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Sericin promotes chondrogenic 
proliferation and differentiation 
via glycolysis and Smad2/3 TGF‑β 
signaling inductions and alleviates 
inflammation in three‑dimensional 
models
Kamonpan Fongsodsri 1, Wacharaporn Tiyasatkulkovit 2, Urai Chaisri 1, Onrapak Reamtong 3, 
Poom Adisakwattana 4, Suangsuda Supasai 3, Tapanee Kanjanapruthipong 1, 
Passanesh Sukphopetch 5, Pornanong Aramwit 6,7 & Sumate Ampawong 1*

Knee osteoarthritis is a chronic joint disease mainly characterized by cartilage degeneration. 
The treatment is challenging due to the lack of blood vessels and nerve supplies in cartilaginous 
tissue, causing a prominent limitation of regenerative capacity. Hence, we investigated the cellular 
promotional and anti‑inflammatory effects of sericin, Bombyx mori‑derived protein, on three‑
dimensional chondrogenic ATDC5 cell models. The results revealed that a high concentration of sericin 
promoted chondrogenic proliferation and differentiation and enhanced matrix production through 
the increment of glycosaminoglycans, COL2A1, COL X, and ALP expressions. SOX-9 and COL2A1 
gene expressions were notably elevated in sericin treatment. The proteomic analysis demonstrated 
the upregulation of phosphoglycerate mutase 1 and triosephosphate isomerase, a glycolytic enzyme 
member, reflecting the proliferative enhancement of sericin. The differentiation capacity of sericin was 
indicated by the increased expressions of procollagen12a1, collagen10a1, rab1A, periostin, galectin‑1, 
and collagen6a3 proteins. Sericin influenced the differentiation capacity via the TGF‑β signaling 
pathway by upregulating Smad2 and Smad3 while downregulating Smad1, BMP2, and BMP4. 
Importantly, sericin exhibited an anti‑inflammatory effect by reducing IL‑1β, TNF‑α, and MMP‑1 
expressions and accelerating COL2A1 production in the early inflammatory stage. In conclusion, 
sericin demonstrates potential in promoting chondrogenic proliferation and differentiation, enhancing 
cartilaginous matrix synthesis through glycolysis and TGF‑β signaling pathways, and exhibiting anti‑
inflammatory properties.
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Osteoarthritis (OA) is a degenerative joint disease, which is the most common form of  arthritis1. It causes chronic 
pain, disability, and reduction of joint motion and  function2. OA is commonly found in the knees, hands, and 
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hips, and it affects over 250 million people  worldwide1,3. In particular, knee osteoarthritis contributes the highest 
 burden4. The global prevalence of knee osteoarthritis has increased in recent decades and continues to rise due to 
the aging population, obesity, and other  factors5. Indeed, the increase in the prevalence of this disease may cause 
a significant burden on the worldwide healthcare  system5. Articular cartilage is a hyaline cartilage consisting 
mainly of chondrocytes and a dense extracellular matrix (ECM)6. ECM predominantly comprises type II col-
lagen, proteoglycans, and other minor  components6. In addition, chondrocytes play a crucial role in maintaining 
cartilage homeostasis through proliferation and secretion of their matrix and matrix-degrading  enzymes7. During 
OA, these normal processes are altered, significantly affecting cartilage homeostasis. Chondrocytes change their 
behavior, resulting in decreased synthesis and increased catabolism of ECM, which accelerates ECM degradation 
in  cartilage8,9. Subsequently, chondrocytes secrete inflammatory cytokines such as IL-1β, TNF-α, and IL-6, as 
well as matrix metalloproteinases (MMPs) including MMP-1, MMP-3, and MMP-13, and  aggrecanases7,10. The 
primary hallmark of OA is the degradation of ECM, particularly type II collagen and proteoglycan, with glycosa-
minoglycan degradations accompanied by a reduction in the number of  chondrocytes7,11. This occurs as a result 
of imbalanced chondrocyte activity, characterized by reduced ECM synthesis and increased ECM breakdown. 
Sericin is a natural product derived from Bombyx mori silkworm  cocoons12. It is a glue-like protein that binds 
two fibroin filaments, forming the structure of silk  yarn13. Furthermore, sericin is predominantly composed of 
polar amino acids such as serine, threonine, and aspartic acid, which confer its distinctive adhesive and gel-
forming  properties14. It can induce collagen production both in vitro and in vivo15,16 and has anti-inflammatory 
effects that suppressed the production of pro-inflammatory  cytokines17. Interestingly, sericin has been used for 
cartilage tissue engineering, positively affecting chondrogenic proliferation and viability, including promoting 
the cartilage-specific ECM components and the expression of specific cartilage  genes18,19. Several studies have 
explored the characteristics of sericin in cartilage tissue engineering and repair focusing on healing properties, 
material designs, chemical, physical and biological properties, and biological safety. However, there needs to 
be more focus on its specific underlying potential mechanisms that sericin promotes chondrogenesis and knee 
osteoarthritis treatment.

This study aims to investigate the properties of sericin on chondrogenic proliferation, differentiation, and 
its specific mechanisms using pellet culture. Additionally, the anti-inflammatory capacity of sericin in the early 
phase of chondrocyte inflammation was assessed using scaffold culture. Various approaches were performed to 
explore the effects of sericin, including cytochemistry (alcian blue staining), immunohistochemistry, proteomic 
analysis, electron microscopy, and RT-qPCR. This study provides a better understanding of the beneficial effects 
of sericin on the promotional effect on proliferation and differentiation in chondrogenic cells. These findings 
contribute to the potential development of sericin for therapeutic knee osteoarthritis applications in the future.

Result
Cytotoxicity test of sericin on ATDC5 cells
The sericin in various concentrations 0, 0.05, 0.1, 1, 10, 20, 40, 80, and 100 μg/ml were provided the percentage 
of cell viability 100, 100, 99.03, 98.42, 96.37, 91.02, 87.87, 76.46%, and 76.06%, respectively as shown in Fig. 1A. 
The result showed no significant difference from 0.05 to 10 μg/ml. It significantly decreased in cell viability at 
20, 40, 80, and 100 μg/ml of sericin compared with the 0 μg/ml as a negative control (Fig. 1A). However, at 80 
and 100 μg/ml, a percentage of cell viability was presented lower than 80%. Therefore, the selection of sericin 
concentrations to utilize in this study was based on cell viability greater than 80%: 1 μg/ml as a low, 25 μg/ml as 
a medium, and 50 μg/ml as a high concentration of sericin.

Effects of sericin on chondrogenic proliferation and differentiation assessed by glycosamino‑
glycans (GAGs) production
GAGs expression was evaluated to screen sericin’s effect on chondrogenic proliferation and differentiation. 
On day 7, the expression of GAGs in the Se1, Se25, and Se50 groups was significantly higher than the negative 
control (Fig. 1B). The CM25 significantly expressed GAGs lower than positive control (Fig. 1B). On day 14, 
Se25 and Se50 groups significantly increased compared to the negative control (Fig. 1C). Moreover, there was 
no significant difference between CM1, CM25, CM50, and positive control. On day 21, Se50 group significantly 
expressed greater than the negative control, Se1, and Se25 groups (Fig. 1D) and no significant difference between 
the CM50 and positive control. Nonetheless, the CM1 and CM25 groups were significantly lower than positive 
control (Fig. 1D). On day 28, the GAGs expression in the Se50 group was considerably higher than the negative 
control, Se1, and Se25 groups (Fig. 1E). The CM50 group had no significant difference from the positive control. 
In contrast, the CM1 and CM25 groups expressed significantly lower than the positive control group (Fig. 1E).

