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Major limitation of 3D bioprinting is the poor understanding of the role of bioink in modulating 
molecular signaling pathways. Phenotypically stable engineered articular cartilage was fabricated using 
silk fibroin–gelatin (SF-G) bioink and progenitor cells or mature articular chondrocytes. In the current 
study, role of SF-G bioink in modulating in vitro chondrogenic signaling pathways in human bone 
marrow-derived stromal cells (hMSCs) is elucidated. The interaction between SF-G bioink and hMSCs 
augmented several chondrogenic pathways, including Wnt, HIF-1, and Notch. We explored the debatable 
role of TGF-β signaling, by assessing the differential protein expression by hMSCs-laden bioprinted 
constructs in the presence and absence of TGF-β3. hMSCs-laden bioprinted constructs contained a 
large percentage of collagen type II and Filamin-B, typical to the native articular cartilage. Hypertrophy 
markers were not identified following TGF-β3 addition. This is first detailed proteomics analysis to 
identify articular cartilage-specific pathways in SF-G-based 3D bioprinted construct.

Introduction
Cartilage lesions have become a major health problem world-
wide because of the limited regenerative capacity of articular 
cartilage following trauma or chronic joint disorders like osteo-
arthritis (OA) [1]. Despite multiple efforts in addressing this 
clinical need, there are no efficient and long-lasting therapies 
available for promoting cartilage regeneration [2]. Tissue engi-
neering approaches, combining a range of biomaterials, cells, 
and growth factors, could provide prospecting alternatives 
[3–5]. Several unanswered questions and aspects of this tech-
nology remain to be elucidated to expand its clinical application. 

There is still a lack of understanding of the role of specific bio-
materials in modulating molecular signaling pathways during 
in vitro chondrogenic differentiation.

In this direction, previously, we observed the alluring role 
of silk fibroin–gelatin (SF-G) bioink optimized by our group in 
developing 3D bioprinted cartilage and reducing hypertrophic 
processes [6–8]. The developed SF-G bioink and the optimized 
3D bioprinting parameters allowed up to at least 80% cell via-
bility of the encapsulated bone marrow-derived stromal cells 
(BMSCs) up to 40 days post-printing [7–9]. We deduced the 
probable role of SF-G-based bioink in hypoxia-mediated control 
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of hypertrophy, immobilization of growth factors, and control 
over canonical Wnt/β-catenin signaling [9], as observed from a 
limited set of gene and protein expression analysis. Therefore, 
in the present study, we aim to acquire a holistic view of the 
inherent regenerative potential of SF-G bioprinted constructs 
utilizing a scrupulous proteomics study enthralled on the key 
signaling pathways governing chondrogenesis.

Numerous studies have reported the effect of transforming 
growth factor-β (TGF-β) family members for controlling the 
composition, quality, and quantity of the secreted extracellular 
matrix (ECM) of progenitor cells in engineered cartilage con-
structs [10, 11]. In this light, our group showed the regulatory 
role of SF-G bioink on Wnt/β-catenin and Indian Hedgehog 
signaling pathways in driving hypertrophy throughout the 
chondrogenic differentiation of rat bone marrow-derived stro-
mal cells (BMSCs) in the presence of TGF-β1 [8].

Interestingly, Haider et al. reported significantly increased 
deposition of chondrogenic ECM-like collagen type II and 
aggrecan in hMSCs-laden silk–elastin-like constructs in the 
presence of TGF-β3 [12]. Further, Li et al. reported that TGF-
β3 could induce chondrogenic differentiation of adipose-derived 
stem cells by upregulating Wnt5a protein [13]. Although these 
studies shed light on the role of TGF-βs on chondrogenesis, 
there is still a limited and general grasp of the specific cellu-
lar signaling pathways. Therefore, the current study aimed to 

