS damaging lipid component in food and living organism, 

antioxidant possessing high inhibition in ORAC assay is suggested to be an effectively 

biological antioxidant (92). The azo compound of 2’-azobis(2-amidinopropane) 

dihydrochloride (AAPH) is usually used to generate ROO•, which in turn interacts with 

fluorescent prob. Antioxidant will competitively react with ROO• in order to delay the 

decomposition of detecting fluorescent probe (Figure 9) (86),(93). However, the ORAC 

value of food is recently retracted by USDA (United States Department of Agriculture) 
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because it does not relate with antioxidant capacity in vivo model (10). The 

comparison between DPPH, FRAP and ORAC assay summarized in Table 4.  

 

 

Figure  9  Reaction diagram of ORAC assay (93). 

 

Table  4  Major chemical-based ROS scavenging assay (10) 

Name of 
assay 

Dominating 
mechanism 

Oxidant Probe Detection 

ROS scavenging assays 

ORAC HAT Peroxyl radical 
generated by 

AAPH 

Fluorescein Fluorometry 

DPPH 
scavenging 

HAT DPPH radical DPPH radical Spectrophotometry 
or EPR 

Redox potential assays 

FRAP SET Fe3+ Ferricyanide Spectrophotometry 
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Antioxidant peptide 

  Intriguingly, the ROS scavenging capacity of peptides, in both natural and    

hydrolyzed forms, is well established (21),(22),(23). It has been revealed that peptide 

characteristics, including molecular weight, amino acid sequence and hydrophobicity 

strongly determine its antioxidant potential (94). As a biological macromolecule, 

protein is one of the targeted molecules damaged by oxidative stress (95). ROS 

potentially interact with protein at specific amino acids, which can result in both 

active and stable protein radical. However, antioxidant peptides possess the 

capability to stabilize free electron and stop oxidative chain reaction (96). Moreover, 

ROS scavenging capacity of proteins also depends on oxidizable potential of amino 

acid composition. Among 20 amino acids, nucleophilic sulfur (cysteine and 

methionine) and aromatic containing amino acid side chains (tryptophan, tyrosine, 

and phenylalanine) as well as histidine's imidazole-containing amino acids highly 

interact with free radicals (97). Scavenging activity of amino acids can mediate 

through both hydrogen atom transfer (HAT) reaction-based assays and single electron 

transfer (SET). Figure 10 illustrates the ROS scavenging machineries of a) tyrosine b) 

cysteine and c) histidine containing peptides (98). The amino acids that potentially 

react with free radicals are also indicated in Table 5. 
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Figure  10  ROS scavenging machineries of a) tyrosine b) cysteine and c) 

histidine containing peptides (99). 

 

  Not only type of amino acid but also the location presented in peptide 

sequence determine their antioxidant potency. Either steric property or electron 

translocation of R-side chain of adjacent amino acid critically influence on free 

radical scavenging capacity of antioxidant peptide (99). Moreover, solubility of 

antioxidant peptide or accessibility of solvent also involves with scavenging activity 

(97). It has been reported that higher ROS scavenging activity of peptides can be 

achieved through enzymatic hydrolysis modification which reorganizes their tertiary 

structure, uncovers R-group, and increases solvent solubility (100).  
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Table  5  Amino acids and their products generated from ROS scavenging activities 

(97)  

Amino acid Product ROS scavenging mechanisms 

Cysteine (Cys) 
 

(1) Cystine (1) Hydrogen abstraction from SH 
group and subsequent radical 
dimerization 

(2) Oxy acids (2) Hydrogen abstraction from SH 
group, subsequent reaction with 
oxygen, and isomerization 

Methionine 
(Met) 

Methionine sulfoxide Variety of routes including both 
radical and non-radical reactions 

Tryptophan 
(Trp) 

N-formylkynurenine, 
kynurenine, 5-
hydroxytrytophan, 7-
hydroxytryptophan 

HO• attack or one-electron oxidation 
of ring 

Tyrosine (Tyr) 
  
  
  
  

(1) 3,4-dihydroxy- 
phenylalanine 

(1) HO• attack or one-electron 
oxidation of aromatic ring 

(2) Di-tyrosine (2) HO• attack or one-electron 
oxidation of tyrosine and subsequent 
radical-radical dimerization; HOCl 

(3) 3-chlorotyrosine (3) Chlorination of tyrosine as a result 
of exposure to HOCl or other 
chlorinating agents 

(4) 3-nitrotyrosine (4) Reaction of reactive nitrogen 
species with tyrosine 

(5) Tyrosine 
hydroperoxide and 
subsequent cyclicized 
materials 

(5) Formation of tyrosine phenoxyl 
radical in presence of O2

•− 
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Amino acid Product ROS scavenging mechanisms 

Phenylalanine 
(Phe) 

 

(1) o-, m-tyrosine (1) HO• attack or one-electron 
oxidation of aromatic ring. Possibly 
via reaction nitrogen species 

(2) Dimers of 
hydroxylated aromatic 
amino acids 

(2) HO• attack or one electron 
oxidation before or after dimerization 

Histidine (His) 2-oxo-histidine HO• attack or one-electron oxidation 

 

  It should be noted that maximum antioxidant activity of protein hydrolysates 

requires suitable molecular distribution (26),(43),(101). Additionally, over-reaction of 

enzymatic hydrolysis also decreases ROS scavenging activity of peptides. Therefore, 

the conditions of enzymatic hydrolysis need to be optimized for maximizing free 

radical scavenging activity of protein hydrolysates (100). Some antioxidant peptides 

prepared from enzymatic hydrolysis are demonstrated in Table 6. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 30 

Table  6  Protein hydrolysates containing free radical scavenging activity prepared 

from various enzymatic hydrolysis (100) 

Sources Enzymes used for 
production 

Activity 

Rice endosperm proteins 
and frog skin 

Neutrase Inhibits auto-oxidation and 
has hydroxyl radical-
scavenging activity 

Peanut proteins Esperase Prevents LDL oxidation 

Peanut proteins, corn gluten, 
alfalfa leaves 

Alcalase Controls peroxidation and 
possesses chelating 

properties 
Yam tubers, zein hydrolysate Pepsin Contains radical chelating 

properties and has DPPH-
scavenging activity 

Sunflower protein Pancreatin Shows copper-chelating 
activity 

Peptide from frog skin Trypsin DPPH and superoxide 
scavenger 

Animal proteins Papain Inhibition of lipid 
peroxidation 

Animal skin Chymotrypsin Has DPPH, superoxide and 
hydroxyl-scavenging activity 

Marine sources Papain, pepsin Control oxidation and 
possess strong chelating 

properties 
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Hyperpigmented disorder 

  Color displaying on various organs in human body, including skin, hair and iris 

is resulted from the accumulation of cellular pigmented compound called melanin. 

Not only determination of color tone but also protection skin cells from 

environmental exposures, especially ultraviolet (UV) radiation which is an important 

role of epidermal melanin (102).  People with light skin tone because of low melanin 

content is more sensitive to develop skin damage, aging and cancer caused by UV 

radiation compared to dark-skinned person (103). However, the overproduction of 

melanin or hyperpigmented condition also causes many health problems, especially 

aesthetic concern (104). Large numbers of available whitening cosmetic products 

reflects health concern in hyperpigmented condition that affects self-confidence and 

quality of life. Although, various synthetic and natural hypopigmenting agents have 

been continuously introduced but most of them own short efficacy and serious side 

effects (105). Melanocytes that locate at the bottom layer of epidermis are 

responsible for melanin production through melanogenesis pathway (106). 
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Melanocytes 

  After exposure to melanogenic stimuli, melanogenesis or melanin synthesis 

pathway is started in melanocytes. Melanocytes are cells that play an important role 

in melanin synthesis. Melanocytes are developed from melanoblasts in the neural 

crest during embryogenesis (107). Then, they migrate to various organs throughout 

the body and develop into melanocytes. Melanoblasts that develop into 

melanocytes can be found in the basal layer (stratum basale) and hair follicles 

(Figure 11). Melanocytes contain various protein markers such as melanosomal matrix 

proteins (Pmel17), melan-A or melanoma antigen recognized by T cells 1 (MART-1), 

tyrosinase, tyrosinase-related protein 1 (TRP-1), dopachrome tautomerase (Dct) or 

tyrosinase-related protein 2 (TRP-2) and microphthalmia-associated transcription 

factor (MITF) (108). Melanocyte has a limb-like structure called dendrite that extends 

into the stratum spinosum, whereas one melanocyte is surrounded by 36 

keratinocytes called the epidermal-melanin unit. In melanocyte, production of 

melanin occurs in melanosome before being transported to neighboring 

keratinocytes (109). Normally, the color of the skin depends on the shape, size and 

type of melanosome as well as the distribution of melanosome in the keratinocytes. 

People with light skin possess the aggregation of small size melanosomes while 

melanosomes of browned skin are larger size and thoroughly distribute in 

keratinocyte. Melanin is responsible for filtering and protecting cells from ultraviolet 
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radiation. In addition, melanocytes can be found in various parts of the body such as 

the central nervous system, eyes, ears, mucous membranes and hair (108). 

 

 

 

 

 

 

Figure  11  Melanocytes located in the basal of skin (106). 
 

Melanogenic signal and regulation 

Melanogenesis is a complex pathway occurring in melanosomes. In 

melanosomes, 2 types of melanin, eumelanin and pheomelanin, are synthesized. 

Eumelanin is the metabolite of DOPAquinone, which can be integrated with cysteine 

or glutathione resulting in pheomelanin (Figure 12). 

Melanogenesis involves with numerous enzymes including tyrosinase, 

tyrosinase-related protein 1 (TRP-1), dopachrome tautomerase (Dct) or tyrosinase-

related protein 2 (TRP-2). In the first step, tyrosinase enzyme converts tyrosine to L-

DOPA, which is further oxidized to DOPAquinone by tyrosinase, again. DOPAquinone 

is a substrate for generating DOPAchrome that can be transformed into 5,6-

dihydroxyindole (DHI) or 5,6-dihydroxyindole-2-carboxylic acid (DHICA). DHI is became 
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to eumelanin through oxidization by tyrosinase. In addition, Dct converts 

DOPAchrome into DHICA, which is continuously changed to eumelanin by TRP-1. On 

the other side, DOPAquinone can be changed to 5-s-cystenyl dopa or glutathionyl 

dopa in conditions with sulphydryl donor or with glutathione or cysteine, then 

becomes pheomelanin (110). 

 

 

 

 

 

 

 

 

 

 

 

Figure  12  Melanin synthesis pathway (110). 
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Tyrosinase-related protein family (TRPs) consists of 3 enzymes including 

tyrosinase, TRP1 and Dct. Despite composing of various regulatory proteins, 

tyrosinase has been considered as a rate limiting enzyme, which catalysts tyrosine 

amino acid to melanin pigment in melanogenesis pathway. Thus, tyrosinase inhibitors 

have been widely accepted as effective depigmenting agents in cosmetic application 

(30). Tyrosinase is an enzyme that is important in controlling melanin synthesis. It is 

an oxidation enzyme that requires copper ion as structural component at the 

catalytic site and acting as a cofactor. Tyrosinase involves not only with the initial 

step during conversion of L-tyrosine to L-DOPA and conversion of L-DOPA to 

DOPAquinone but also the latter of changing DHI to eumelanin. Meanwhile, Dct and 

TRP1 modulate the final stages of generating DHICA and eumelanin, respectively in 

melanin synthesis pathway (111). 