To summarize these findings, GAG expression in the Se50 group was significantly higher than in the control 
at every time point. In contrast, GAG expression in the CM50 group did not show a significant difference from 
the positive control at any time point. All groups were presented the GAGs expression in a line graph from day 
7 to day 28 (Fig. 1F). The macroscopic ATDC5 pellets in negative and positive controls on days 7, 14, 21, and 28 
were illustrated in Fig. 1G. According to the alcian blue staining result, the Se50, CM50, negative control, and 
positive control groups on days 7, 14, 21, and 28 were selected to examine cartilage-specific markers in immu-
nohistochemistry. The alcian blue microscopic images of selected groups are presented in Fig. 1H.

Effect of sericin on enhancement of chondrogenic differentiation assessed by immunohisto‑
chemical examination of cartilage‑specific markers
Immunohistochemical staining of COL2A1, COL X, and aggrecan indicated the cartilage-specific extracellular 
matrix components. ALP and COL X are markers of hypertrophic chondrocytes referred to as the chondrogenic 
differentiation. The results demonstrated that on day 7, COL2A1 expression was absent in the negative and Se50 
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groups (Fig. 2A, E). The CM50 group had more significantly expressed the COL2A1 and ALP than presented in 
the positive control (Fig. 2A, E). Moreover, COL X and aggrecan expressions did not differ significantly among 
the groups (Fig. 2A, E). On day 14, the COL2A1, ALP, COL X, and aggrecan markers were not significantly dif-
ferent in the Se50 group compared to the negative control (Fig. 2B, E). The CM50 group showed significantly 
lower expression of the COL2A1 marker compared with the positive control. Additionally, the ALP and COL 
X markers were significantly expressed higher in the CM50 than the positive control (Fig. 2B, E). On day 21, 
the expression of COL2A1 in both the Se50 and CM50 groups was not significantly different from the controls 
(Fig. 2C, E). The Se50 groups significantly decreased the ALP compared to the negative control (Fig. 2C, E). In 
comparison, the expression levels of ALP and COL X were significantly higher in the CM50 group than in the 
positive control (Fig. 2C, E). However, there were no differences in the aggrecan expression among the pellet 
groups on day 21 (Fig. 2C, E). On day 28, COL2A1, COL X, and aggrecan expression in the Se50 group were not 
significantly different from the negative control (Fig. 2D, E). Nonetheless, ALP in Se50 significantly declined 
compared to the control. In the CM50 group, the expressions of COL2A1, ALP, and COL X were significantly 
higher than those in the positive control on day 28 (Fig. 2D, E). There was no significant difference in aggrecan 
marker between CM50 and positive control (Fig. 2D, E).

The summary of this finding throughout the experiment revealed that the CM50 group demonstrated higher 
expressions of COL2A1, ALP, and COL X than the positive control. In contrast, the Se50 group generally did 
not exhibit significant differences from the negative control, except for a decrease in ALP expression. Expression 
of aggrecan remained consistent and did not show significant alteration in comparison with control groups.

According to this result, a high concentration of sericin in the CM50 group significantly promoted chon-
drogenic differentiation and enhanced the phenotypic chondrocyte prehypertrophy via expression of COL2A1, 
ALP, and COL X when compared with positive control on day 28. The overview of COL2A1, ALP, COL X, and 
aggrecan expression levels across all groups from day 7 to day 28 was depicted in the line graph (Fig. 2F). Based 
on immunohistochemistry results, statistical analysis of the Pearson correlation for four markers from day 7 to 
day 28 showed that COL2A1 was significantly positively correlated with COL X (0.592, p = 0.000) and aggrecan 
(0.231, p = 0.019). In addition, ALP and COL X demonstrated a significant positive correlation (0.377, p = 0.000) 
(Supplementary Table S1).

Figure 1.  The ATDC5 cell viability and GAGs production (H-score) expression after incubation with sericin 
in several concentrations. (A) Assessment of ATDC5 cell viability treated with various concentrations of sericin 
for 48 h. The GAGs expression of the negative control, Se1, Se25, Se50, positive control, CM1, CM25, and CM50 
(B) on day 7, (C) day 14, (D) day 21, and (E) day 28. (F) The line graph of GAGs expression in all periods. (G) 
The macroscopic image of control groups on days 7, 14, 21, and 28. (H) The alcian blue staining microscopic 
images of negative control, Se50, positive control, and CM50 groups on day 7, 14, 21, and 28. The abbreviations 
used in this study were as follows: Se1, Se25, and Se50, which referred to culture medium with 1, 25, and 50 μg/
ml of sericin solution, respectively. The CM1, CM25, and CM50 referred to chondrogenic differentiation 
medium containing 1, 25, and 50 μg/ml of sericin solution, respectively.
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Figure 2.  The immunolocalized microscopic images and H-score expression graphs of cartilage-specific 
markers (COL2A1, ALP, COL X, and aggrecan). The immunolocalized images of the ATDC5 pellet in negative 
control, Se50, positive control, and CM50 (A) on day 7, (B) day 14, (C) day 21, and (D) day 28. (E) Bar graphs 
showing the H-score expression of four specific cartilage markers (COL2A1, ALP, COL X, and aggrecan) on day 
7, 14, 21, and 28. (F) The line graph of the COL2A1, ALP, COL X, and aggrecan markers from day 7 to 28 across 
all pellet groups.
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Investigation of ultrastructural cytoskeleton proteins in ATDC5 pellets using immunogold 
labeling
The ATDC5 pellets on day 28 were examined with the ultrastructural cytoskeleton proteins (F-actin and 
β-tubulin) and COL2A1 using the immunogold labeling technique (Fig. 3A–O). The result revealed that the 
expression of F-actin, β-tubulin, and COL2A1 were significantly increased in Se50 compared with the negative 
control (Fig. 3E, J, and O). Furthermore, CM50 showed significantly higher β-tubulin expression compared to 
the control groups. (Fig. 3I and J). However, there was no significant difference in F-actin and COL2A1 expres-
sions between CM50 and positive control (Fig. 3E and O).

Cartilaginous proliferative and differentiative mRNA levels in ATDC5 pellets using RT‑qPCR
ATDC5 pellets in the negative control, Se50, positive control, and CM50 groups on day 28 were analyzed for the 
gene expression related to cartilage-specific chondrocyte proliferation and differentiation using RT-qPCR. The 
results showed that the gene expression of SOX-9 and COL2A1 were significantly upregulated in both Se50 and 
CM50 compared to control groups (Fig. 4A). The ALP and PCNA expressions were not significantly different in 
Se50 and CM50 compared to their controls. Nonetheless, the aggrecan had downregulated considerably in the 
Se50 group, and there was no significant difference in the CM50 group compared with the control (Fig. 4A).