evaluate the impact of TGF-β3 in modulating chondrogenic dif-
ferentiation of hMSCs encapsulated in 3D bioprinted SF-G con-
structs using extensive protein expression analysis. It elucidates 
the interactions among SF-G bioink and hMSCs in modulating 
chondrogenic signaling pathways in the control and chondro-
genic groups cultured with and without TGF-β3 in the initial 
(day 1) and long-term culture (day 28). Then, we tried to eluci-
date the extent of ECM synthesis and remodeling by the hMSCs 
in the SF-G bioink’s microenvironment in the control and chon-
drogenic groups at days 1 and 28. To date, this is the first study 
where the whole proteome analysis technique has been utilized 
to elucidate the protein expression related to cartilage-specific 
signaling pathways in a 3D bioprinted platform. This knowl-
edge could provide essential insights in understanding how 
the bioprinted construct can create an active and instructive 
microenvironment for cells to promote cartilage-specific tissue 
regeneration.

Results
Cell Viability

Following the post-printing process, the microscopic analy-
sis of constructs evidenced a homogeneous cell distribution 
(Figure 1a). The cells remained homogenously distributed till 
day 28 (Figure 1b). About 95% of cells were viable (green cells) 

Figure 1:   Representative micrographs of 3D SF-G constructs post-printing and chondrogenic group at day 28. Bright-field images of 3D SF-G 
construct (a). post-printing and (b). the chondrogenic group captured with the inverted microscope (scale bar: 100 µm). Live and dead images of 
3D SF-G constructs (a) post-printing and (b). chondrogenic group (scale bar: 50 µm), green: live cells; red: dead cells. Toluidine blue staining of 3D 
SF-G constructs (a). post-printing and (b) chondrogenic group (scale bar: 50 µm), CM the presence of cartilage matrix, SF silk–fibroin matrix, MSC 
mesenchymal stromal cells.
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post-printing, whereas only a low percentage of cells (about 
5%) (red cells) were dead (Figure 1c). An optimal viability ratio 
(about 90%) of cells was also observed on day 28 (Figure 1d), as 
we reported earlier [8, 9]. Toluidine blue staining gave evidence 
of the neo-ECM formation [14] in the chondrogenic group at 
day 28 (Figure 1f). The control group (post-printing) showed 
merely a few cells dispersed along the edges of the SF-G hydrogel 
(Figure 1e). Nevertheless, because of the strong affinity of the 
SF-G hydrogel for Toluidine blue dye, it was feasible to visualize 
many cells and ECM deposition within the printed hydrogel fila-
ment structures and peripheral parts of the constructs.

Proteomics analyses

Gene ontological analysis

PANTHER categorized the total genes corresponding to 
the protein list in the control group (days 1 and 28), and the 

chondrogenic group (day 28) into GO term Biological Pro-
cesses. Identified proteins expressed as early as day 1 showed 
association with the in vivo like GO terms, GO Developmental 
process and GO Signaling (Figure S1). Additionally, for all the 
time points PANTHER analysis revealed the association of the 
identified proteins with critical GO Cellular processes like cell 
growth, cell cycle, cell division, cellular development processes, 
signal transduction, cell communication, cell metabolic pro-
cesses as well as actin filament-based processes at all the time 
points (Figure S1-S3).

KEGG pathway analysis by DAVID

KEGG pathway analysis performed using DAVID revealed sev-
eral chondrogenic signaling pathways in the control group at day 
1 (Supplementary Table 1). The differentially expressed proteins 
in the control and chondrogenic groups at day 28 categorized 
under KEGG pathways showed that both groups shared a few 
common chondrogenic pathways (Table 2). We observed a pro-
chondrogenic behavior of the SF-G bioink even in the absence 
of exogenously added TGF-β3. Interestingly, the chondrogenic 
group displayed an upregulated expression of the TGF-β signal-
ing pathway, thereby indicating a direct role of TGF-β3 in induc-
ing TGF-β signaling. Conversely, the control group exhibited 
a downregulated expression of the TGF-β signaling pathway.