 

Microphthalmia-associated transcription factor 

The expression of tyrosinase, TRP-1 and Dct is regulated by microphthalmia-

associated transcription factor (MITF) (33). MITF is a transcription factor that is 

important in controlling the growth and development of various cells, including 

neural crest that will develop into melanocyte. MITF is a member of Myc-related 

family of basic helix-loop-helix leucine zipper (bHLH-ZIP) that is important in 

vertebrates. Among several isoforms, the most important isoform is MITF-M, which 

controls the transcription of tyrosinase, TRP1 and Dct genes, as well as PKC-b 
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proteins that are responsible for phosphorylation in the tyrosinase structure. After 

phosphorylation, pMITF binds to DNA with specific codes such as M- (AGTCATGTGCT) 

and E- (CATGTG) boxes, which are the starting points for transcription of the target 

genes including tyrosinase, TRP1 and Dct (112). However, pMITF is often unstable and 

is simply digested by enzymes in proteasome. 

Accumulating evidence reveal that MITF is a novel therapeutic target for 

treatment of hyperpigmented disorders (113). According to mediating tyrosinase 

expression, suppression on MITF could give more efficacy on preventing melanin 

production compared with tyrosinase inhibitors (114). Moreover, recent study reports 

about the potential side-effect of arbutin, an available tyrosinase inhibitor, that highly 

disintegrate into cytotoxic compound in a presence of water and oxygen molecule 

(115). The expression of MITF has been reported to be modulated by cyclic 

adenosine monophosphate (cAMP)-response element binding protein (CREB). The up-

regulation of MITF consequence with stimulation of tyrosinase expression and 

melanogenesis is mediated by phosphorylated-CREB (pCREB) (116). At normal 

condition, melanogenesis is triggered by the interaction between α-melanocyte-

stimulating hormone (α-MSH) and melanocortin 1 receptor (MC1R) receptors. This 

signal regulates 3',5'-cyclic adenosine monophosphate (cAMP) and protein kinase A 

(PKA) which in turn promotes CREB to translocate into nucleus (117). Additionally, 

glycogen synthase kinase 3β (GSK3β)/β-catenin signal also mediates MITF at 

transcriptional level (Figure 13) (118). 
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Figure  13  Melanogenesis signaling pathway (118). 
 

After translation, the level of MITF is regulated by mitogen-activated protein 

kinase (MAPKs)/extracellular signal-regulated protein kinase (ERK) signal. The 

proteasomal degradation of MITF is promoted after phosphorylation by pERK 

(35),(36). Therefore, the activation of ERK is one of potential target for suppression 

tyrosinase expression and inhibiting the process of skin pigmentation (37),(38). 

Interestingly, the cellular oxidative stress also regulates the melanin production in 
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melanocyte. The level of cellular reactive oxygen species (ROS) associating with 

stimulation of extracellular-signal-regulated kinase (ERK) pathway modulates 

melanogenic function of MITF (119). In a current study, the essential oil from Achillea 

millefolium L. that decreased cellular ROS stimulated the phosphorylation of ERK 

resulting in the inhibition of melanogenesis (120). Moreover, Oenothera laciniata Hill 

extracts suppresses MITF expression through antioxidant capacity (121). Also, 

chemical substance that has an inhibitory effect on skin pigmentation through 

suppression on cAMP mechanism, leading to downregulation of MITF. Sargaquinoic 

acid (SQA) inhibits melanin production through decrease cAMP level and suppresses 

tyrosinase in B16F10 mouse melanoma cells (122). 

 

Response surface methodology (RSM) 

 Base on mathematic and statistical analysis of related experimental 

information, response surface methodology (RSM) is an effective tool for optimization 

of processing condition in both laboratory and industrial setting. Indeed, the term of 

“Response surface methodology” is applied for graphical relationship between 

variable factors and dependent response derived from mathematical fitting 

(123),(124). Additionally, both chemical and biochemical machineries can be 

explained via RSM mathematic model (125). Not only inputting several independent 

variables at the same time but also depicting interrelation as well as generating of 
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reliable information is major advantage of RSM (125). To maximize the dependent 

response or optimize the desired outcome without increasing production cost, a 

multivariate statistical analysis is implemented in RSM (125).  Generally, RSM 

comprises of three simple steps of 1) Identifying independent factors and their 

variable levels, 2) Selecting and verifying the RSM experimental model and 3) 

Determining optimized RSM condition (125). 

1) Identifying independent factors and level of variation, an initial and 

important step for RSM. The preliminary experiments are essentially required 

for selecting independent factors and determining the level of variation that 

critically influence on the interested response. The failure of optimization 

mostly results from unsuitable selection of variable factors. It is worth noting 

that because of containing different unit, the variation of independent factors 

range from -1 to 1 is regularly performed to minimize the relevance of unit 

parameter. The equation for setting level of variation is indicated as below 

(125). 

     X = x - (xmax + xmin)/2   

where X is the coded variable, x is the independent factor while xmax and xmin 

are the maximum and minimum values of the independent factor. 

(xmax - xmin)/2   
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2) Selecting and verifying the RSM experimental model. A quadratic equation is 

usually generated from RSM to calculate response variable. A full quadratic 

equation of secondary model derived from RSM is demonstrated below.  

 

where y is the response variable. β0, βi, βii and βij sequentially are regression 

coefficients for intercept, linear, quadratic and interaction coefficients. Xi and 

Xj are coded variable of independent factors while ε is the residual 

associated to the experiments (123).  

There are many types of available symmetrical response surface 

designs that are used for evaluating independent factors. Among these, Box–

Behnken design is one of symmetrical second-order experimental designs 

mostly applied for optimization of chemical and physical processes (123). In 

comparison with full three-level factorial designs, Central composite design 

and Doehlert design, Box–Behnken design successfully minimizes number of 

experiments from 3k (Full three-level factorial design) and k2 + k + cp (Central 

composite design and Doehlert design) to 2k(k-1) + cp ; where k is the number 

of factors and cp is the number of the central points, which is practically 

investigated the response variable affected by more than 2 independent 

factors (Figure 14). Additionally, three interval levels (-1, 0, +1) of all 

independent factors will be equally modified in Box–Behnken design (122). 
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Figure  14  Three-level factorial design for the optimization of (A) two independent 

factors and three independent factors variables via (B) full three-level factorial 

design, (C) Box–Behnken design, (D) Central composite design and (E) Doehlert design  

[Adapted from (123)]. 

 

To verify the correlation between RSM model and experimental data, 

analysis of variance (ANOVA) is performed to evaluate the fitness of quadratic 

equation of secondary model derived from RSM (123),(125). The value of 

analysis of variance mostly considered for fitness of RSM mathematical model 

are summarized in Table 7. 

3) Determining optimized RSM condition. The relation between independent 

factors and response variable can be simply demonstrated via the response 
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surface plot. It should be noted that if there are three or more independent 

factors, the three-dimensional visualization possibly illustrates the 

relationship between an interested response and two variable factors while 

the other factors are constant value. 

Table  7  Analysis of variance of fitted mathematical model (123),(125). 

Analysis of 
variance 

Optimal range Remark 

Residuals - Variation from non-independent 
factors (e.g. fluctuation of 
measurement) 

Lack of fit p > 0.05 
(Non-statistical significance) 

 

Coefficient of 
determination (R2) 

Nearly 1.000 Adding a variable to the model 
will always increase R2 

Adjusted R2 Nearly 1.000 Comparison model with 
different number of variables 

Predicted R2 Nearly 1.000 -Prediction of new observation 
-Usually lower than R2 however 
over-fit of model is indicated 
with extremely low predicted R2 

Regression p < 0.05  
(Statistical significance) 

 

 

 

Many types of response surface profile are indicated in figure 15. The 

maximum and minimum response clearly identified inside experimental setting is 
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respectively illustrated in response surface plot of figure 15A and figure 15D. 

Although figure 15B demonstrates the point of maximum response in the 

experimental region, the less relation between the response and x2 independent 

factor evidenced with a plateau curve. Figure 15E shows the points of maximum 

response, minimum response and intermediate response or saddle point within 

experiment scenario. Meanwhile, the maximum response locating outside the 

experimental region could be suggested in surface response plot presented in figure 

15C (123),(125). It is the fact that only the fitness of the model, but not actual 

characters of the system can be interpreted from surface response plot (125). To 

obtain the condition for desirable response, the optimized independent factors can 

be resulted from the calculation in a quadratic equation of secondary model derived 

from RSM. Nevertheless, the optimized condition is essentially ranged in the levels of 

independent factors (123). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 44 

 

Figure  15  Different types of surface response plots including (A) Maximum, (B) 

Maximum with plateau, (C) Maximum outside the experimental region, (D) Minimum, 

and (E) Saddle responses (124). 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3 

MATERIALS AND METHODS 

 

1. Materials 

Lyophilized silk sericin powder was kindly prepared and provided by 

Ruenmai-baimon, LTD., Surin Province, Thailand. Briefly, sericin protein was extracted 

by boiling uncover cocoon shells in hot water during the degumming process of the 

silk industry. Then, the degumming wastewater was lyophilized into dry powder prior 

kept at 4°C. Porcine pancreas trypsin (EC 3.4.21.4), papain (EC 3.4.22.2), Alcalase from 

Bacillus licheniformis (EC 3.4.21.62), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-tri(2-

pyridyl)-s-triazine (TPTZ), ferric chloride hexahydrate (FeCl3⋅6H2O), 37% hydrochloric 

acid (HCl) solution, fluorescein, 2,2'-azobis-2-methyl-propanimidamide 

dihydrochloride (AAPH), sodium dodecyl sulfate (SDS), Coomassie brilliant blue R-250, 

isopropanol, ethanol, acetic acid solution, 2',7'-dichlorofluorescein diacetate (DCFH2-

DA), synthetic melanin, bovine serum albumin (BSA), chloroform, 2-propanol, 

forskolin, 4-butylresorcinol and N-acetyl cysteine (NAC) were purchased from Sigma 

(St. Louis, MO, USA). A bicinchoninic acid (BCA) protein assay kit, 3-(4,5-Dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), Luna Universal qPCR Master 

Mix, RevertAid First Stand cDNA Synthesis Kit and DNase I were procured from 

Thermo Scientific (Rockford, IL, USA). MilliporeSigma (Burlington, MA, USA) was the 
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source of 3% w/w hydrogen peroxide (H2O2) solution. N, N, N', N'-

tetramethylethylenediamine (TEMED), 40% acrylamide/bisacrylamide 37.5:1, Tween 

20 and ammonium persulfate were obtained from Bio-Rad (Hercules, CA, USA). 

GENEzol reagent was purchased from Geneaid Biotech Ltd. (New Taipei City, Taiwan). 

Antibodies, including mouse monoclonal antibody to MITF, mouse monoclonal 

antibody to TRP-1, rabbit polyclonal antibody to Dct and rabbit polyclonal antibody 

to β-actin were purchased from Abcam (Cambridge, UK). Santa Cruz Technology 

(Dallas, TX, USA) was a source of mouse monoclonal antibody to tyrosinase. 

Meanwhile, rabbit monoclonal antibody to CREB, rabbit monoclonal antibody to 

pCREB (phosphorylated-S133), rabbit monoclonal antibody to Erk1/2, rabbit 

monoclonal antibody to pErk1/2 (phosphorylated-Thr202/Tyr204), rabbit monoclonal 

antibody to GAPDH, secondary antibody anti-mouse IgG horseradish peroxidase (HRP)-

linked and secondary antibody anti-rabbit IgG HRP-linked were bought from Cell 

Signaling Technology (Denver, MA, USA). 

 

2. Cell culture 

Human keratinocytes (HaCaT) and human melanoma MNT-1 cells were 

obtained from The American Type Culture Collection (ATCC, Manassas, VA, USA). 