Label‑free proteomic analysis of ATDC5 pellets
Protein identification and classification
ATDC5 pellets in the CM50 group and positive control on day 28 were performed in a proteomic study to 
determine the sericin effect on enhancing chondrogenic proliferation and differentiation. The proteomic result 
showed that the total protein was 487, and significantly upregulated proteins with fold change ≥ 2 were 106 
in CM50. Moreover, downregulation was found in 41 proteins with no significant difference (Supplementary 
Table  S2). All 106 significantly upregulated proteins were categorized based on their biological functions, which 
are closely related to chondrogenesis, chondrogenic proliferation, and differentiation processes. These proteins 
were grouped into five categories: 1) proliferation (22 proteins, 19%), 2) differentiation (18 proteins, 15%), 3) 
extracellular matrix (16 proteins, 13%), 4) cytoskeleton (nine proteins, 8%), and 5) other functions (53 proteins, 
45%), as shown in Fig. 4B (Supplementary Table S3). It is important to highlight that some proteins may exhibit 
multiple functions and therefore belong to more than one group. Furthermore, the proteins in 4 major groups 
(proliferation, differentiation, extracellular matrix, and cytoskeleton groups) from Fig. 4B were explored the 
protein–protein interaction and functional pathways using the STRING and Reactome databases, respectively. 
The result of protein–protein interaction and functional pathways were illustrated as a diagram in Fig. 4C. These 
protein interactions were associated with collagen biosynthesis and modifying enzymes (purple; MMU-1650814), 

Figure 3.  The immunogold labeling of ultrastructural cytoskeleton proteins (F-actin and β-tubulin) and 
COL2A1 in ATDC5 pellets. The transmission electron microscopic images of pellets from the negative control, 
Se50, positive control, and CM50 on day 28 were stained with (A–D) F-actin, (F–I) β-tubulin, and (K–N) 
COL2A1. The bar graphs illustrated the expression of each marker as a labeling/field: (E) F-actin, (J) β-tubulin, 
and (O) COL2A1.
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glycolysis (red; MMU-70171), ECM proteoglycans (green; MMU-3000178), and extracellular matrix organiza-
tion (yellow; MMU-1474244) (Fig. 4C).

The differentiation proteins and their functions
The top 10 upregulated proteins with a fold change of ≥ 10 were detailed in Table 1, along with their biological 
functions. Phosphoglycerate mutase 1 had the highest fold change, followed by polyubiquitin C, triosephosphate 
isomerase, procollagen type XII alpha 1, collagen-alpha-1 type X, rab1A, periostin, profilin-1, galectin-1, and 
collagen-alpha-3(VI) chain. Additionally, some proteins play multiple roles. For example, collagen-alpha-1 type 
X is an ECM protein that indicates differentiation in chondrocytes. Rab1A is involved in chondrogenic prolifera-
tion and differentiation. Another ECM protein, Periostin is specific to hypertrophic chondrocytes. Profilin-1 is 
an actin monomer-binding protein that plays an important role during chondrocyte division.

Sericin induced chondrogenic proliferation via the upregulation of glycolytic proteins
According to the proteomic result found that phosphoglycerate mutase 1 (Pgam1) and triosephosphate isomerase 
(TPI) were significantly upregulated proteins in CM50, which had fold changes 18.10 and 14.46, respectively 
(Table 1). The function of Pgam1 converts 3-phosphoglycerate (3-PG) to 2-phosphoglycerate (2-PG), and TPI 
catalyzes the interconversion of glycerone phosphate (DHAP) and D-glyceraldehyde-3-phosphate (GA3P), as 
illustrated in Fig. 5A.

Sericin induced chondrogenic differentiation through TGF‑β/Smad signaling pathway using 
RT‑qPCR
A part of the proteomic result showed that procollagen12a1, collagen10a1, rab1A, periostin, galectin-1, and 
collagen6a3 were upregulated in the CM50 group (Table 1). The expression of these proteins indicated the chon-
drogenic differentiation was notably promoted. Moreover, the exploration of the specific mechanism involved 
in chondrocyte differentiation was examined by RT-qPCR. The relative mRNA expression of Smad2 and Smad3 
in the CM50 group were significantly higher than in the control group (Fig. 5B). In contrast, RUNX2, Smad1, 
BMP2, and BMP4 expressions had significantly down-expressed in CM50 compared with control (Fig. 5B). This 
result revealed that sericin significantly promoted the expression of Smad2 and Smad3 via TGF-β signaling while 
downregulating RUNX2, Smad1, BMP2, and BMP4 in BMP signaling. The up-expression of Smad2 and Smad3 

Figure 4.  The cartilage specific-gene expression (SOX-9, COL2A1, ALP, aggrecan, and PCNA) and a proteomic 
analysis in pellets on day 28. (A) The relative gene expression of SOX-9, COL2A1, ALP, aggrecan, and PCNA 
in pellets from the negative control, Se50, positive control, and CM50 on day 28. (B–C) The proteomic results 
were illustrated as follows: (B) A pie chart classifying 106 upregulated proteins into five groups associated with 
chondrogenesis: 1. proliferation of chondrocytes (19%), 2. differentiation of chondrocytes (15%), 3. extracellular 
matrix proteins (13%), 4. cytoskeletal proteins (8%), and 5. others (45%) and (C) A diagram of protein–protein 
interactions within the 4 categorized groups. The interactions of these proteins are associated with various 
biological processes: collagen biosynthesis and modifying enzymes (purple; MMU-1650814), glycolysis (red; 
MMU-70171), ECM proteoglycans (green; MMU-3000178), and extracellular matrix organization (yellow; 
MMU-1474244).
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in TGF-β signaling and the down-expression of Smad1, BMP2, and BMP4 in BMP signaling were illustrated in 
the schematic mechanisms in Fig. 5C.

The ultrastructure of gelatin scaffold with or without ATDC5 cell co‑culture using SEM
The ultrastructure of gelatin scaffolds and the attachment of ATDC5 cells throughout days 7 to 21 were examined 
using a SEM. The gelatin scaffold presented a sponge-like, porous structure with various pore sizes (Fig. 6A and 
B). The porous scaffold facilitated the infiltration, proliferation, and nutrient transportation of chondrocytes. 
By day 7 of scaffold culture, the scaffolds allowed cells to infiltrate and distribute within the pores. The cells were 
able to attach and grow inside the scaffold’s pores (Fig. 6C and D). On day 21, the cells continued to exhibit 
attachment and colonization on the scaffold (Fig. 6E and F).

Table 1.  The list of upregulated ten proteins associated with chondrogenic proliferation and differentiation. 
The proteins were classified into five groups: 1. Proliferation of chondrocyte, 2. Differentiation of chondrocyte, 
3. Extracellular matrix, 4. Cytoskeletal proteins, and 5. Others. #in the table represented a basic function from 
the UniProt database (www. unipr ot. org).

Protein alteration p value Fold change Protein accession Protein name Protein function Protein groups Sequence coverage (%)

Up-regulation

0.000050 18.10 PGAM1_MOUSE Phosphoglycerate mutase 1

Phosphoglycerate mutase 1 is 
a crucial enzyme in glycolysis 
which response to energy 
production and nucleotide 
 biosynthesis20. It changes 
3-phosphoglycerate (3-PG) to 
2- phosphoglycerate (2-PG)20

1 40.6

0.001352 16.85 UBC_MOUSE Polyubiquitin C
Polyubiquitin C is a ubiquitin 
protein and involved in pro-
tein modification (ubiquitina-
tion) #

5 42.2

0.000019 14.46 TPIS_MOUSE Triosephosphate isomerase

Triosephosphate isomerase is 
an efficient glycolytic enzyme 
in cartilage metabolism 
by catalyzing glycerone 
phosphate or dihydroxyac-
etone phosphate (DHAP) and 
D-glyceraldehyde-3-phos-
phate (GA3P)21

1 48.8

0.010625 12.99 COCA1_MOUSE Procollagen, type XII, alpha 1

Procollagen12a1 is involved in 
col12a1 formation, which is a 
minor collagen in the extra-
cellular matrix of articular 
 cartilage22

3 23.8

0.000083 12.17 COAA1_MOUSE Collagen-alpha-1 type X

Collagen10a1 or collagen X is 
the extracellular matrix which 
exclusively synthesized by 
hypertrophic chondrocytes 
and found in the calcified 
zone of articular  cartilage22

2,3 18.5

0.000838 11.68 RAB1A_MOUSE Rab1A

Rab1A is a small GTPase 
and recruits mTORC1 under 
amino acid simulation at the 
 Golgi23. mTORC1 regulates 
chondrocyte proliferation and 
 differentiation24