PANTHER pathway analysis

According to cartilage catabolic and anabolic pathways, PAN-
THER pathway analysis arranged the list of upregulated and 
downregulated proteins in the day 28 control and chondrogenic 
groups compared to the day 1 control group, as mentioned in 

TABLE 1:   List of genes analyzed using qRT-PCR.

Gene name Full from Cat. no.

GAPDH G�lyceraldehyde-3- phosphate- 
dehydrogenase

QT00079247

SOX9 SRY-Box Transcription Factor 9 QT00001498

COL2A1 Collagen type II alpha 1 chain QT00049518

ACAN Aggrecan QT00001365

COMP1 Cartilage oligomeric matrix protein 1 QT00001050

COL1A1 Collagen type I alpha 1 chain QT00037793

COL10A1 Collagen type X alpha 1 chain QT00096348

TGFβR1 TGF beta receptor 1 QT00083412

ITGAX Integrin Subunit Alpha X QT00030646

CDH1 Cadherin 1 QT00080143

TABLE 2:   KEGG pathway analysis in the control and chondrogenic group (day 28 vs day 1) as identified by DAVID.

Day 28 Control (no TGF-β3) group Day 28 Chondrogenic 
(with TGF-β3) group

Day 28 both Control and Chondrogenic group

KEGG pathways corresponding to upregulated proteins (day 28 vs day 1)

 Glycosaminoglycan biosynthesis-chondroitin sulfate/dermatan 
sulfate

TGF-β signaling pathway MAPK signaling pathway

PI3K-Akt signaling pathway

Rap1 signaling pathway

mTOR signaling pathway

Regulation of actin cytoskeleton

FoxO signaling pathway

Hippo signaling pathway

Wnt signaling pathway

Notch signaling pathway

HIF-1 signaling pathway

Signaling pathways regulating pluripotency of stem cells

KEGG pathways corresponding to downregulated proteins (day 28 vs day 1)

 TGF-β signaling pathway – Oxytocin signaling pathway

NF-kappa B signaling pathway

Jak-STAT signaling pathway
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Table 3 (Figure S4–S7). For a better understanding, we have cat-
egorized the PANTHER analysis results under various pathways 
by explaining the role of a few critical proteins implicated in 
chondrogenic differentiation and cartilage development.

Wnt signaling pathway  Proteins related to the Wnt signaling 
pathway were expressed in both control and chondrogenic groups 
at day 28 (Table 3). However, there were differences concerning 
the list of upregulated or downregulated proteins corresponding 
to different Wnt signaling like canonical Wnt/β-catenin sign-
aling, Wnt/planar cell polarity (Wnt/PCP) pathway, and Wnt/
calcium pathway. For instance, the overexpression of β-catenin, 
frizzled receptors, and Actin in the control group indicated acti-
vation of canonical Wnt/β-catenin signaling [14–16]; simulta-
neously, the upregulation of Cadherin-related family member 

2 (CDHR2) indicated toward a feedback mechanism possibly 
inhibiting canonical Wnt/β-catenin signaling [17]. Moreover, the 
upregulated expression of Protocadherin and Cadherin EGF LAG 
seven-pass G-type receptor 3 (CELSR3) in the presence of TGF-
β3 indicated the activation of Wnt/PCP pathway and control of 
chondrocyte phenotype in the presence of through regulation of 
actin cytoskeleton. CELSR3 3 is involved with the control of pla-
nar cell polarity during embryonic spinal cord development [18, 
19]. The overexpression of 1-phosphatidylinositol 4,5-bisphos-
phate phosphodiesterase beta-3 and 4 was indicative of the pres-
ence of Wnt/Ca2+ signaling [20]. The downregulation of several 
protocadherins indicated the downregulation of the Wnt/PCP 
pathway [19]. Additionally, downregulation of SWItch/sucrose 
non-fermentable (SWI/SNF) complex unit indicated reduced 
nuclear translocation of β-catenin since SWI/SNF complex has 

TABLE 3:   Signaling pathways corresponding to differentially expressed proteins at day 28 control (no TGF-β3) and chondrogenic groups (with TGF-β3) 
at day 28 as compared to day 1 control group.