Human keratinocytes were cultured in Dulbecco’s Modified Eagle Medium (DMEM), 

supplemented with 2 mmol/L L-glutamine, 10% (v/v) fetal bovine serum (FBS) and 

100 units/mL of penicillin/streptomycin (Gibco, Gaithersburg, MD, USA). Meanwhile, 
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human melanin-generating MNT-1 cells were cultured in DMEM supplemented with 

20% FBS, 10% AIM-V medium (Gibco, Gaithersburg, MD, USA), 2 mmol/L L-glutamine 

and 100 units/mL of penicillin/streptomycin. Cells that reached 70-80% confluence 

under 5% CO2 at 37°C were used in further experiments.  

 

3. Enzymatic hydrolysis of sericin 

Three commercial proteases, including trypsin, papain and Alcalase® were 

chosen to hydrolyze sericin at the optimum conditions recommended by the 

manufacturers as indicated in Table 8. Briefly, sericin powder was dispersed in de-

ionized water at a concentration of 2% w/v. The protein suspension was heated at 

95°C for 10 min until complete solubilization before immediate cool down on ice to 

room temperature. The sericin solution was adjusted to the desired condition 

depending on used proteases and then hydrolysis experiments were carried out in a 

50 mL vessel. To stop the enzymatic reaction, the solution was heated at 100°C for 5 

min and quickly chilled on ice to room temperature. After centrifugation at 3,500g for 

30 min at 4°C, the supernatant was that were further dialyzed overnight with the 

phosphate buffer at 4°C before subjected to freeze-drying for collecting the sericin 

hydrolysates. The hydrolyzed sericin powder was stored at -20°C until use in further 

experiments. 
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Table  8  Optimum enzymatic condition following the manufacturer’s instructions 

Protease enzyme 
Factors 

pH E/S (w/w) Temperature (°C) Time (h) 
Alcalase® 8 2 60 3 
Papain 7 2 60 3 
Trypsin 8 2 40 3 

 E/S: Enzyme/Substrate ratio 

 

4. Response surface methodology for optimization of enzymatic hydrolysis 

conditions  

The three independent variables of pH, enzyme/substrate ratio and 

temperature at three levels were generated in a Box-Behnken design using a trial 

version of Design-Expert® 11 software (Stat-Ease Inc., Minneapolis, MN, USA). The 

levels and range of each variable are indicated in Table 9. The response data 

obtained from each designed condition were determined by the following quadratic 

polynomial equation: 

Y = β0 + β1x1 + β2x2 + β3x3 + β11x12 + β22x22 + β33x32 +β12x1x2 +β13x1x3 + β23x2x3 

where Y is the response variable (DPPH, FRAP or ORAC); β0 is an offset constant; β1, 

β2, and β3 are linear regression coefficients; β11, β22 and β33 are quadratic effects; β12, 

β13 and β23 represent interaction effects; x1, x2 and x3 represent independent 

variables in this model. 
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Table  9  Independent variables and their levels in Box-Behnken 

Variables Code 
Factors 

-1 0 1 
pH A 7 8 9 

E/S (w/w) B 1 2 3 
Temperature (°C) C 50 60 70 

           E/S: Enzyme/Substrate ratio 

The analysis of variance (ANOVA) was performed using RSM software 

Minitab.16 to determine the adequacy of models through lack of fit value, coefficient 

determination (R2) and adjusted-R2 (126). Statistical significance was p < 0.05. 

 

5. Molecular weight distribution of sericin hydrolysates 

Constituents of hydrolyzed sericin were analyzed via sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). Equal amounts of protein mixed with 

loading dye were heated at 95°C for 5 min and added onto 12% (w/v) gel of SDS-

PAGE. The separated protein constituents were stained overnight with Coomassie 

brilliant blue R-250 solution. The molecular weight distribution of hydrolyzed sericin 

was clearly observed after destaining the gel with isopropanol: acetic acid: water (10: 

10: 80% v/v) solution (127). Additionally, the size distribution profile of RSM-

optimized sericin hydrolysates was also generated through fast protein liquid 

chromatography (FPLC) coupled with HiPrep 16/60 Sephacryl S-200 HR column (GE 

Healthcare, Stockholm, Sweden). Briefly, sericin hydrolysates at 4 mg/mL was 
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prepared in Tris-HCl buffer (50 mM Tris–HCl, pH 8.0, 200 mM NaCl) for loading on the 

size exclusion chromatography column preequilibrated with Tris-HCl buffer. Then, the 

protein sample was eluted with Tris-HCl buffer at a flow rate of 1 mL/min. 

Absorbance of the eluent at 214 nm was determined to estimate protein 

concentration. 

 

6. Identification of peptide in sericin hydrolysate 

Peptidomic analysis was performed at Functional Ingredients and Food 

Innovation Research Group, National Center for Genetic Engineering and 

Biotechnology, National Science and Technology Development Agency, Pathum 

Thani, Thailand through the collaboration with Sittiruk Roytrakul, Ph.D. to identify 

peptide components in sericin hydrolysates compared to unhydrolyzed sericin. 

1) Liquid chromatography/electrospray ionization-tandem mass spectroscopy 

(LC-ESI-MS/MS)  

Both sericin hydrolysates and unhydrolyzed sericin was dissolved in 10 mM 

ammonium bicarbonate. After subjected to zip-tip purification and dried using a 

speed vacuum concentrator, the protein samples were resuspended in 0.1% formic 

acid prior to LC-ESI-MS/MS analysis. The protein solutions were injected into an 

Ultimate3000 Nano/Capillary LC System (Thermo Scientific, Loughborough, UK) 

coupled to a Hybrid quadrupole Q-Tof impact II™ (Bruker Daltonics GmbH, Bremen, 

Germany) equipped with a Nano-captive spray ion source.  Briefly, 1 µL of peptide 
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digests were enriched on a µ-Precolumn 300 µm i.d. × 5 mm C18 Pepmap 100, 5 µm, 

100 A (Thermo Scientific, Loughborough, UK), separated on a 75 μm I.D. × 15 cm and 

packed with Acclaim PepMap RSLC C18, 2 μm, 100Å, nanoViper (Thermo Scientific, 

Loughborough, UK). The C18 column was enclosed in a thermostatted column oven 

set to 60°C. Solvent A and B containing 0.1% formic acid in water and 0.1% formic 

acid in 80% acetonitrile, respectively were supplied on the analytical column. A 

gradient of 5–55% solvent B was used to elute the peptides at a constant flow rate 

of 300 nL/min for 30 min. Electrospray ionization was carried out at 1.6kV using the 

CaptiveSpray.  Nitrogen was used as a drying gas (flow rate about 50 l/h). Collision-

induced-dissociation (CID) product ion mass spectra were obtained using nitrogen gas 

as the collision gas.  Mass spectra (MS) and MS/MS spectra were obtained in the 

positive-ion mode at 2 Hz over the range (m/z) 150–2200. The collision energy was 

adjusted to 10 eV as a function of the m/z value.  The LC-MS analysis of each 

sample was done in triplicate. 

2) Bioinformatics and data analysis 

MaxQuant 1.6.6.0 was used to quantify the peptides in individual samples 

using the Andromeda search engine to correlate MS/MS spectra to the Uniprot sericin 

database (128). Label-free quantitation with MaxQuant's standard settings was 

performed: maximum of two miss cleavages, mass tolerance of 0.6 dalton for main 

search, unspecific digesting enzyme, oxidation of methionine as variable 

modifications. Only peptides with a minimum of 7 amino acids, as well as at least 
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one unique peptide, were required for protein identification. Only proteins with at 

least two peptides, and at least one unique peptide, were considered as being 

identified and used for further data analysis.  Protein FDR was set at 1% and 

estimated by using the reversed search sequences. The maximal number of 

modifications per peptide was set to 5. As a search FASTA file, the proteins present in 

the sericin proteins downloaded from Uniprot. Potential contaminants present in the 

contaminants.fasta file that comes with MaxQuant were automatically added to the 

search space by the software. The level of peptides in each sample were expressed 

as log2 value. 

 

7. ROS scavenging assay  

1) DPPH radical scavenging activity  

DPPH radical scavenging activity of sericin hydrolysates was determined 

according to the method of Agrawal et al. (129). Briefly, 100 μL of sericin hydrolysates 

was mixed with 100 μL of 0.1 mM DPPH solution in a 96-well plate and incubated at 

room temperature for 60 min in the dark. The absorbance intensity (Abs) of DPPH 

radicals was determined using a microplate reader (Anthros, Durham, NC, USA) at 517 

nm. The % inhibition of DPPH was calculated as follows: 

DPPH scavenging inhibition (%)=
Abs(Control)-Abs(Sample)

Abs(Control)
×100 
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2) Ferric reducing antioxidant power (FRAP) assay 

FRAP assay was performed to evaluate the ferric reducing antioxidant power 

of sericin hydrolysates (130). Sericin hydrolysates (50 μL) were allowed to react with 

150 μL of 0.3 M FRAP reagent in acetate buffer, pH 3.6 (10 mM TPTZ: 40 mM HCl: 20 

mM FeCl3⋅6H2O at 10: 1: 1 ratio). The reaction mixture was kept from light at room 

temperature for 15 min then the absorbance of ferrous ion (Fe2+) complex was 

examined using a microplate reader (Anthros, Durham, NC, USA) at 595 nm. A 

calibration curve of Fe2+ was used to calculated reducing power, which is presented 

as Fe2+ equivalence/mg of sericin hydrolysates. 

 

3) Oxygen radical absorbance capacity (ORAC) assay 

ORAC assay was performed in 75 mM phosphate buffer (pH 7.4). Briefly, the 

mixture of sericin hydrolysates (25 μL) and fluorescein solution at final concentration 

of 70 nM (150 μL) in a 96-well clear bottom black plate was preincubated at 37°C for 

15 min. Subsequently, 25 μL of AAPH was rapidly added to the mixture to get the 

final concentration of 12 mM. The plate was shaken for 5 s before measurement of 

the fluorescence intensity of fluorescein using a CLARIOstar plus microplate reader 

(BMG LABTECH, Ortenberg, Germany) with excitation wavelength at 485 nm and 

emission wavelength at 520 nm every 90 s for 150 min. Instead of the testing 

solution, phosphate buffer solution (PBS) at pH 7.4 was chosen as a blank, while 
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Trolox was selected as a calibration solution. Fluorescence measurements were 

normalized to the curve of the PBS blank. The area under the fluorescence decay 

curve (AUC) was calculated as follows: 

AUC = 1 + ∑ fi/f0

i=1.5

i=150

 

net AUC =  AUCantioxidant − AUCblank 

where f0 is the initial fluorescence reading at 0 min, fi is the fluorescence 

reading at time i min 

The regression equation between the net AUC and the Trolox concentration 

was calculated. ORAC values were expressed as μmol Trolox equivalence (TE)/mg of 

sericin hydrolysates (130). 

 

8. Determination of cellular ROS level via flow cytometry 

Cells seeded at a density of 1 × 105 cells/well in 6-well plates were 

incubated with 10 μM DCFH2-DA for 30 min at 4°C while kept from light. Then, the 

cells were washed with PBS and pretreated either with 5 mM NAC, 20 mg/mL 

Alcalase®-hydrolyzed sericin or 20 mg/mL unhydrolyzed sericin prior to exposure to 1 

mM H2O2. After 30 min of treatment with H2O2, the cells were resuspended in PBS 

and immediately subjected to flow cytometry using Guava easyCyte Benchtop Flow 

Cytometers (EMD Millipore, Darmstadt, Germany) for measurement of cellular 

fluorescence intensity of DCF at excitation/emission wavelengths of 488/538 nm. 
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Cellular ROS level was a relative value of mean fluorescence intensity quantified by 

Guava InCyte version 3.1 software (EMD Millipore) between specific treatment and 

untreated control cells. 