1,2 10.7

0.000002 11.50 POSTN_MOUSE Periostin

Periostin is an extracel-
lular matrix protein and 
coordinates cell adhesion 
and  differentiation25. It has 
been identified as a gene 
specific to dark hypertrophic 
 chondrocytes26

2,3 31.4

0.000242 11.08 PROF1_MOUSE Profilin-1

Profillin-1 is an actin 
monomer-binding protein 
which plays a crucial role in 
dynamic rearrangements of 
the actin cytoskeleton during 
chondrocyte  division27

1,4 43.1

0.000037 10.77 LEG1_MOUSE Galectin-1

Galectin-1 mediates the 
chondrocytes interact to semi-
synthetic glycopolymer which 
stimulates the chondrocyte 
aggregation production of col-
lagen type2 and  GAGs28

2 17.8

0.007617 10.73 Q9Z0I9_MOUSE Collagen alpha-3(VI) chain
Col6a3 a specialized pericel-
lular matrix (thin layer sur-
rounds chondrocytes)22

3 28.2

http://www.uniprot.org
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Figure 5.  The schematic of glycolysis, exploration of chondrogenic differentiation via gene expression of TGF-β 
and BMP signaling, and illustration of TGF-β and BMP signaling pathways. (A) The presence of glycolytic 
enzymes (PGAM1 and TPI) in the glycolysis pathway, slightly adapted from the Reactome database (MMU-
70171). (B) Relative gene expression of Smad2 and Smad3 (TGF-β signaling), and RUNX2, Smad1, BMP2 
and BMP4 (BMP signaling). (C) Illustrations of Smad2 and Smad3 (green boxes) in TGF-β signaling pathway 
(MMU-2173789.1) and the Smad1, BMP2 and BMP4 (yellow and orange boxes) in BMP signaling pathway 
(MMU-201451.1), adapted from the Reactome database.

Figure 6.  The scanning electron microscopic images of the gelatin scaffold structure and culture. (A and B) The 
structure of porous gelatin scaffolds without cells, (C and D) The scaffold culture with ATDC5 chondrogenic 
cells on day 7, and (E and F) day 21.
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Evaluation of sericin treatment in early chondrocyte inflammation using immunohistochem‑
istry and RT‑qPCR
The treatment groups in early inflammation of chondrocytes were investigated for inflammation-related proteins 
using immunohistochemical staining (Fig. 7A and B). The immunolocalized expressions of IL-1β, TNF-α, and 
MMP-1 in the positive control group, representing early inflammation, were significantly higher than in the 
normal condition (Fig. 7A and B). IL-1β exhibited a significant decrease in all treatment groups compared with 
the positive control. Among the treatment groups, Se25 and Se50 showed significantly lower IL-1β expression 

Figure 7.  Immunolocalized microscopic images with H-score expression graphs and gene expression 
analysis of early inflammation markers in scaffold cultures under normal condition, including positive control 
(inflammation without treatment), Dex treatment, GS treatment, and Se1, Se25, and Se50 treatments. (A) The 
immunolocalized microscopic images of different treatments with early inflammation-related markers (IL1-
β, TNF-α, MMP-1, and COL2A1). (B) Bar graphs of the H-score expression of IL1-β, TNF-α, MMP-1, and 
COL2A1 for each treatment group. (C) Relative gene expression of IL-1β, TNF-α, MMP-13, and COL2A1 in 
each treatment group. The abbreviations used in this study were as follows: Pos control was the positive control, 
Dex treatment referred to dexamethasone treatment, GS treatment indicated glucosamine sulfate treatment, and 
Se1, Se25, and Se50 referred to sericin treatment at 1, 25, and 50 μg/ml concentrations, respectively.
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than the glucosamine sulfate (GS) treatment (Fig. 7A and B). All treatment groups, particularly those with sericin, 
significantly reduced TNF-α and MMP-1 expressions compared to the positive control. Notably, the Se1, Se25, 
and Se50 treatment groups showed a significant elevation in COL2A1 expression compared to the GS treatment, 
positive control, and normal condition (Fig. 7A and B). Pearson correlation analysis of the immunohistochem-
istry results showed that IL-1β had significant positive correlations with TNF-α (0.493, p = 0.00) and MMP-1 
(0.609, p = 0.000), in contrast to a significant negative correlation with COL2A1 (− 0.177, p = 0.009). COL2A1 
expression showed significant negative correlations with IL1-β (− 0.177, p = 0.009), TNF-α (− 0.0173, p = 0.016), 
and MMP-1 (− 0.0263, p = 0.000) (Supplementary Table S4).

The results of relative gene expression showed that the Se50 and Dex treatments significantly reduced IL-1β 
gene expression compared to the Se1 treatment (Fig. 7C). The Se50 treatment demonstrated a significantly lower 
TNF-α gene expression than the GS treatment (Fig. 7C). However, the gene expression levels of MMP-13 and 
COL2A1 were not significantly different across all groups (Fig. 7C).

Discussion
We investigated the effect of sericin on chondrogenic proliferation and differentiation regarding the specific 
involved mechanisms and their anti-inflammatory properties using 3D cell culture models by several approaches. 
In this study, a high concentration of sericin can promote the proliferation and differentiation of chondrocytes 
through glycolysis and TGF-β signaling pathways characterized by the increase of GAGs production (Fig. 1B–F), 
stimulation of differentiation and maturation of chondrocytes (COL2A1, ALP, and COL X) (Fig. 2A–F), pro-
moting the essential cytoskeletal proteins (Fig. 3E, J, and O), upregulation of transcription factors SOX-9 and 
COL2A1 ECM genes (Fig. 4A), and activation glycolytic enzymes and differentiation-related proteins as shown 
in Table 1. In addition, sericin can diminish inflammation via the downregulation of IL1-β, TNF-α, and MMP-1 
(Fig. 7A and B).

GAGs play an important role in cartilage homeostasis and act as signaling mediators in several processes, 
such as cell proliferation, differentiation, migration, and  adhesion29. The alteration of GAGs structure and com-
ponents in proteoglycan is an early event in OA, leading to cartilage  degradation30. Our study demonstrated 
that a high sericin concentration promote the GAGs production compared with the controls (Fig. 1B–F). The 
GAGs such as hyaluronic acid and chondroitin sulfate improved in a collagen–sericin scaffold study for carti-
lage  regeneration18. An alternative form of sericin revealed that sericin hydrogel can stimulate GAG production 
more than the hydrogel control  group19. In addition, another natural product, such as curcumin, induced the 
production of GAG in chondrogenic C3H10T1/2  cells31. Notably, the Se50 group exhibited significantly higher 
expression of GAGs compared to the negative control from day 7 to day 28. The Se1, Se25, and Se50 groups were 
ATDC5 pellets cultured in normal growth medium supplemented with sericin at 1, 25, and 50 µg/ml, respectively. 
These groups lacked chondrogenic differentiation supplements. This result suggested that a high concentration 
of sericin may potentially serve as a chondrogenic-induced differentiation factor.