Overexpressed proteins Underexpressed proteins

Control group Day 28 Chondrogenic group Day 28 Control group Day 28 Chondrogenic group Day 28

Wnt signaling pathway

 1-phosphatidylinositol 4,5-Bisphos-
phate phosphodiesterase beta-3

Protocadherin-19 Protocadherin-1 Protocadherin-1

 Actin, Aortic smooth muscle Inositol 1,4,5-triphosphate Protocadherin gamma-B3

 Cadherin-related family member 2 Protocadherin-9 Protocadherin gamma-A3

 Actin, cytoplasmic 1 Cadherin EGF LAG seven-pass G-type 
receptor 3

Protocadherin gamma-A2

 Frizzled-9 SWI/SNF complex unit Protocadherin gamma-A7

 Catenin β-1 Adenomatous polyposis coli protein SWI/SNF complex unit

 Frizzled-5 Alpha-catulin

 1-phosphatidylinositol 4,5-Bisphos-
phate phosphodiesterase beta-2

Integrin signaling pathway

 Engulfment and cell motility protein 
1

Engulfment and cell motility protein 1 Integrin alpha-V

 Fibronectin Filamin-B Integrin beta-2

 Laminin subunit Talin-1 R�as-related protein Rap-1b-like 
protein

 Talin-1 Not detected

 Collagen alpha-1(XXVII) chain 
COL27A1

TGF beta signaling pathway

 Inhibin beta E chain Growth/differentiation factor 6 Growth/differentiation factor 6 Not detected

Mothers against decapentaplegic 
homolog 7

Notch signaling pathway

 Disintegrin and metalloprotease 
domain-containing protein 10

Disintegrin and metalloprotease 
domain-containing protein 10

Not detected Not detected

 Nuclear receptor corepressor Gamma secretase subunit APH-18

 Notch 1 Notch 1

p38 MAPK pathway

 Mitogen-activated protein kinase 
kinase kinase 10

Not detected Not detected Not detected
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been reported to enhance the nuclear accumulation of β-catenin 
in the Wnt/β-catenin signaling pathway [21].

The list of upregulated proteins corresponding to the Wnt/
β-catenin signaling pathway in the day 28 chondrogenic group 
included (SWI/SNF) complex, which suggested increased nuclear 
translocation of β-catenin since as explained above SWI/SNF com-
plex is described to augment the nuclear accumulation of β-catenin 
[21]. Remarkably, the upregulation of adenomatous polyposis coli 
(APC) protein that acts downstream of Wnt/β-catenin signaling 
provided substantial evidence of the active Wnt/β-catenin signal-
ing. Further, there was upregulation of Wnt/PCP pathway-specific 
Protocadherin-19 and Protocadherin-9 that play a significant role 
during actin assembly, cell polarity, and morphogenesis [19].

Integrin signaling pathway  On day 28, the control group 
overexpressed proteins (Table  3) included engulfment and cell 
motility protein 1 (ELMO1) that is related to activation of RHO/
RAC GTPases [22]. There was also upregulation of collagen 
alpha-1(XXVII) chain (COL27A1) involved in cartilage calcifica-
tion [23]. Further, there was upregulation of fibronectin, laminin 
subunit, and Talin-1 cartilage ECM components that interact 
with integrins [24]. The list of downregulated proteins in the con-
trol group included Integrin alpha-V, one of the main integrins 
of articular cartilage [24] other proteins related to cellular adhe-
sion. In the chondrogenic group, the list of upregulated proteins 
included ELMO-1 and Talin-1 similar to control; further, the 
overexpression of Filamin-B (FLNb) was unique to the chondro-
genic group at day 28.