 

9. Measurement of melanin content  

To evaluate the effect on melanogenesis, the non-toxic concentration range 

of sericin hydrolysate was determine via MTT viability assay. Melanin-generating MNT-

1 cells were incubated with different concentrations of sericin hydrolysate. After 24-

72 h, the cells were incubated with 500 µg/ml of MTT solution in PBS (Invitrogen, 

Carlsbad, CA, USA) for 3 h at 37°C and kept from light. After that, the MTT solution 

was replaced with DMSO to dissolve the formazan product. The intensity of the 

absorbance of MTT product was measured at 570 nm using a microplate reader 

(Anthos, Durham, NC, USA). Cell viability was calculated from absorbance of MTT 

product, as following equation: 

Cell Viability (%) =
A570 of treatment

A570 of control
x100 

 

Sericin hydrolysate at concentrations that did not cause significant reduction 

of %cell viability compared with untreated control cells were selected for further 

investigation of antimelanogenic activity. Melanin-generating MNT-1 cells were placed 

in 24-well plates (1 × 105 cells/well) for 12 h, and then the melanin content was 
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determined after incubation either with non-toxic concentrations of sericin 

hydrolysate, forskolin (a melanin stimulator) or 4-butylresorcinol (a tyrosinase 

inhibitor) for 24-72 h (131),(132). Determination of melanin content was slightly 

modified from previous study (133). Briefly, the collected cell pellets were washed 

with PBS (pH 7.4) then incubated with 1 N NaOH in 10% DMSO at 80°C for 2 h. 

Thereafter, the samples were collected and centrifuged at 15,000 rpm for 30 min to 

separate the supernatant. The absorbance intensity of melanin content in the 

supernatant was measured at 490 nm using a microplate reader (Anthos, Durham, 

NC, USA). The melanin content was calculated by interpolating from standard curve 

of synthetic melanin. The amount of total protein in the supernatant obtained from 

bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, Waltham, MA, 

USA) was used to compare the melanin content/µg of protein between each sample.  

 

10. Cell-free tyrosinase activity assay 

Cell-free tyrosinase activity assay was modified from the previously described 

method (134).  MNT-1 cells were cultured until they reached 70-80% confluence 

then collected by trypsinization and centrifuged at 5,000 rpm for 5 min at 4°C. The 

cell pellets were lysed with RIPA buffer containing 1% protease inhibitor cocktail at 

4°C and subsequently vortex every 10 min continuously for 1 h. After centrifugation 

(12,000 rpm for 15 min at 4°C), the supernatant was determined for protein 

concentration by a BCA assay kit. The sample contains protein 50 ug was incubated 
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with different concentrations of sericin hydrolysate.  After incubation at 37°C for 10 

min, added 2 mM of L-DOPA and further incubated for 2 h at 37°C, the resulting of 

dopachrome was measured using a microplate reader at 490 nm. The tyrosinase 

activity was calculated as following.  

Tyrosinase activity (%)  =
A490 oftreatment  

A490 of control
x100 

 

 

11. Western blot analysis 

After indicated treatment, MNT-1 cells were incubated in iced-cold lysis 

buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM sodium chloride, 10% glycerol, 

0.5% triton X-100, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 100 mM 

phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Roche Molecular 

Biochemicals, Indianapolis, IN, USA) for 30 min. Protein concentration was then 

measured using BCA protein assay kit. Protein 25 ug from cell lysates were separated 

on 10% SDS-PAGE. Thereafter, proteins were transferred onto a nitrocellulose 

membrane (Bio-Rad, Hercules, CA, USA). The membranes were blocked with 5% non-

fat milk in TBST (25 mM Tris-HCl; pH 7.5, 125 mM NaCl, 0.1% Tween20) for 1 h at 

room temperature. After washed with TBST for 5 min and incubated with the primary 

antibody at 4°C overnight, the membranes were washed with TBST for 5 min (3 

times) and probed with horseradish peroxide (HRP) secondary antibody for 2 h at 
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room temperature. The band of interested protein was illustrated by adding of 

chemiluminescence substrate (Supersignal West Pico; Pierce, Rockford, IL, USA) onto 

the membrane after washing with TBST for 5 min for 3 times. The band intensity was 

quantified using analyst/PC densitometric software (Bio-Rad, Hercules, CA, USA). 

12. Quantitative real-time PCR  

MNT-1 cells (5 × 104 cells/well) in 6 well-plates were treated with different 

concentrations of sericin hydrolysate for 24 h. Total RNA from the cells was isolated 

by using GENEzolTM reagent (Geneaid company, Taipei, Taiwan) according to the 

manufacturer’s instruction. cDNA was synthesized by using RevertAid Premium 

Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA). The cDNA 

obtained was amplified by specific forward and reverse primers (Thermo Fisher 

Scientific, Waltham, MA, USA) as presented in Table 10.  

Table  10  The list of primer used for instigation of melanogenesis 

Specific gene Primer 
Human GAPDH - Forward primer: 5′-GAGTCCACTGGCGTCTTCA-3′ 

- Reverses primer: 5′-TTCAGCTCAGGGATGACCTT-3′ 
Human MITF - Forward primer: 5′-TCATCCAAAGATCTGGGCTATGACT-3′ 

- Reverse primer: 5′-GTGACGACACAGCAAGCTCAC-3′ 
Human tyrosinase - Forward primer: 5′-TCATCCAAAGATCTGGGCTATGACT-3′  

- Reverse primer: 5′-GTGACGACACAGCAAGCTCAC-3′ 
Human TRP-1 - Forward primer: 5′-AAGGCTACAACAAAAATCACCAT-3′ 

- Reverse primer: 5′-ATTGAGAGGCAGGGAAACAC-3′ 
Human Dct - Forward primer: 5′-GCAGCAAGAGATACACAGAAGAA-3′ 

- Reverse primer: 5′-TCCTTTATTGTCAGCGTCAGA-3′ 
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Quantitative real-time PCR was performed through a C1000™ Thermal Cycler 

(Bio-Rad CFX384 real-time pcr system) using Luna® Universal qPCR Master Mix 

(M3003) (Biolab, Lawrenceville, GA, USA). Reaction combinations were incubated for 

39 cycles of 95ºC for 5 sec; 60ºC for 30 sec and 65ºC for 5 sec. The target mRNA 

expression was determined as the relative comparison established by the ΔCt 

method, and the comparative threshold (Ct) of target genes is normalized by β-actin 

(Ct) values. The mRNA expression was calculated from triplicate experiments from 

which data represents the means ± standard deviation (SD). 

 

13. Statistical analysis 

All experimental data were presented as means ± standard error of the mean 

(SEM). SPSS version 22 (IBM Corp., Armonk, NY, USA) with one-way analysis of 

variance (ANOVA) followed by Tukey’s post-hoc test. Any p-value under 0.05 was 

considered statistical significance. 
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Experimental design 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Silk sericin 

Alcalase® Papain Trypsin 

Response surface methodology (RSM) 

Characterization of peptide composition 
-Molecular weight distribution : SDS-PAGE 

-Identification of peptide : LC-MS/MS 

Antioxidant activity 
-Free radical scavenging activity : DPPH, 

FRAP and ORAC assay 
-Cellular antioxidant effect in HaCat and 

MNT-1 cells : Flow cytometry 

Antimelanogenic activity 
-Inhibition on melanin production in MNT-1 cells 

Inhibitory activity on tyrosinase activity 
-Cell-free assay 

Modulatory on MITF related proteins 
-mRNA expression of MITF, tyrosinase, 

TRP-1 and DCT : qRT-PCR 
-Protein expression of pERK/ERK, 

pCREB/CREB, MITF, tyrosinase, TRP-1 
and DCT : Western blot analysis 

Free radical scavenging activity : 
DPPH, FRAP and ORAC assay 
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Research framework 
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silk manufacturing RSM optimized-sericin hydrolysates  

Free radical 
scavenging 
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Antimelanogenic activity 
-Reduced melanin content 
-Inhibiting tyrosinase activity 

-Modulating MITF related 
proteins 

Antioxidant activity 
-Human keratinocytes 

-Melanin generating cells 

Potential candidate for 
cosmeceutical active ingredient 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4 

RESULTS AND DISCUSSION 

 

1. ROS scavenging activity of sericin hydrolysates prepared from various 

protease enzymes 

Initially, silk sericin was digested by three commercial proteases to identify 

the hydrolyzed sericin that possessed the highest antioxidant activity. After 3 h of 

enzymatic reaction following the manufactures’ conditions, SDS-PAGE analysis 

revealed the alteration of protein constituents in sericin hydrolysates (Figure 16). The 

absence of high molecular weight (~100–260 kDa) proteins indicated the enzymatic 

function of Alcalase®, papain and trypsin in such conditions. Only protein at ~10 kDa 

was presented in sericin hydrolysates obtained from Alcalase® while papain 

hydrolyzed-sericin consisted with proteins ranging from ~10 to 100 kDa. It should be 

noted that staining with Coomassie brilliant blue R-250 barely detected protein 

components in sericin hydrolysates derived from trypsin reaction. Antioxidant activity 

of the sericin hydrolysates prepared from these three commercial enzymes was then 

assessed through DPPH, FRAP and ORAC assays. The greater scavenging activity 

against DPPH and ROO• radials as respectively indicated by greater % DPPH inhibition 

and ORAC values was noted in all hydrolyzed sericins compared with undigested 

sericin (Table 11). Interestingly, only sericin hydrolysates obtained from Alcalase® 
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achieved better Fe3+ reducing power, as evidenced by its higher FRAP value when 

compared with unhydrolyzed sericin. It is worth noting that digestion with papain and 

trypsin decreased Fe3+ reducing power of sericin proteins. Sericin hydrolysates 

obtained from Alcalase® demonstrated the highest antioxidant capacity in all ROS 

scavenging assays (DPPH scavenging activity = 19.71 ± 0.13%, FRAP activity = 435.50 ± 

10.13 µmol Fe2+ eq./mg protein and ORAC value = 4,383.92 ± 12.23 µmol TE/mg 

protein). Among the three commercial enzymes, the lowest ROS scavenging activities 

was observed in sericin hydrolysates obtained by using papain. In summary, Alcalase® 

was selected as the best candidate protease for further optimization of antioxidant 

activity of sericin hydrolysates. 