The expression of cartilage-specific markers, such as collagen type 2 (COL2A1), ALP, collagen X (COL X), 
and aggrecan, was detected in the pellet groups using immunohistochemical staining (Fig. 2A–F). COL2A1 
and aggrecan are the ECM referred to as chondrogenic proliferation and  differentiation32, ALP is alkaline phos-
phatase for hypertrophic chondrocyte  marker33, and COL X is a specific collagen expressed by hypertrophic 
 chondrocytes22. On day 7, our results showed a significant upregulation of COL2A1 and ALP in the CM50 
group. Additionally, the CM50 group revealed a heterogeneous cell population, expressing characteristics of 
both early and late differentiation markers (Fig. 2A, E, and F). By day 28, the Se50 group exhibited a significant 
decrease in ALP expression (Fig. 2D, E, and F), suggesting that sericin reduces ALP activity, which may inhibit 
chondrogenic hypertrophy. Similarly, high concentrations of chondroitin sulfate and hyaluronic acid suppressed 
ALP activity on days 4, 7, and 14 in ATDC5 cell  culture34. The COL X was not different between Se50 and control 
groups. Thus, this property of sericin should be more elucidated in a further study for a better understanding of 
the specific influence of sericin on ALP activity in chondrogenic cells. The hallmark of OA is the degradation of 
collagen type  II7,11,35. Our study revealed that the CM50 group showed a significant increase in COL2A1, ALP, 
and COL X expressions compared to the positive control on day 28 (Fig. 2D, E, and F). Fabrication of sericin 
and fibroin reported that sericin hydrogel and fibroin film or scaffolds promote the production of  COL2A119,36,37. 
Moreover, other natural products such as pomegranate fruit extract and avocado/soybean unsaponifiable (ASU) 
can enhance collagen type 2 synthesis in  chondrocytes38,39. In contrast to curcumin’s effect on hypertrophic 
chondrocyte markers, COL X was decreased in the curcumin-supplemented  group31. Aggrecan expression in 
our study showed no significant difference between each group and time point. This result suggested that sericin 
supplementation in the Se50 and CM50 groups may not influence aggrecan expression. Similarly, aggrecan 
expression was not significantly different from the control during the chondrogenic differentiation of rabbit 
periosteal cells on day  2140. Given these properties, sericin can stimulate the production of specific cartilage ECM, 
particularly collagen, and accelerate chondrocyte maturation. This positive effect could contribute to alleviating 
OA in terms of forming new cartilage tissue and endochondral ossification.

F-actin and β-tubulin are key components of the cellular cytoskeleton. Therefore, changes in the expression of 
these proteins can indicate cytoskeletal reorganization. In our study, the expression of cytoskeletal proteins was 
detected using the immunogold labeling technique. F-actin was highly expressed in the Se50 group; meanwhile, 
β-tubulin significantly increased in both the Se50 and CM50 groups, as shown in Fig. 3A–O. The function of 
actin filament in chondrocytes is to maintain cell shape and its  phenotypes41. β-tubulin is involved in cell divi-
sion and  growth42. Moreover, it has been reported that loss of actin, tubulin, and vimentin organization can be 
found in OA  chondrocytes41,43. This property indicated that sericin could enhance cytoskeletal protein expres-
sions, which could maintain chondrogenic phenotypes and cell division, thereby improving the cytoskeletal 
organization of chondrocytes.



11

Vol.:(0123456789)

Scientific Reports |        (2024) 14:11553  | https://doi.org/10.1038/s41598-024-62516-y

www.nature.com/scientificreports/

The relative gene expression-related chondrogenic proliferation and differentiation markers such as SOX-9, 
COL2A1, aggrecan, ALP, and PCNA were observed using RT-qPCR. Interestingly, our result demonstrated that 
the gene expression of SOX-9 and COL2A1 significantly increased in both sericin groups (Se50 and CM50) 
than the controls (Fig. 4A). SOX-9 is a transcriptional factor that regulates the proliferation and multistep dif-
ferentiation of  chondrocyte44. SOX-9 activates the gene expressions in chondrocytes such as COL2A1, COL9A1, 
COL11A2, and  others45. A mutation in SOX-9 disrupts the chondrogenic differentiation process, resulting in 
the failure of SOX-9 target gene expression, affecting human skeletal formation, and leading to malformation 
 syndrome44. Similar to our study results, silk fibroin film significantly upregulated the gene expression of SOX-9 
compared to the  control46. Another marker that had significant upregulation in the sericin group of our study 
is COL2A1 gene expression. COL2A1 is a major component in cartilage ECM and maintains physiological 
 homeostasis47. Degradation and loss of COL2A1 are the typical pathological alterations and frequent observa-
tions in OA  cartilage48.

ASU treatment significantly increased the mRNA level of COL2A149. In contrast to our study, curcumin 
supplementation had no effect on SOX-9 and COL2A1 gene  expressions31. Nonetheless, aggrecan was down-
expressed in Se50 compared to the control group in this study (Fig. 4A). According to this result suggested that 
sericin may contain factors that elevate the gene expressions of SOX-9 and COL2A1, but have a different effect on 
the gene expression level of aggrecan. However, the specific cellular signaling pathways or molecular epigenetic 
mechanisms may affect the gene regulation of aggrecan. These influences are unclear and should be elucidated 
in further studies. Additionally, we found that sericin did not affect to PCNA marker on day 28 (Fig. 4A). PCNA 
is a marker of cells in the proliferative phase of the cell cycle which is often distributed in the S-phase50. The 
collection period of pellets might affect the expression of PCNA due to chondrogenic cells on day 28 were fully 
differentiated cells, reduced proliferation, and entered a quiescent state. PCNA expression should be detected 
during the early stage of cell proliferation.

The proteomic study analyzed the specific proteins and mechanisms associated with chondrogenic prolifera-
tion and differentiation in this study. Our proteomic result demonstrated glycolytic enzymes were the most sig-
nificantly upregulated proteins (Table 1 and Fig. 5A). Glycolysis is a central metabolic pathway involving glucose 
metabolism and producing cellular energy. It is a major metabolism in chondrocytes for energy  production51. In 
addition, the process of cell proliferation demands a significant amount of  energy52. Pgam1 enzyme is the high-
est fold change protein, followed by the TPI enzyme in our finding. These enzymes are important in glycolysis 
for the conversion of critical glycolytic intermediates. It is crucial in several biological processes, particularly 
energy production and nucleotide  biosynthesis20,53. Pgam1 activity upregulates various tumor growths by pro-
moting cell  proliferation54. Pgam1 knockdown in glioma suppressed cell proliferation and enhanced apoptosis 
via the S-phase cell  cycle55. Therefore, the CM50 group showed a significant upregulation of proteins involved in 
glycolysis, which promoted chondrogenic proliferation This finding was consistent with the high expression of 
COL2A1 observed in immunological staining (Fig. 2D, E, and F), β-tubulin expression in immunogold labeling 
(Fig. 3I and J), and the gene expressions of SOX-9 and COL2A1 (Fig. 4A). Other proteomic studies, Pgam1 and 
TPI metabolic enzymes are upregulated during  chondrogenesis56. Proteomic in human OA chondrocytes showed 
that downregulation of proteins in glycolysis, such as glyceraldehyde 3-phosphate dehydrogenase, enolase, and 
fructose biphosphate aldolase down-expressed compared to normal  chondrocytes57.