Notch signaling pathway  Both control and chondrogenic 
groups displayed overexpression of Notch 1 in (Table 3) at day 28, 
which is an essential modulator of Notch signaling and a critical 
regulator in cartilage development [25]. The chondrogenic group 
showed an upregulation of Notch signaling downstream protein 
gamma-secretase subunit APH-18, thus providing further evi-
dence of an active Notch signaling in the presence of TGF-β3.

TGF‑β signaling pathway  The most exciting observation 
related to identifying the TGF-β signaling pathway was the down-
regulation of growth differentiation factor-6 (GDF6) in the con-
trol group, while GDF6 was upregulated in the chondrogenic 
group (Table 3). The chondrogenic group showed an upregulation 
of mother against decapentaplegic homolog 7 (SMAD7) that can 
inhibit both BMP and TGF-β pathways [26].

Expression of collagens and associated 
cartilage‑specific ECM components

To assess the extent of expression of cartilage-specific ECM 
components in the SF-G bioprinted constructs, the list of iden-
tified proteins was assessed for the presence of collagens and 

associated proteins, MMPs and GAGs in the control group at 
days 1 and 28 and chondrogenic group on day 28 (Table 4). The 
most interesting observation was the expression of procolla-
gen-lysine, 2-oxoglutarate 5-dioxygenase 1 (PLOD-1) at day 1, 
involved with the hydroxylation of lysyl residues during biosyn-
thesis of collagen biosynthesis. On day 1, the control group over-
expressed procollagen galactosyltransferase 1 (COLGALT1), 
capable of transferring galactose to hydroxylysine residues of 
collagens I-V [27]. There was an expression of COLXI that helps 
in the adjustments of the length of the ECM fibers [28]. It is 
important to mention here that previous studies on BMSC-
seeded transwell constructs have demonstrated the significance 
of COLII and COLXI crosslinks in maintaining the robustness 
of the developed neocartilage [29]. There was also an expres-
sion of COLIV and COLX1V that regulates fibrillogenesis [30]. 
Expression of COLI is reported in early condensed mesenchy-
mal bodies during in vitro chondrogenic differentiation of MSCs 
in pellet culture [31]. On day 28 in the control group, there was a 
continued expression of COLGALT1 and COLIV. Additionally, 
there was an expression of COLXIV and COLXXIV involved in 
mature cartilage matrix formation [32]. On day 28, the chondro-
genic group displayed COLIV, COLXI, and COLXIV, all related 
to articular cartilage as explained earlier. Interestingly, there was 
an expression of COLVI that is reported to increase the differ-
entiation of MSCs toward cartilage-like phenotype during in 
vitro pellet culture [33]. Further, no proteins related to calcified 
hypertrophic cartilage were detected in the chondrogenic group. 
At both time points, the control group expressed matrix metal-
loproteinase-16 (MMP-16), which is overexpressed in the end 
stage of OA in cartilage [34]. In the chondrogenic group, there 
was an expression of MMP-20 with no mentioned expression in 
articular cartilage. We observed the expression of chondroitin 
sulfate, a major ECM GAG component, and Beta-1,4-galactosyl-
transferase 7 at all the time points. Interestingly, the expression 
of dermatan sulfate epimerase another ECM GAG was observed 
only in the control group (both day 1 and day 28) (Table 4).