 

 

 

 

 

 

 

 

 

Figure  16  Distribution of protein composition in sericin hydrolysates prepared from 

different commercial enzymes in SDS-PAGE analysis. 
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Table  11  Antioxidant activity of hydrolyzed silk sericin from various proteases  

Protease 
Enzyme 

Factors Response variable 

pH  E/S 
(w/w) 

Temperature 
(°C) 

Time 
(h)  

DPPH* 
(% 

Inhibition) 

FRAP value* 

(µmol Fe2+ 
eq./mg 
protein) 

ORAC value* 

(µmol TE/mg 
protein) 

- 
(Unhydrolyzed 

sericin) 
- - - - 9.43 ± 0.10a 327.50 ± 11.87a 2,767.72 ± 30.97a 

Alcalase® 8 2 60 3 19.71 ± 0.13b 435.50 ± 10.13b 4,383.92 ± 12.23b 

Papain 7 2 60 3 12.64 ± 0.16c 274.68 ± 10.47c 3,897.33 ± 23.64c 

Trypsin 8 2 40 3 14.43 ± 0.09d 284.51 ± 6.46c 4,026.85 ± 20.17d 

E/S: Enzyme/Substrate ratio, TE: Trolox equivalence 
Data is presented as means ± SEM (n=3). a-d values with the same letter denote no 
significant difference in each assay (p<0.05). 
* Obtained from three independent experiments 
 

2. Response surface optimization of enzymatic reaction for sericin hydrolysates 

prepared by using Alcalase® 

To investigate the influence of enzymatic conditions on the antioxidant 

activity of sericin hydrolysates, the independent factors, pH, enzyme/substrate ratio 

and temperature, were resolved by RSM. The experimental conditions and resultant 

antioxidant activity generated through Box-Behnken design of RSM are shown in 

Table 12. From the 17 experimental conditions, the antioxidant responses of sericin 

hydrolysates ranged as follows: % inhibition on DPPH: 11.21–20.37%, FRAP: 362.03–

455.93 µmol Fe2+ eq./mg protein and ORAC: 3,568.68–4,597.03 µmol TE/mg protein.  
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Table  12  Box-Behnken factorial design of enzymatic hydrolysis and antioxidant 

response  

Run 

Independent variables Responses 
A: pH B: E/S 

(w/w) 
C: 
Temperature 
(C) 

Y1: DPPH 
(% 
Inhibition) 

Y2: FRAP 
(µmol Fe2+ 

eq./mg 
sample) 

Y3: ORAC 
(µmol 
TE/mg 
sample) 

1 9 2 70 14.67 455.93 4,591.43 
2 7 2 70 20.37 449.07 4,504.01 
3 8 3 70 18.89 422.03 4,156.45 
4 8 2 60 14.83 439.90 4,086.49 
5 8 1 50 12.86 364.41 3,617.85 
6 8 2 60 14.69 433.76 4,073.43 
7 9 3 60 11.21 383.05 4,052.36 
8 8 3 50 14.61 404.24 3,568.68 
9 9 2 50 13.37 376.95 3,805.73 
10 7 3 60 16.87 414.41 3,908.42 
11 8 2 60 14.71 443.90 4,086.49 
12 7 1 60 13.58 362.03 4,142.16 
13 8 2 60 14.15 442.04 4,097.94 
14 9 1 60 14.20 445.76 4,283.99 
15 7 2 50 12.86 368.64 3,696.03 
16 8 1 70 18.31 452.54 4,597.03 
17 8 2 60 14.37 449.32 4,064.59 

E/S: Enzyme/Substrate ratio, TE: Trolox equivalence 

Data were analyzed using model regression analysis with p < 0.05 using 

Design-Expert® 11 software. Polynomial equations were as follows: 
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Y1 = 14.5508 - 1.2788A + 0.3292B + 2.3169C - 1.5689AB - 1.5545AC - 0.2932BC 

- 0.7172A² + 0.1325B² + 1.4844C²                                           

Y2 = 441.784 + 8.4431A - 0.1266B + 33.1675C - 28.7722AB - 0.3609AC -

17.5847BC - 19.3137A² - 21.1577B² - 9.8212C²                                       

Y3 = 4081.7867 + 60.3617A - 119.3904B + 395.0788C + 0.5267AB -5.5683AC - 

97.8541BC + 89.6237A² - 74.6771B² - 22.1088C²                                  

Where Y1 is the response from DPPH, Y2 is the response from FRAP, Y3 is the 

response from ORAC, A is pH, B is enzyme/substrate ratio and C is temperature. 

Following the statistical analysis of the quadratic model of DPPH (Table 13), 

FRAP (Table 14) and ORAC responses (Table 15), the significance of all models was 

evidenced with p < 0.05. Additionally, both R2 and adjusted R2 ranging between 

0.9143 and 0.9988 as well as the non-significance (p > 0.05) of lack of fit indicated 

the high accuracy of predicted responses from these quadratic models [130, 131]. 

Notably, the predicted R2 is close to 1 in the quadratic model of response of DPPH 

(0.8829) and ORAC (0.9870) assays, as presented in Tables 14 and 15, respectively, 

while the predicted R2 value is about 0.4991 for FRAP response (Table 14). The 

positive linear effects of pH (A) and temperature (C) were shown to be significant for 

scavenging activity determined by DDPH, FRAP and ORAC assays. However, the 

enzyme/substrate ratio (B) was shown to be clearly positive for DDPH and ORAC, but 

not for FRAP assay. Or to put it conversely, the quadratic effect of the 

enzyme/substrate ratio (B2) only significantly affected ORAC and FRAP responses, 
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while all ROS scavenging activities were found to be modulated by the quadratic 

effects of pH (A2) and temperature (C2). 

 

Table  13  ANOVA for quadratic model of DPPH response 

Source 
Sum of 
Squares 

df 
Mean 
Square 

F-value p-value 

Model 87.88 9 9.76 72.96 < 0.0001* 
pH (A) 13.08 1 13.08 97.75 < 0.0001* 
E/S (B) 0.8671 1 0.8671 6.48 0.0384* 

Temperature 
(C) 

42.94 1 42.94 320.87 < 0.0001* 

AB 9.85 1 9.85 73.57 < 0.0001* 
AC 9.67 1 9.67 72.23 < 0.0001* 
BC 0.3439 1 0.3439 2.57 0.1530 
A² 2.17 1 2.17 16.19 0.0050* 
B² 0.0740 1 0.0740 0.5526 0.4814 
C² 9.28 1 9.28 69.32 < 0.0001* 

Residual 0.9368 7 0.1338   
Lack of Fit 0.6191 3 0.2064 2.60 0.1895 
Pure Error 0.3177 4 0.0794   
Cor Total 88.82 16    

R² 0.9895     
Adjusted R² 0.9759     
Predicted R² 0.8829     

Adeq 
Precision 

32.1496     

C.V.% 2.44     
  E/S: Enzyme/Substrate ratio, *p < 0.05 
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Table 13 also indicates the interactive effect of two variables on scavenging 

activity against DPPH radicals. The interaction between pH and enzyme/substrate 

ratio (AB) and between pH and temperature (AC) clearly affected % inhibition of 

DPPH of sericin hydrolysates prepared from Alcalase®. Similarly, significant effects on 

FRAP antioxidant response arose from pH and enzyme/substrate ratio (AB) interaction 

as well as enzyme/substrate ratio and temperature (BC) interaction (Table 14). 

Surprisingly, only the interaction between enzyme/substrate ratio and temperature 

(BC) was significantly positive on scavenging activity against ROO• (Table 15). Taken 

together, temperature seems to have the greatest influence on ROS scavenging 

activity of sericin hydrolysates determined by DPPH, FRAP and ORAC assays, as 

evidenced in multiple linear regression analysis of linear, quadratic and interactive 

effects. 
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Table  14  ANOVA for quadratic model of FRAP response 

Source 
Sum of 
Squares 

df 
Mean 

Square 
F-value p-value 

Model 18183.51 9 2020.39 19.97 0.0003* 
pH (A) 570.29 1 570.29 5.64 0.0493* 
E/S (B) 0.1283 1 0.1283 0.0013 0.9726 

Temperature 
(C) 

8800.69 1 8800.69 87.00 < 0.0001* 

AB 3311.35 1 3311.35 32.74 0.0007* 
AC 0.5211 1 0.5211 0.0052 0.9448 
BC 1236.89 1 1236.89 12.23 0.0100* 
A² 1570.61 1 1570.61 15.53 0.0056* 
B² 1884.83 1 1884.83 18.63 0.0035* 
C² 406.13 1 406.13 4.01 0.0851 

Residual 708.09 7 101.16   
Lack of Fit 578.82 3 192.94 5.97 0.0585 
Pure Error 129.27 4 32.32   
Cor Total 18891.59 16    

R² 0.9625     
Adjusted R² 0.9143     
Predicted R² 0.4991     

Adeq 
Precision 

13.1588     

C.V.% 2.41     
E/S: Enzyme/Substrate ratio, *p < 0.05 
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The effect of correlative adjustment of two variables involved in enzymatic 

reactions on antioxidant activity of sericin hydrolysates prepared by using Alcalase® 

in DPPH, FRAP and ORAC assays is shown in response surface three-dimension graphs 

(Figure 17). Correspondence with regression analysis of interactive effect, the major 

influence of temperature (~70°C) during enzymatic process of Alcalase® on all ROS 

scavenging activities are obviously demonstrated in the correlative alteration with 

both pH (Figure 17b, e and h) and enzyme/substrate ratio (Figure 17c, f and i). The 

response surface plots also demonstrate that pH variations combined with variations 

in enzyme/substrate ratio alter only the % inhibition of DPPH free radicals (Figure 

17a), but not Fe3+ reducing power (Figure 17d) or oxygen radical absorbance capacity 

(Figure 17g). Meanwhile, the correlative adjustment of enzyme/substrate ratio with 

other variables plays a minor role in the modulation of all ROS scavenging capacity. 
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Table  15  ANOVA for quadratic model of ORAC response 

Source 
Sum of 
Squares 

df Mean Square F-value p-value 

Model 1.48 × 106 9 1.65 × 105 636.50 < 0.0001* 
pH (A) 29148.25 1 29148.25 112.31 < 0.0001* 
E/S (B) 1.14 × 105 1 1.14 × 105 439.39 < 0.0001* 

Temperature 
(C) 

1.24 × 106 1 1.24 × 106 4811.45 < 0.0001* 

AB 1.11 1 1.11 0.0043 0.9497 
AC 124.03 1 124.03 0.4779 0.5116 
BC 38301.75 1 38301.75 147.58 < 0.0001* 
A² 33820.70 1 33820.70 130.32 < 0.0001* 
B² 23480.70 1 23480.70 90.48 < 0.0001* 
C² 2058.09 1 2058.09 7.93 0.0259* 

Residual 1816.69 7 259.53   
Lack of Fit 1146.02 3 382.01 2.28 0.2215 
Pure Error 670.67 4 167.67   
Cor Total 1.48 × 106 16    

R² 0.9988     
Adjusted R² 0.9972     
Predicted R² 0.9870     

Adeq 
Precision 

83.4263     

C.V.% 0.40     
E/S: Enzyme/Substrate ratio, *p < 0.05 
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3. ROS scavenging activity of sericin hydrolysates digested using Alcalase® under 

RSM-optimized conditions 

Based on response surface analysis, the optimum conditions for preparation 

of sericin hydrolysates with maximized antioxidant activity in DPPH, FRAP and ORAC 

assays was generated through numerical optimization in Design-Expert® 11 software. 