To investigate the effect of sericin on chondrocyte differentiation, the proteomic study revealed the upregula-
tion of procollagen12a1, collagen10a1, rab1A, periostin, galectin-1, and collagen6a3 proteins. These proteins 
indicated chondrocyte differentiation. However, the specific mechanism promoted by sericin was examined 
through relative gene expression analysis. The Smad2/3-dependent TGF-β signaling was significantly increased, 
indicated by the high levels of Smad2 and Smad3 gene expression (Fig. 5B and C). On the contrary, BMP signaling 
significantly downregulated through decreased gene expressions of RUNX2, Smad1, BMP2, and BMP4 (Fig. 5B 
and C). TGF-β signaling controls cartilage homeostasis and  development58. Several transcriptional factors could 
regulate chondrocyte proliferation and differentiation. The Smad2/3-dependent TGF-β signaling consists of 
phosphorylated R-Smads (Smad2/3) and co-Smad4, which transfer into the nucleus to regulate the expression 
of SOX-9 and  RUNX259. By the SOX-9 gene expression, SOX-9 significantly increased, while RUNX2 decreased 
in the CM50 group compared to the control (Fig. 4A and 5B). Furthermore, the stabilization of SOX-9 protein 
levels can be modulated by TGF-β. SOX-9 and TGF-β work synergistically to protect chondrocyte  function60. 
Nonetheless, RUNX2 expression is suppressed by TGF-β/Smads (Smad2/3), leading to decreased ECM degra-
dation in the  chondrocyte61. A natural component extracted from Rhodiola Rosea called salidroside can pro-
mote articular chondrocyte proliferation, SOX-9, Acan, Col2A1, and Col1A1 gene expressions via TGF-β/Smad3 
 signaling62. Smad2 and Smad3 were reported to regulate both chondrocyte proliferation and differentiation in 
cartilage growth  plates63. Another member in the TGF-β superfamily is BMP  signaling64. In our study, BMP 
signaling was decreased in the sericin group. TGF-β1 induces BMP2 expression to enhance the proliferation 
of  chondrocytes64. On the other hand, the inhibition of TGF-β-induced Smad activity may be stimulated by 
 BMP264. Additionally, Smad3 deficiency results in the suppression of TGF-β signaling and activation of BMP2 
signaling accelerated chondrocyte maturation and  OA65. This result suggested that sericin promotes chondrocyte 
differentiation via upregulation of the Smad2/3-dependent TGF-β signaling pathway, supported by the observed 
increase of COL2A1 and COL X expression in immunological staining (Fig. 2D, E, and F), β-tubulin expres-
sion in immunogold labeling (Fig. 3I and J), and SOX-9 and COL2A1 gene expressions (Fig. 4A) as well as the 
expression of specific cartilage proteins (Table1).

IL-1β and TNF-α cytokines play crucial roles in OA development and  progression66. During KOA, chon-
drocytes excessively secrete major cartilage matrix-degrading enzymes, such as MMP-1 (collagenase-1) and 
MMP-13 (collagenase-3), which efficiently degrade type II  collagen7,10. In the present study, we emphasize the 
impact of sericin treatment on chondrocyte inflammation. ATDC5 chondrocytes were cultured within gelatin 
scaffolds under early inflammation conditions induced by IL-1β and TNF-α. Various treatments were applied, 
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and the cells were investigated using immunological staining and gene expression analysis (Fig. 7A, B, and C). 
After treatment with sericin illustrated that Se1, Se25, and Se50 treatments significantly reduced the IL-1β, TNF-
α, and MMP-1 expressions, including significantly increased the expression of COL2A1. Unfortunately, the Se1, 
Se25, and Se50 treatments did not show significant differences in the gene expression levels of IL-1β, TNF-α, 
MMP-13, and COL2A1 compared to the positive control (untreated group) (Fig. 7C). Although studies on the 
direct effects of sericin treatment specifically on chondrocyte inflammation or OA have been limited. There are 
many studies of sericin on anti-inflammatory properties in other  models17,67. Sericin-coated film reduced IL-1β 
and TNF-α levels in rat psoriasis  model67. Moreover, sericin downregulated COX-2, iNOS, IL-1β, IL-6, IL-18, 
CCL2, and CCL5 gene  expressions17,68. Other promising effects of natural products for chondrocyte inflamma-
tion and OA include  curcumin69,  ASU49,70,  Danshen71, and  Icariin72. Curcumin inhibited nitric oxide, IL-6, IL-8, 
and MMP-3 production by IL-1β  stimulation69. ASU decreased IL-1β, TNF-α, COX-2, and iNOS  expression70 
Danshen diminished the expression of MMP-9 and MMP-13 and promoted Tissue inhibitor of metalloproteinase 
1 (TIMP-1) and TIMP-2  expressions71. In addition, sericin and curcumin synergize the treatment of inflamma-
tion by modulating expressions of IL-4 and IL-10 in vivo and in vitro73. Dexamethasone is a corticosteroid used 
to treat chondrocyte inflammation and OA studies for  decades74. Our study, Dex treatment demonstrated that 
100 μM of dexamethasone can significantly reduce the expressions of IL-1β, TNF-α, and MMP-1 while promot-
ing the expression of COL2A1 (Fig. 7A and B). In other studies, dexamethasone decreased IL-1β and MMP-1, 
MMP-3 and MMP-13  expressions74,75. Another treatment, glucosamine sulfate (GS) treatment, was set as the 
standard treatment in this study. GS is an amino-monosaccharide and a natural composition of long-chain gly-
cosaminoglycans in the human cartilage  matrix76. It is extensively utilized in the treatment of  OA77. In the present 
study, GS treatment decreased the expressions of IL-1β, TNF-α, and MMP-1 (Fig. 7A and B). However, it did 
not promote the expression level of COL2A1, as presented in Fig. 7B. Glucosamine treatment at 100 μM slightly 
inhibited the IL-1β expression mediated type 2 collagen and MMP-13 in OA chondrocytes and  hMSCs78. In our 
study, the gene expression level of GS was not different from the positive control across all markers (Fig. 7C). 
Treatment with GS alone and GS co-incubated with IL-1β in human OA chondrocytes showed a decrease in 
the expression of IL-1β, TNF-α, IL-6, MMP-1, MMP-3, and MMP-13, and an increase in COL2A1  expression76. 
Limitations of this study, another method for validating cell proliferation, such as counting the number of cells, 
should be considered alongside the investigation of various factors for chondrogenic differentiation. Although 
chondrocyte-destructive factors, MMP-1 and MMP-13, were analyzed in our study, other inhibitory factors such 
as TIMPs should also be considered to fully understand ECM turnover.

In conclusion, our research team has utilized sericin in several biomedical science approaches in previous 
studies, such as wound healing, antipsoriasis properties, and anticholesterolemic and hepatoprotective agents. 
In this study, we conducted an in vitro 3D model demonstrating that sericin reduces inflammation and stimu-
lates collagen production, which can also be beneficial for healing and exerting anti-inflammatory effects. We 
found that a high concentration of sericin can promote the glycolysis pathway and Smad2/3 TGF-β signaling to 
stimulate chondrogenic proliferation and differentiation, enhance the cartilaginous matrix synthesis, particu-
larly the collagen productions, and attenuate early inflammation in chondrocytes. These potential mechanisms 
contributed to elevating GAGs production, COL2A1, COLX, ALP expressions, SOX-9 and COL2A1 gene expres-
sions. However, sericin did not affect aggrecan expression which was different from the other positively affected 
collagen production. Additionally, a high sericin concentration was able to reduce IL-1β, TNF-α, and MMP-1 
expressions. Therefore, this finding suggested that sericin exhibits a positive chondrogenic promotional effect and 
therapeutic potential for osteoarthritis treatment. These findings will be preliminary data for further preclinical 
research on an in vivo scale in term of its efficacy, application, and degradation rate.

Materials and Methods
Sericin extraction
Silk sericin was extracted from Bombyx mori cocoons purchased from Chul Thai Silk Co. Ltd., Phetchabun prov-
ince, Thailand. The method is described in Ampawong and Aramwit’s 2017  study79. Cocoon shells of B. mori were 
heated in deionized water by autoclaving at 120 °C for 60 min. The shells were discarded, and the supernatant 
was filtered to remove fibroin. The sericin extract was analyzed for amino acid composition as a quality control 
by Central Laboratory (Thailand) Co., Ltd., Bangkok, Thailand.