After 3 h of enzymatic reaction performed according to RSM-optimized conditions at 

pH 7.5, enzyme/substrate ratio of 1.5 (w/w) and temperature of 70°C, sericin 

hydrolysates were evaluated for ROS scavenging activity. As presented in Table 16, 

sericin hydrolysates derived after the reaction of Alcalase® under the RSM-optimized 

condition possessed antioxidant activity, including % inhibition of DPPH, Fe3+ reducing 

power and oxygen radical absorbance capacity close to predicted values. It is noted 

that the lower variation between predicted and observed responses in DPPH and 

FRAP assays is indicated by lower % error range (between 1.46 and 2.50), compared 

with the 15.91% error in ORAC response.  
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Figure  17  Response surface plots depicting the effects of pH, enzyme/substrate 

ratio (E/S) and temperature on antioxidant activity of sericin hydrolysates prepared 

by using Alcalase® against a-c) DPPH free radicals, d-f) ferric ions (Fe3+) and g-i) 

peroxyl radicals. 
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Table  16  Antioxidant activity of sericin hydrolyzed by Alcalase® under RSM-

optimized condition 

Optimized 
condition 

Response 
Predicted 

value 
Observed 

value* 
% Error 

pH: 7.5, 
 E/S: 1.5, 

Temperature: 
70ºC 

Time = 3 h 

DPPH 
(% Inhibition) 

19.14 18.65 ± 0.21 2.56 

FRAP  
(µmol Fe2+ eq./mg 

sample) 

455.93 462.31 ± 10.82 1.40 

ORAC  
(µmol TE/mg sample) 

4,532.23 3,811.00 ± 39.37 15.91 

  E/S: Enzyme/Substrate ratio, TE: Trolox equivalence 
  *Obtained from three independent experiments 
 

4. Sericin hydrolysates ameliorate H2O2-induced oxidative stress in human 

keratinocytes and melanin-generating cells  

The ROS scavenging activity of sericin hydrolysates derived from Alcalase® 

was further evaluated in cell-based assay. Because the potential benefits of sericin 

are widely recognized in cosmeceuticals (3), the antioxidant activity of sericin 

hydrolysates obtained from Alcalase® was investigated in skin epidermal cells, 

including human keratinocytes and melanin-generating cells. Flow cytometry 

histograms illustrate the augmented cellular ROS detected by DCFH2-DA fluorescence 

probe in keratinocytes (Figure 18a) and melanoma cells (Figure 18c) after exposure to 

1 mM H2O2 for 30 min. Intriguingly, preculture with 20 mg/mL of Alcalase® sericin 
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hydrolysates for 1 h dramatically reversed cellular oxidative stress induced by H2O2. 

The lower relative ROS levels were indicated in the cells preincubated with sericin 

hydrolysates compared with the pretreatment either with unhydrolyzed sericin (20 

mg/mL) or 5 mM NAC, a well-known antioxidant (Figure 18b and d). It is worth noting 

that RSM-optimized sericin hydrolysates possess greater % inhibition against H2O2 in 

both HaCaT (99.11 ± 0.54%) and MNT-1 cells (73.25% ± 8.32%) compared with 

unhydrolyzed sericin (HaCaT: 88.52 ± 2.43%, MNT-1:64.99 ± 7.83%) or NAC (HaCaT: 

30.26 ± 7.62%, MNT-1:51.05 ± 7.14%). These results confirm the antioxidant potential 

of sericin hydrolysates prepared under RSM-optimized conditions for cosmetic 

application. 
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Figure  18  Cellular antioxidant activity of sericin hydrolysates prepared from 

Alcalase® under RSM optimized conditions.  The alteration of cellular ROS levels is 

presented in flow cytometry histograms of (a) human keratinocytes and (c) human 

melanin generating MNT-1 cells stained with DCFH2-DA fluorescence probe. 

Precultures with 5 mM N-acetyl cysteine (NAC), 20 mg/mL unhydrolyzed sericin (UHS) 

or 20 mg/mL RSM-optimized sericin hydrolysates (SH) obviously diminished the 

relative ROS levels in (b) human keratinocytes and (d) MNT1 cells after exposure to 

1 mM hydrogen peroxide (H2O2) for 30 min. Data is presented as means ± SEM from 
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three independent experiments. *p < 0.05 compared with untreated control cells. #p 

< 0.05 compared with the cells treated only with H2O2. 

  

The size distribution profile was also evaluated in sericin hydrolysates 

prepared under RSM-optimized condition via size exclusion chromatography using 

FLPC coupling with HiPrep 16/60 Sephacryl S-200 HR column. Like the distribution 

pattern observed in SDS-PAGE analysis (Figure 19a), the FPLC chromatogram 

illustrates that RSM-optimized sericin hydrolysates mainly contained with small 

protein (~0.2–12 kDa) while the mixture of proteins ranging between 0.2 to higher 

than 150 kDa was presented in unhydrolyzed sericin (Figure 19b). These results 

suggest that greater antioxidant activity might result from the protein at low 

molecular weight composing in RSM-optimized sericin hydrolysates. 
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Figure  19   Molecular weight distribution of protein composition in unhydrolyzed 

sericin and sericin hydrolysates prepared by Alcalase® under RSM optimized 

condition in (a) SDS-PAGE analysis and (b) FPLC coupled with HiPrep 16/60 

Sephacryl S-200 HR column.  

 

5. Peptide constituents in sericin hydrolysates digested by Alcalase® 

 The digestion of peptide constituents after enzymatic reaction with Alcalase® 

was further evaluated by LC-ESI-MS/MS compared with native peptides present in 

unhydrolyzed sericin.  

The data obtained from peptidomic analysis indicates the presence of various 

sericin-related peptides in the unhydrolyzed sericin, which are proteins made from 

wastewater of the silk industry (Figure 20). Though mostly composed of sericin-

derived peptides, the amount of peptide constituents were remarkably different in 
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the sericin hydrolysates prepared by using Alcalase® compared to unhydrolyzed 

sericin. These results support the alteration of peptide constituents in sericin 

hydrolysates digested by Alcalase®. 

 

 

Figure  20  Peptide constituents in sericin hydrolysates prepared by using Alcalase®  

a) The wide range of peptide distribution from 10 to 260 kDa was demonstrated in 

unhydrolyzed sericin via SDS-PAGE analysis while only peptide at ~10 kDa contained 

in sericin hydrolysates prepared by using Alcalase®. b) Peptidomic analysis reveals 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 80 

the alteration of both type and ratio of peptide constituents in sericin after 

enzymatic digestion by Alcalase®. The level of peptides in each sample were 

expressed as log2 value. 

 

6. Suppressive effect of sericin hydrolysates on melanin production in human 

melanin-producing cells 

 To evaluate the suppressive effect on melanin production, the cytotoxic 

profile of Alcalase®-hydrolyzed sericin was accessed using MTT viability assay. After 

culture for 24 h, there was no significant change in MNT-1 cell viability following 

treatment with 1–20 mg/mL sericin hydrolysates compared with the untreated 

control cells (Figure 21a). The effect on cell proliferation was further examined in 

MNT-1 cells incubated with Alcalase®-hydrolyzed sericin at 0–20 mg/mL for 24–72 h. 

Despite a 24-h treatment with a considerably non-toxic concentration, sericin 

hydrolysates (20 mg/mL) notably suppressed proliferation in human melanoma MNT-

1 cells over a 48–72-h incubation (Figure 21b). Thus, treatment with Alcalase®-

hydrolyzed sericin ranging from 0 to 20 mg/mL for 0–24 h was selected as the 

optimum non-toxic condition for determining antimelanogenic activity in human 

melanin-producing cells. 

 Figure 21c shows the gradual increase of melanin production in human 

melanoma MNT-1 cells after culturing for 6–24 h. The cAMP activator and tyrosinase 

inhibitor, forskolin and 4-butylresorcinol, were respectively used as positive and 
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negative controls (131),(132). Surprisingly, incubation for 12 h with either 20 mg/mL 

sericin hydrolysates or 4-butylresorcinol (20 μM) comparably decreased cellular 

melanin content in human melanin-producing cells (Figure 20d). It is worth noting 

that a dose-dependent reduction of melanin content was observed in MNT-1 cells 

after a 24-h treatment with sericin hydrolysates at 5–20 mg/mL.  
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Figure  21  Inhibitory effect of Alcalase®-hydrolyzed sericin on melanin production 

in human melanin-producing cells a) No significant difference of %cell viability was 

detected via MTT assay after 24-h treatment with 1–20 mg/mL sericin hydrolysates 

(SH), b) Crystal violet assay indicated low proliferation in human melanoma MNT-1 

cells cultured with 20 mg/mL sericin hydrolysates for 48–72 h. c) The cellular 
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melanin content in MNT-1 cells was gradually increased after culture for 6–24 h in 

the experiment condition. Tyrosinase inhibitor (TYRinh; 4-butylresorcinol) and 

forskolin (FSK) were respectively used as a negative control and positive control. d) 

Sericin hydrolysates prepared by using Alcalase® at 20 mg/mL significantly 

diminished melanin production in human melanin-producing cells promptly at 12-h 

treatment and sustainably until 24-h of the incubation time. Data is presented as 

means ± SEM from three independent experiments. *p < 0.05, **p < 0.01, ***p < 

0.005, ****p < 0.001 versus non-treated cells (Ctrl). 

 

The inhibitory effect on melanin production of unhydrolyzed sericin was also 

performed in human melanoma MNT-1 cells. Compared with sericin hydrolysates 

prepared by using Alcalase® at the same concentration (1–20 mg/mL), higher melanin 

content was presented in MNT-1 cells cultured with unhydrolyzed sericin for 24 h 

(Figure 22a). This corresponded with the half maximum inhibitory concentration (IC50) 

on melanin production in MNT-1 cells shown in figure 22b. The lower IC50 value was 

demonstrated in sericin hydrolysates at approximately 9.05 ± 0.66 mg/mL compared 

with an IC50 value of 24.54 ± 0.17 mg/mL for the unhydrolyzed sericin-treated group. 

Taken together, these results clearly demonstrate the potent inhibitory effect of 

sericin hydrolysates against melanin production in human melanin-producing cells. 
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Figure  22  The more potency of Alcalase®-hydrolyzed sericin on suppression of 

melanin production when compared with unhydrolyzed sericin was evidenced by a) 

the lower cellular melanin content and b) half maximum inhibitory concentration 

(IC50) in human melanin-producing cells after 24-h of treatments. Data is presented 

as means ± SEM (n=3). a-b values with the same letters denote no significant 

difference (p < 0.05).  

 

7. Alcalase®-hydrolyzed sericin as a human tyrosinase inhibitor  

 The role as human tyrosinase inhibitor was determined after adding L-DOPA 

into the cellular lysate prepared from MNT-1 cells that contain tyrosinase with or 

without Alcalase®-hydrolyzed sericin. The formed dopachrome, which represents 

tyrosinase activity, was reduced in a concentration-dependent manner in the 

reaction containing 1–20 mg/mL sericin hydrolysates (Figure 23). It should be noted 

that the significant inhibition of human tyrosinase activity was observed only after 

incubation with 10–20 mg/mL of sericin hydrolysates. Nevertheless, the results 

confirm a role of Alcalase®-hydrolyzed sericin as an inhibitor against enzymatic 

activity of human tyrosinase. 
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Figure  23  The enzymatic function of tyrosinase containing in the cellular lysate 

from human MNT-1 cells was determined after adding of its substrate, L-DOPA (2 

mM) with or without sericin hydrolysates (SH) prepared by using Alcalase®.  After 

further incubation at 37°C for 10 min, Alcalase®-hydrolyzed sericin at 10–20 mg/mL 

significantly inhibited enzymatic activity of human tyrosinase. Data is presented as 

means ± SEM  from three independent experiments. *p < 0.05 versus non-treated 

cells (Ctrl). 

 

8. Sericin hydrolysates downregulate tyrosinase expression in human melanin-

producing cells  

The expression level of tyrosinase, the rate-limiting enzyme in melanogenesis, 

was further evaluated to clarify the underlying mechanisms of Alcalase®-hydrolyzed 

sericin in human melanin-producing cells. Quantitative reverse transcription PCR 

revealed that not only tyrosinase mRNA but also MITF mRNA levels, a tyrosinase 

transcription factor, were downregulated in MNT-1 cells cultured with 20 mg/mL 
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sericin hydrolysates for 12 h (Figure 24a). Consequently, the decreased levels of both 

MITF (Figure 24b) and tyrosinase proteins (Figure 24c) were detected by western blot 

analysis in human melanin-producing cells incubated with sericin hydrolysates (20 

mg/mL) for 24 h. It is worth noting that modulation of MITF and tyrosinase expression 

levels is well-correlated with the antimelanogenic activity of Alcalase®-hydrolyzed 

sericin observed in MNT-1 cells after a 24-h treatment.  
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Figure  24  Diminution of tyrosinase expression in human melanin-producing cells 

cultured with sericin hydrolysates a) Quantitative real-time PCR demonstrated the 

decreased mRNA levels of MITF and tyrosinase (TYR) in human MNT-1 cells cultured 

with 20 mg/mL sericin hydrolysates (SH) prepared by using Alcalase® for 12–24 h. 

Consequently, protein expression levels of b) MITF and c) Tyrosinase was diminished 
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in sericin hydrolysates-treated human melanin-producing cells after 24-h of 

incubation time. Data is presented as means ± SEM from three independent 

experiments. *p < 0.05, **p < 0.01 versus non-treated cells (Ctrl). 

 

9. Alteration of MITF-regulating proteins in human melanin-producing cells 

cultured with sericin hydrolysates 

 Based on the decreased expression of MITF mRNA, the modulation of 

upstream molecules regulating MITF transcription was examined in sericin 

hydrolysates-treated MNT1 cells. Despite no alteration of pGSK3β/GSK3β (Figure 25a) 

and β-catenin protein levels (Figure 25b), there was a significant reduction of 

pCREB/CREB expression in MNT-1 cells incubated with 20 mg/mL sericin hydrolysates 

for 12 h compared with the untreated control cells (Figure 25c). The suppression of 

pCREB/CREB cascade was correlated with reduced MITF mRNA level in MNT-1 cells 

following treatment with sericin hydrolysates for 12 h. Because of the remarked 

decrease of MITF protein expression at 24 h, the role of Alcalase®-hydrolyzed sericin 

on regulatory proteins involved in the post-translational regulation of MITF were 

examined. Figure 25d shows overexpression of pERK, a signaling molecule that 

promotes MITF degradation, in human melanin-producing cells incubated with 20 

mg/mL sericin hydrolysates for 6–24 h. These results suggest that Alcalase®-

hydrolyzed sericin mediates MITF expression at both the transcription and post-

translational level.  
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Figure  25  MITF-regulating proteins modulated by sericin hydrolysates prepared by 

using Alcalase® a-b) There was no alteration of protein involving GSK3β /β -catenin 
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cascade, c) The decreased expression of pCREB/CREB indicated the restraint on 

upstream signal regulating MITF transcription in human MNT-1 cells incubated with 

20 mg/mL sericin hydrolysates (SH) for 12 h. d) Alcalase®-hydrolyzed sericin (20 

mg/mL) upregulated the expression of pERK, a signaling protein triggering MITF 

degradation, in human melanin-producing cells after the incubation for 6–24 h. Data 

is presented as means ± SEM from three independent experiments. *p < 0.05, **p < 

0.01 versus non-treated cells (Ctrl). 

 

Antioxidant peptides have been well recognized for their therapeutic 

potential and applicable benefits in diverse applications such as food additives and 

cosmeceutical ingredients (21),(22),(23). Recently, various uses of sericin protein 

present in the degumming water used in silk processing have been highlighted 

(3),(4),(5). Silk sericin has potential for use in recycling industrial waste, but it is also 

potent for biological activity, which inspires the investigation of its antioxidant activity 

(7),(8),(9),(26). It has been revealed that peptide characteristics, including molecular 

weight, amino acid sequence and hydrophobicity strongly determine its antioxidant 

potential (94). Corresponding with the results presented in this study, enzymatic 

digestion obviously alters the size distribution patterns (Figure 16) and radical 

scavenging activity of silk sericin protein (Table 11). Due to the possibility of specific 

scavenging activity being modulated by the definite features of peptide (94), sericin 

hydrolysates obtained from trypsin and papain enzymatic reactions demonstrated 
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lower Fe3+ reducing antioxidant power compared with both unhydrolyzed sericin and 

sericin hydrolysates derived from Alcalase® (Table 11). It should be noted that 

maximum antioxidant activity of protein hydrolysates requires suitable molecular 

distribution (26),(43),(101). Sericin hydrolysates obtained from Alcalase® reaction 

mostly composed with peptides at ~10 kDa meanwhile larger and smaller peptides 

were respectively found in papain and trypsin hydrolysates (Figure 16). Although the 

barely detected protein via SDS-PAGE, in which the optimum condition for separating 

protein needs to be further adjusted in this study, the exclusion chromatography 

FLPC revealed that Alcalase®-hydrolyzed sericin comtained with peptides lower than 

~ 0.2–12 kDa (Figure 19). The substrate specificity to aromatic amino acids as well as 

the capability to cleave both terminal and non-terminal peptide bond might involve 

with the size distribution ranging between ~10–100 kDa in sericin hydrolysates 

derived from papain (135). Despite being an endopeptidase, high containing of lysine 

and arginine, the specific substrates for trypsin, in silk sericin protein could result in 

smaller size of sericin hydrolysates digested by trypsin compared to sericin 

hydrolysates prepared by Alcalase® (136).  

Scavenging activity against free radicals, which is one of the important 

machineries of antioxidant compounds, can be achieved through the translocation of 

single electrons or hydrogen atoms to free radical molecules (15),(16). Therefore, the 

antioxidant capability of sericin hydrolysates obtained from three commercial 

enzymes was evaluated through DPPH and FRAP assays for determination of single 
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electron donation, as well as ORAC assay for evaluating the translocation of 

hydrogen atoms herein. When compared with unhydrolyzed, trypsin- and papain-

hydrolyzed sericin, Alcalase® sericin hydrolysates possessed the highest scavenging 

capacity against all three free radicals (Table 11). Alcalase® is widely used for the 

enzymatic digestion of various proteins for specific purposes because of its broad 

substrate specificities and commercial availability (137),(138),(139). The obtained 

results presented in Table 11 concur with a previous study into the highest % 

inhibiting DPPH and Fe3+ reducing power of sericin hydrolysates derived from 

Alcalase® compared with various protease enzymes (26). In contrast, the reduction of 

Fe3+ reducing power was indicated in trypsin- and papain-hydrolyzed sericin. It is the 

fact that the less correlation with other antioxidant assays and the underestimating 

ROS scavenging activity of hydrogen-transferring molecules, especially antioxidant 

peptide, has been reported as the limitations of FRAP assay (18). Nevertheless, FRAP 

reducing power is established to represent the capability of antioxidants to maintain 

cellular redox status and stop oxidative chain reaction in biological sample (88). 

Taken together with the greater ROS scavenging activity through hydrogen atom 

translocation assessed via ORAC assay, these data clearly suggest that sericin 

hydrolysates derived from Alcalase® digestion are a candidate for antioxidant 

peptides through mediating single electron and hydrogen atom transfer. 

In order to maximize the antioxidant activity of Alcalase® sericin hydrolysates, 

ROS scavenging activities of sericin hydrolysates released from Alcalase® at various 
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enzymatic conditions were simulated through RSM. Under optimized conditions of 

pH: 7.5, enzyme/substrate ratio: 1.5 (w/w) and temperature: 70°C obtained from 

numerical optimization in Design-Expert® 11 software, sericin hydrolysates 

demonstrated scavenging activities assessed through DPPH, FRAP and ORAC assays 

close to predicted values (Table 16). Response surface models are considered 

reliable when the response conducted under recommended optimum conditions 

contains % error from the model-predicted value lower than 5% [140, 141]. For % 

inhibition of DPPH, the low % error between actual and predicted response of sericin 

hydrolysates (Table 16) corresponded with the predicted R2 value obtained from 

multiple linear regression analysis (Table 13). The predicted R2, which is usually lower 

than R2 value, is a statistical term presenting the suitability of using a regression 

model for prediction of a new observed response. Despite having the lowest 

predicted R2 value (0.4991) among the three regression response models, the 

greatest correlation between predicted and conducted responses of FRAP assay was 

obtained from Alcalase® sericin hydrolysates. In contrast, the highest difference from 

the predicted response of sericin hydrolysates prepared by using Alcalase® according 

to RSM conditions was observed in scavenging activity against ROO• (Table 16). 

Variations in the ORAC response of sericin hydrolysates might result from the fact 

that only ROO• scavenging activity can be significantly altered through the digestion 

of all three variables, pH (A), enzyme/substrate ratio (B) and temperature (C), as 
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evidenced by p being < 0.05 in linear (A, B and C) and quadratic (A2, B2 and C2) 

effects in Table 15. 

Notably, the ROS scavenging activities of % DPPH inhibition, Fe3+ reducing 

power and oxygen radical absorbance capacity were comparable between sericin 

hydrolysates derived from optimized RSM (Table 16) and the manufacturers’ 

recommended conditions (Table 11). The adjustment of pH and/or temperature 

according to the active enzymatic conditions of Alcalase® (pH 6.5-8.5, 60°C) might be 

considered to minimize the production costs. Because substantial alteration of 

hydrolyzed proteins was obtained after 3 h of Alcalase® enzymatic reaction [137], 

antioxidant sericin hydrolysates should be achieved after at least 3 h of enzymatic 

digestion. Additionally, the dramatically augmented antioxidant capacity of sericin 

hydrolysates in H2O2-treated human keratinocytes and melanoma cells compared 

with a well-known antioxidant (NAC) and unhydrolyzed sericin (Figure 17) verify its 

biological activity. It is worth noting that the secondary structures, particularly β-

sheet considerably contribute to free radical scavenging activity and cellular 

antioxidant potential of unhydrolyzed sericin solution though composing mainly of 

protein at high molecular weight (Figure 19) (48),(140),(141),(142). Indeed, the highest 

ratio of β-sheet structure was also revealed in the protein hydrolysates prepared by 

Alcalase® compared with various enzymatic digestions (142). 

In searching for an effective treatment for hyperpigmented disorders, it is 

essential to identify compounds that not only exhibit potent efficacy but also have 
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an acceptable safety profile (32),(143). Recent evidence indicates that MITF, a 

melanogenic transcription factor, is a novel therapeutic target for modulating melanin 

synthesis (37),(38). Suppression of MITF correlates with downregulated 

melanogenesis, a reduction of melanin content, and lightened skin tone (38). While 

most of available depigmenting agents on the market are tyrosinase inhibitors 

(30),(144), sericin hydrolysates prepared by using Alcalase® exhibit potent 

antimelanogenic activity in human melanin-producing cells by acting as human 

tyrosinase inhibitor (Figure 23) and modulating MITF expression (Figure 24a and b). 

 Sericin, a natural protein present in degumming water from the silk industry, is 

recognized for its therapeutic benefits, especially in cosmeceutical applications (48). 

Nevertheless, a broad peptide composition (~10–250 kDa) hinders sericin from 

precise therapeutic targeting and lessens its potency (3),(138),(145). Optimal size 

distribution and specific sequences of amino acids could influence the biological 

activity of natural proteins (94). Because of the adjustable conditions for producing 

protein hydrolysates, enzymatic reactions are widely accepted as a method to digest 

protein structure and composition (146),(147). Among the various proteases, 

Alcalase®-hydrolyzed proteins exhibited the most promising therapeutic effects (26). 

As such, the altered pattern of both size (Figure 19a) and peptide component (Figure 

20) showed a higher antimelanogenic activity of Alcalase®-hydrolyzed sericin 

compared with the unhydrolyzed sericin protein (Figure 21). Accounting for the broad 

substrate specificity, commercial availability (137),(138), and potent antimelanogenic 
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effects demonstrated in this study, Alcalase® could be considerably suitable for 

enzymatic digestion of sericin proteins.  