Cytotoxicity effect of sericin on ATDC5 chondrogenic cells
The silk sericin solution examined the cytotoxicity effect using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) assay. ATDC5 cells were seeded 5,000 cells/well in 96 well plates and incubated at 37 °C 
with 5%  CO2 for 24 h. The sericin was added in varied concentrations at 0, 0.05, 0.1, 1, 10, 20, 40, 80, and 100 μg/
ml and incubated for 48 h. After incubation, an MTT solution was added and incubated for 2 h. Dimethylsul-
foxide (DMSO) was used to dissolve the insoluble formazan in each well. Then, they measured the absorbance 
at 570 nm using a microplate reader (synergy H1, Biotek). The selected concentrations of sericin were based on 
the percentage of cell viability above 80% as non-cytotoxicity80.

Chondrogenic proliferative and differentiative models
ATDC5 cell culture
To propagate chondrogenic cells for use in three-dimensional culture, an ATDC5 cell culture was performed. 
Murine chondrogenic ATDC5 cells (ECACC, England) were cultured as monolayer culture in Dulbecco’s Modi-
fied Eagle’s Medium/Nutrient Mixture F-12 (DMEM/F-12) (Gibco, USA), 1% penicillin and streptomycin (10,000 
U/mL) (Gibco, USA), and 5% fetal bovine serum (FBS) (Gibco, USA). ATDC5 cells were incubated at 37 °C with 
5%  CO2. The medium was changed twice a week.
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Three-dimensional pellet culture
A three-dimensional pellet culture was performed to evaluate sericin’s chondrogenic proliferative and differentia-
tive properties in complex cell formation.

ATDC5 cells at density 5 ×  105 cells/ml in a 15 ml tube were centrifuged 400 × g for 10 min at 4 °C for cell 
aggregation and formation as a pellet using the pellet culture technique. The pellet cells were incubated in a 
medium for 3 days at 37 °C with 5%  CO2. The medium was renewed every 2–3 days. The cap 15 ml tube was 
slightly unscrewed for gas exchange. The chondrogenic differentiation medium in this study was described from 
the study of Tare et al.81. It comprised DMEM/F-12 (Gibco, USA), 5% FBS, 1% penicillin, and streptomycin 
(Gibco, USA) supplemented with 1X of ITS premix (Sigma-Aldrich, USA), 10 ng/ml TGF-β 3,  10−8 M dexa-
methasone, and 100 µM ascorbate-2-phosphate.

Experimental procedure
The pellets were cultured in (1) the culture medium as a negative control, (2) the culture medium supplemented 
with sericin solution 1, 25, and 50 μg/ml as a Se1, Se25, and Se50, respectively, (3) the chondrogenic differentia-
tion medium as a positive control, and (4) the chondrogenic differentiation medium supplemented with sericin 
solution 1, 25, and 50 μg/ml as a CM1, CM25, and CM50, respectively. The pellets were preserved (1) in 4% 
paraformaldehyde for immunohistostaining, (2) in RNAlater solution for RT-qPCR, (3) in − 80 °C for proteomic 
analysis, and (4) in 2.5% glutaraldehyde for electron microscopy.

3D‑scaffold culture mimicked the early inflammatory model
Gelatin scaffold fabrication
Gelatin scaffolds were used in an inflammatory model to explore the anti-inflammatory effect of sericin on 
chondrogenic cells. A 4% gelatin scaffold was prepared by soaking 4 g of gelatin (Nitta Gelatin Inc, Japan) in 
96 ml of distilled water for 15 min to allow for water absorption. Subsequently, they were homogenized at 40 °C 
for 1 h. The gelatin solution was added to 96 well plates and frozen at − 20 °C overnight. They were lyophilized 
using the LL3000 freeze-dryer (Thermo Scientific, USA) for 72 h. For the chemical cross-linking, 20 mM of 
N-(3-Dimethylaminopropyl)-N′-ethyl carbodiimide hydrochloride (EDC) (Sigma-Aldrich, USA) and 5 mM of 
N-hydroxysuccinimide (Acros organics, Belgium) was added into the samples and incubated with shaking for 
22 h. The samples were washed four times with shaking by distilled water. They were frozen at − 20 °C for 24 h 
and lyophilized using a freeze-dryer for 72 h.

The observation of the scaffold using a scanning electron microscope (SEM)
To characterize the structure of the gelatin scaffold and observe the cell attachment in the scaffold. The gelatin 
scaffold without cells and with cells on days 7, 14, and 21 were fixed in 2.5% glutaraldehyde in 0.1 M sucrose 
phosphate buffer (SPB) for 1 h and 1% osmium tetroxide in 0.1 M SPB for 1 h. The pellet samples were dehy-
drated in a series of ethanol for 10 min in each concentration. The samples were dried using a critical point dryer 
(CPD) (EM CPD300, Leica®) and coated using a gold sputter coater (Q150R S, Quorum®) for 2 min. The scaffold 
samples were observed under a SEM (JEOL JSM-6610LV, Japan) with 15 kV acceleration voltages focusing on 
the ultrastructure of the cell adhesion on the scaffold and scaffold architecture.

Experimental protocol
To demonstrate the anti-inflammatory effect of sericin in early inflammation, the scaffold culture mimicked 
the early inflammation of chondrocytes. In brief, gelatin scaffolds (0.5 × 0.2 cm) were soaked in culture medium 
overnight. The scaffolds were seeded ATDC5 cells at density  106 cell/15 μl and incubated at 37 °C with 5%  CO2 
for 1 h. They were then transferred into a 24-well plate and the culture medium 1 ml into a well. After three days 
of incubation, the culture medium was changed to the chondrogenic differentiation medium. The medium was 
changed every three days, and the cultures were maintained until the end of the experiment on day 21. Early 
inflammation of chondrocytes was induced on day 14 by adding IL-1β and TNF-α cytokines at 1 ng/ml for 24 h. 
The inflammatory stimulation was performed twice a week, and treatments were co-incubated with cytokines 
until day 21. The treatments were applied as follows: dexamethasone at 100 μM, glucosamine at 25 μM, and 
sericin at 1, 25, and 50 μg/ml. The samples were kept (1) in 2.5% glutaraldehyde for electron microscopy, (2) in 
10% NBF for immunohistochemical study, and (3) in RNA later solution for RT-qPCR.

Cytochemistry and immunohistochemistry
The pellet samples were fixed in 4% paraformaldehyde with 15% sucrose overnight. Then, 30% sucrose was used 
to replace the fixative to preserve the pellets. The pellets were cut at 5 μm in thickness using a cryostat section-
ing (Thermo Scientific, USA). The scaffold samples were fixed in 10% neutral formalin overnight. The samples 
were processed and embedded in paraffin wax. They were sectioned 5 μm. All samples were stained using the 
following techniques.

Alcian blue staining
To evaluate sericin’s proliferative and differentiative properties, alcian blue 8GX (Sigma-Aldrich, USA) was 
applied to assess glycosaminoglycans (GAGs) in the pellet samples. The pellet sections in all groups on days 7, 14, 
21, and 28 were hydrated with 100, 95, and 70% ethanol for 2 min in each concentration. They were stained with 
1% alcian blue 8GX (Sigma, USA) in 1% acetic acid (pH 2.5) for 30 min at room temperature. Afterward, they 
were dehydrated with a series of ethanol gradients and mounted with DEPEX (Electron Microscopy Sciences, 
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USA). The pellet sections were examined under a microscope (BX51, Olympus®) and digital camera (DP70, 
Olympus®).

The positive cytological labeled area (blue area) was semi-quantified based on the H-score (a percentage of 
expression area; 0–100% × an intensity staining score; 0–3). The percentage of expression area was localized using 
ImageJ (NIH, USA), an image analysis program. The intensity staining score was graded as 0 = negative staining, 
1 = low-intensity staining, 2 = moderate-intensity staining, and 3 = high-intensity staining.