The greater activity of the sericin hydrolysates could result from smaller-sized 

peptides, which readily permeate through cell membranes (148). Despite the diverse 

types of sericin-related peptides, specific peptides identified by peptidomic analysis 

in Alcalase®-hydrolyzed sericin likely play an important role in the suppressive effect 

on melanin production in human melanin-producing cells. Amino acid constituents in 

peptides critically modulate the inhibitory activity against enzymatic function of 

tyrosinase. It has been reported that tyrosinase inhibitory peptides should composed 

with arginine and/or phenylalanine for strong binding with tyrosinase and inhibitory 

activity. Additionally, hydrophobic amino acids such as valine, alanine and leucine as 

well as aromatic residual of threonine and tyrosine are also essential for the activity 

of tyrosinase inhibitory peptides (55),(149). The antimelanogenic potential of sericin 

was discovered through its activity as a mushroom tyrosinase inhibitor (24),(29). 

Beside composing of various inhibitory amino acids, serine and threonine containing 

in sericin was proposed to chelate copper at active site, which involves with the 

capability of melanin synthesis of mushroom tyrosinase (43). Though mushroom 

tyrosinase is wildly accepted for screening of tyrosinase inhibitors (150),(151), the 

difference of structure and amino acid sequence between human and mushroom 

tyrosinase could result in variable effect of the candidate tyrosinase inhibitors 

(152),(153). The inhibitory activity against human tyrosinase associated with sericin-
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derived peptides (Figure 23), which was first identified in this study, warrants the 

further development of sericin hydrolysates prepared by using Alcalase® as an 

effective treatment for hyperpigmented disorders. 

Interestingly, the suppressive activities on both the activity (Figure 23) and 

protein expression of tyrosinase (Figure 24a and c), a rate-limiting enzyme in 

melanogenesis, indicate the inhibitory effect of Alcalase®-hydrolyzed sericin against 

melanin production observed in human melanin-producing cells after a 12- and 24-h 

treatment (Figure 21c and d). It should be noted that the modulated mRNA level 

should be detected prior the alteration of protein expression. A significant reduction 

of tyrosinase mRNA and its transcription factor, MITF, were demonstrated in MNT-1 

cells cultured with 20 mg/mL sericin hydrolysates at 12 h (Figure 24a). This was 

correlated with the concomitant reduction of protein levels at a later time point 

(Figure 24b and c).  

The upregulated proteins in the MITF-related pathways result in the 

overproduction of melanin and cellular hyperproliferation (154). Consequently, 

depigmenting compounds that target MITF effectively reduce melanin content via 

restraining melanogenesis-regulated proteins and the proliferation of melanocytes 

(38),(155). Notably, MNT-1 cells are human melanoma and has been used for 

evaluating melanogenic effects because of its hyperproliferation and hyperpigmented 

phenotypes (156),(157). The low proliferation (Figure 21b) as well as decreased 

expression of MITF and tyrosinase in MNT-1 cells incubated with sericin hydrolysates 
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(Figure 24) demonstrate the high efficacy of Alcalase®-hydrolyzed sericin against 

melanogenesis in human melanin-producing cells. 

 The modulatory role of sericin hydrolysates prepared by using Alcalase® on 

the upstream signaling cascade that regulates MITF was observed by the reduction of 

pCREB/CREB level (Figure 25c); however, there was no alteration in the GSK3β/β-

catenin signal (Figure 25a and b). The suppression of pCREB/CREB signaling correlated 

with decreased MITF mRNA level in human melanin-producing cells after treatment 

with sericin hydrolysates for 12 h. It should be noted that the gradual increase in 

pCREB/CREB expression level after a 24-h treatment with sericin hydrolysates may 

have been the result of a positive feedback mechanism from downstream proteins 

(158). Despite the recovery of the pCREB/CREB signal at the later time point, the low 

expression of MITF mRNA and protein was sustained up to 24 h of treatment with 

Alcalase®-hydrolyzed sericin. The protein levels of MITF is post-translationally 

regulated by pERK through proteasomal degradation (159). The upregulated 

pERK/ERK pathway in human melanin-generating cells treated with sericin 

hydrolysates (Figure 25d) would promote the reduction of MITF protein levels 

concomitantly with downregulated tyrosinase and a reduction of melanin 

production. 

It has been reported that the activation of melanocyte-specific melanocortin-

1 receptor (MC1R), a cellular receptor on melanocyte, by α-melanocyte-stimulating 

hormone (α-MSH), adrenocorticotropic hormone (ACTH) and agonist stimulating 
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protein (ASP) upregulates melanonegesis through modulating both and pCREB/CREB 

and pERK/ERK cascades (106). Therefore, the antagonist effect of Alcalase®-

hydrolyzed sericin against MC1R is worth for further investigation.  
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APPENDIX 1 

 

 Relative ROS level in human keratinocyte HaCat cells and melanoma MNT-1 

cells precultured with unhydrolyzed (UHS) sericin, sericin hydrolysates (SH), or         

N-acetyl cysteine (NAC) for 1 h prior exposure to 1 mM hydrogen peroxide (H2O2) for 

30 min 

Treatment 
Relative ROS level 

HaCat MNT-1 

Control 1.00 ± 0.00 1.00 ± 0.00 

1 mM H2O2 3.56 ± 0.66* 1.48 ± 0.33* 

5 mM NAC + 1 mM H2O2 2.53 ± 0.13* 0.72 ± 0.19# 

20 mg/mL SH + 1 mM H2O2 0.03 ± 0.01*, # 0.39 ± 0.16*, # 

20 mg/mL UHS + 1 mM H2O2 0.56 ±0.26# 0.51 ±0.21*, # 

 
Data represent means ± SEM of three independent experiments. 

*p < 0.05 compared with untreated control cells. 
#p < 0.05 compared with the cells treated only with H2O2. 
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APPENDIX 2 

 

Percentage of viability in MNT-1 cells assessed by MTT assay after incubation 

with 0-20 mg/mL sericin hydrolysates (SH) for 24 h  

Treatment Percentage of cell viability 

Control 100.00 ± 0.00 

 1 mg/mL SH 96.23 ± 9.56 

5 mg/mL SH 96.54 ± 11.34 

10 mg/mL SH  95.73 ± 3.65 

20 mg/mL SH 95.08 ± 4.12 

 
Data represent means ± SEM of three independent experiments. 

*p < 0.05 compared with untreated control cells. 
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APPENDIX 3 

 

Relative proliferation in MNT-1 cells assessed by crystal violet assay after 

incubation with 0-20 mg/mL sericin hydrolysates (SH) for 24-48 h  

Treatment 
Relative proliferation 

24 h 48 h 72 h 

Control 1.00 ± 0.00 1.48 ± 0.02 1.56 ± 0.16 

 1 mg/mL SH 1.03 ± 0.16 1.37 ± 0.07 1.43 ± 0.24 

5 mg/mL SH 1.11 ± 0.06 1.40 ± 0.04 1.40 ± 0.19 

10 mg/mL SH  0.98 ± 0.20 1.25 ± 0.09 1.32 ± 0.90 

20 mg/mL SH 0.96 ± 0.08 0.99 ± 0.23* 1.00 ± 0.14* 

 
Data represent means ± SEM of three independent experiments. 

*p < 0.05 compared with untreated control cells at the same time point. 
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APPENDIX 4 

 

Relative melanin level in MNT-1 cells after incubation with sericin 

hydrolysates (SH), 4-butylresorcinol or forskolin for 6-24 h.  

Treatment 
Relative melanin level 

6 h 12 h 24 h 

Control 1.00 ± 0.00 1.14 ± 0.00 1.69 ± 0.14 

 1 mg/mL SH 1.06 ± 0.21 1.22 ± 0.13 1.48 ± 0.15 

5 mg/mL SH 1.03 ± 022 1.09 ± 0.08 1.23 ± 0.18** 

10 mg/mL SH  0.98 ± 0.12 0.95 ± 0.09 0.95 ± 0.19**** 

20 mg/mL SH 0.98 ± 0.10 0.45 ± 0.26*** 0.60 ± 0.10**** 

20 μM                     

4-butylresorcinol 
0.70 ± 0.11* 0.57 ± 0.23** 0.61 ± 0.09**** 

10 μM forskolin 1.36 ± 0.10 2.02 ± 0.12**** 2.51 ± 0.12**** 

 
Data represent means ± SEM of three independent experiments. 

*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 compared with untreated control 
cells at the same time point. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 121 

APPENDIX 5 

 

Percentage of tyrosinase activity containing in the cellular lysate from human 

MNT-1 cells with various concentrations of sericin hydrolysates (SH) 

Treatment Percentage of tyrosinase activity 

Control 100.00 ± 0.00 

 1 mg/mL SH 85.35 ± 0.78 

5 mg/mL SH 71.77 ± 12.35 

10 mg/mL SH  56.17 ± 0.05* 

20 mg/mL SH 49.97 ± 0.63* 

 
Data represent means ± SEM of three independent experiments. 

*p < 0.05compared with untreated control cells. 
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APPENDIX 6 

 

Relative mRNA levels of MITF and tyrosinase assessed by qRT-PCR in MNT-1 

cells cultured with 20 mg/mL sericin hydrolysates (SH) for 6-24 h.  

mRNA Treatment 
Relative mRNA level 

6 h 12 h 24 h 

MITF 
Control 1.00 ± 0.00 1.91 ± 0.16 2.40 ± 0.47 

20 mg/mL SH 1.23 ± 0.20 0.56 ± 0.23* 1.39 ± 0.43* 

Tyrosinase 
Control 1.00 ± 0.00 2.96 ± 0.43 2.53 ± 0.41 

20 mg/mL SH 1.77 ± 0.60 0.78 ± 0.34** 1.60 ± 0.10* 

 
Data represent means ± SEM of three independent experiments. 

*p < 0.05, **p < 0.01 compared with untreated control cells at the same time point. 
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APPENDIX 7 

 

Relative protein levels of MITF-related proteins assessed by western blotting 

in MNT-1 cells cultured with 20 mg/mL sericin hydrolysates (SH) for 6-24 h.  

Protein Treatment 
Relative mRNA level 

6 h 12 h 24 h 

MITF 
Control 1.00 ± 0.00 0.86 ± 0.05 1.26 ± 0.07 

20 mg/mL SH 0.98 ± 0.20 0.75 ± 0.30 0.72 ± 0.15** 

Tyrosinase 
Control 1.00 ± 0.00 0.81 ± 0.02 1.04 ± 0.21 

20 mg/mL SH 0.79 ± 0.21 0.64 ± 0.04 0.59 ± 0.02* 

pGSK3β/GSK3β 
Control 1.00 ± 0.00 0.80 ± 0.01 0.88 ± 0.30 

20 mg/mL SH 0.80 ± 0.15 0.82 ± 0.03 0.95 ± 0.05 

β-catenin 
Control 1.00 ± 0.00 0.83 ± 0.01 0.92 ± 0.27 

20 mg/mL SH 1.00 ± 0.04 0.99 ± 0.03 1.07 ± 0.29 

pCREB/CREB 
Control 1.00 ± 0.00 1.61 ± 0.24 1.26 ± 0.32 

20 mg/mL SH 1.17 ± 0.08 0.79 ± 0.15* 1.15 ± 0.25 

pERK/ERK 
Control 1.00 ± 0.00 1.27 ± 0.04 1.33 ± 0.04 

20 mg/mL SH 1.30 ± 0.08* 1.57 ± 0.08* 1.72 ± 0.09** 

 
Data represent means ± SEM of three independent experiments. 

*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 compared with untreated control 
cells at the same time point. 
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