Immunohistochemical staining
To investigate the proliferative, differentiative, and anti-inflammatory properties of sericin on chondrogenic cells, 
immunohistochemical staining was performed to immunolocalize cartilage-specific markers (COL2A1, ALP, 
COL X, aggrecan, and MMP-1) and anti-inflammatory markers (IL-1β and TNF-α). Sections of pellets from 
days 7, 14, 21, and 28 and scaffold samples were deparaffinized and hydrated. Heat-induced antigen retrieval in a 
citrate buffer (pH 6.0) was applied using a microwave for 10 min. The sections were immersed in 0.5% hydrogen 
peroxide in methanol for 5 min. The sections were incubated with 2% bovine serum albumin for 10 min to block 
nonspecific binding. Then, rabbit polyclonal antibodies (MyBioSource®, USA) were added to the section and 
incubated for 1 h. The sections were incubated with polymer HRP anti‐mouse/rabbit (DAKO, Denmark) labeling 
for 30 min and visualized using 3,3’-diaminobenzidine (DAB) (DAKO, Denmark) for 3 min. They were counter-
stained with hematoxylin, dehydrated with a series of ethanol, and mounted with DEPEX (Electron Microscopy 
Sciences, USA). The sections were examined under a microscope (BX51, Olympus®) and digital camera (DP70, 
Olympus®). The immunocytological labeled area was semiquantified based on the H-score as mentioned above.

Proteomic analysis
The proteomic technique was performed in this study to demonstrate the effect of sericin on protein expressions 
and the specific mechanisms in chondrocyte proliferation and differentiation.

Pellets protein extraction
The 15 pellets in each group of 28-day positive control and CM50 were solubilized in 500 μl of lysis buffer con-
taining 1% sodium dodecyl sulfate (SDS), 1% Triton-X, and 0.5% sodium chloride (NaCl), using ultrasonication 
on ice for 2 min. The samples were centrifuged at 10,000 × g for 10 min at 4 °C. The supernatant was measured 
the total protein concentration using a Bradford protein assay (Bio-Rad®, USA).

Label-free proteomic analysis
The proteins were centrifuged and precipitated in ice-cold acetone (1:5 v/v). After precipitation, the protein pellet 
was reconstituted in 0.25% RapidGest SF (Waters™, USA) in 15 mM ammonium bicarbonate (Sigma-Aldrich, 
USA.). 60 µg of protein in each group was subjected to gel-free digestion. Then, sulfhydryl bond reduction and 
sulfhydryl alkylation were performed using 5 mM DTT (Sigma-Aldrich, USA) in 15 mM ammonium bicarbonate 
at 72 °C for 1 h and adding IAA (Sigma-Aldrich, USA) in 15 mM ammonium bicarbonate at room tempera-
ture for 30 min in the dark, respectively. The solution was desalted by a Zeba Spin Desalting Column (Thermo 
Scientific, USA), digested with trypsin (Promega Co., Madison, WI, USA), and incubated at 37 °C for 3 h. The 
digested solution was dried and reconstituted in 0.1% formic acid before being subjected to LC–MS/MS. The 
experiment was conducted in 3-biological replications.

The LC–MS/MS spectrum data were collected in the positive mode with an HF-X Hybrid Quadrupole-
Orbitrap™ Mass Spectrometer combined with an EASY-nLC1000 nano-LC system equipped with a nano-C18 
column. Mobile phase A comprises 0.1% formic acid, and mobile phase B comprises 90% acetonitrile with 0.1% 
formic acid. The samples were loaded into an analytical  C18 column.

Protein identification and quantification
The raw mass spectra (.raw file) were analyzed using MaxQuant v2.4.2.0, and proteins were identified using 
the UniProt protein database (www. unipr ot. org, organism: Mus musculus). Next, protein identification and 
quantification were performed: MS tolerance, 20 ppm; MS/MS tolerance, 0.05 Da; digestion enzyme, trypsin; 
fixed modification, cysteine carbamidomethylation; and variable modification, methionine oxidation. The false 
discovery rate was 1% for peptides and protein identification. The proteins that had significant levels (p < 0.05) 
and a fold change ≥ 2 were categorized as biological functions using the UniProt database (www. unipr ot. org, 
organism: Mus musculus) and PubMed. The associated proteins in chondrogenic proliferation and differentia-
tion were investigated using the Reactome database biological pathways (www. react ome. org/ Pathw ayBro wser, 
organism: Mus musculus).

Immunogold labeling (TEM)
To examine the cytoskeletal ultrastructure associated with the proliferation and differentiation of chondrogenic 
cells, immunogold labeling was performed under transmission electron microscopy (TEM). The pellets 28-day 
neg control, Se50, pos control, and CM50 groups were fixed in 2.5% glutaraldehyde in 0.1 M SPB for 1 h and 1% 
osmium tetroxide in 0.1 M SPB for 1 h, respectively. In each concentration, the pellet samples were dehydrated 
in 30, 50, and 70% ethanol for 10 min. They were infiltrated with an LR white resin series (EMS®, USA). The 
samples were transferred into a mold embedding capsule, embedded in pure LR white resin (EMS®, USA), and 
polymerized at 60 °C for 48 h. The pellet samples were cut into a 100 nm and incubated with primary antibodies, 
including rabbit polyclonal anti-F-actin, -β-tubulin, and -COL2A1 (MyBioSource®, USA) for 1 h. After incuba-
tion, goat antirabbit conjugate gold particle 10 nm and goat antimouse conjugate gold particle 15 nm were added 
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to the pellet section for 1 h. They enhanced the contrast of gold particles using a silver enhancement (Aurion 
R-Gent SE-EM kit, USA) for 30 min. The samples were stained with uranyl acetate and lead citrate before being 
investigated under the transmission electron microscope (HT7700; Hitachi, Japan). The images were captured 
at matrix area 10 fields/section, and each field was counted with the number of labeled gold particles.

Quantitative Real‐Time polymerase chain reaction (RT‐qPCR)
Gene expression analysis was performed to identify the specific genes involved in the proliferation, differentia-
tion, and inflammation of chondrocytes using RT-qPCR. All the samples were collected in triplicate. They were 
preserved in RNAlater solution (Thermo Scientific, USA) to prevent degradation of RNA.

RNA extraction
The RNA samples were extracted using the RNeasy Mini Kit (Qiagen, Canada) following the company’s protocol. 
Briefly, the samples were ground homogeneously in 600 μl of lysis buffer. They were centrifuged and superna-
tant was transferred into a spin column tube. The RNA samples were bound in the column and washed several 
times with buffer. The RNA samples were then eluted into 35 μl rNase-free water. The RNA concentrations were 
measured by a NanoDrop™ 2000/2000c spectrophotometer (Thermo Scientific, USA).

RT‐qPCR
To explore the gene expression of chondrogenic proliferation and differentiation markers (SOX-9, COL2A1, 
ALP, Aggecan, PCNA), inflammatory markers (IL-1β, TNF-α, and MMP-13), and signaling pathways (Smad1, 
Smad2, Smad3, BMP2, and BMP4), RT-qPCR assay was performed using iTaq™ Universal SYBR Green Super-
mix (BIO‐RAD, USA). Primers were used in this study, shown in Supplementary Table S5, and all samples were 
processed in the CFX96 Touch™ Real-time PCR detector. Individual gene expression was calculated using the 
 2−∆∆Ct method. The GAPDH was used as a reference gene for accurate data normalization.

Statistical analysis
The statistical analysis used GraphPad Prism version 10.0 and SPSS version 23. The level of significant differ-
ence was presented as * = p < 0.05, ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001. All data were calculated by 
mean ± SEM with ANOVA and independent t-test.

Data availability
The data sets used in the current study may be shared upon a reasonable request to Sumate Ampawong, Ph.D.
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