Gene expression analyses

Real-time RT-PCR was performed to assess gene expression 
changes of chondrogenic markers, SOX9, COL2A1, ACAN, 
and COMP1 at days 14 and 28 (Figure 2). The control group 
displayed nominal gene expression (less than onefold change) 
of SOX9 at both time points, whereas the chondrogenic group 
showed a 2.5- and 4.5-fold increase on days 14 and 28. The chon-
drogenic group displayed a four- and ninefold increase of SOX9 
compared to the control group at days 14 and 28 (**P < 0.01; 
***P < 0.0001, respectively) (Figure 2a). The COL2A1 expression 
followed a similar trend with negligible expression levels at both 
time points for the control group, whereas the chondrogenic 
group displayed a 2.5- and 18.5-fold increase at days 14 and 28, 
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respectively. The chondrogenic group showed a 4- and a 37-fold 
increase for COL2A1 when compared to the control at 14 and 
28 days, respectively (**P < 0.01 and ***P < 0.0001, respectively) 
(Figure 2b). The gene expression levels of cartilage ECM com-
ponents like COMP1 and ACAN were also assessed. The control 
group showed negligible levels of both COMP1 and ACAN at 
day 14. COMP1 followed a similar trend as COL2A1, where the 
chondrogenic group showed a 15.5- and 27-fold increase at days 
14 and 28. As for COMP1, the chondrogenic group revealed a 
32- and 54-fold increase for COMP1 compared to the control at 
both 14 and 28 days (***P < 0.0001) (Figure 2c). As for ACAN, 
the chondrogenic group showed an eightfold increase on day 
14 and a 5.5-fold decrease on day 28. The comparison of both 
day 14 and day 28 expression levels of ACAN revealed a 15- and 
11-fold upregulated expression in the chondrogenic group as 
compared to the control group (***P < 0.0001) (Figure 2d). The 
control group showed 0.6-fold expression of COL1A1 at day 14 
that increased to tenfold at day 28 (Figure 2e). The chondro-
genic group showed negligible expression (less than onefold) 
of COL1A1 at both day 14 and day 28 (Figure 2e). We further 
assessed the gene expression levels of cartilage hypertrophic 
gene COL10A1 by finding a threefold upregulated expression at 

day 14 for the control group, which increased to 15-fold on day 
28. The comparison of both day 14 and day 28 expression levels 
of COL10A1 revealed a six- and 30-fold downregulated expres-
sion in the chondrogenic group compared to the control group 
(**P < 0.01 and ***P < 0.0001, respectively) (Figure 2f).

Additionally, we assessed the expression of a few of the 
pathway-specific genes like TGF-β pathway-specific TGFβR1, 
Integrin pathway-specific ITGAx, and Cadherin pathway-
specific CDH1 (Figure 3). All three genes TGFβR1, ITGAx, 
and CDH1 showed a similar profile with negligible expres-
sion levels at both day 14 and day 28 in the control group. 
Furthermore, TGFβR1 showed a stable expression pattern 
at both day 14 and day 28 for the chondrogenic group. The 
comparison of day 14 expression levels of TGFβR1 revealed a 
twofold upregulated expression in the chondrogenic as com-
pared to the control group (**P < 0.01) (Figure 3a). The con-
trol group showed a negligible expression of ITGAx at both 14 
and 28 days. Furthermore, the expression of ITGAx showed 
a negligible expression at day 14 for the chondrogenic group 
that increased to 2.2-fold on day 28. The comparison of day 
28 expression levels of ITGAx revealed a 2.2-fold upregulated 
expression in the chondrogenic as compared to the control 

TABLE 4:   Major ECM components synthesized by hMSCs in the control group at day 1 and day 28 and chondrogenic group at day 28.

Control Group Day 1 Control group Day 28 Chondrogenic group Day 28

Accession Gene Protein Accession Gene Protein Accession Gene Protein

Collagens

 Q02809 PLOD1 Procollagen-lysine,2-
oxoglutarate 
5-dioxygenase 1

P53420 COL4A4 Collagen alpha-4(IV) 
chain

P08572 COL4A2 Collagen alpha-2(IV) 
chain

 P08572 COL4A2 Collagen alpha-2(IV) 
chain

Q8NBJ5 COLGALT1 Procollagen galacto-
syltransferase 1

Q01955 COL4A3 Collagen alpha-3(IV) 
chain

 Q8NBJ5 COLGALT1 Procollagen galactosyl-
transferase 1

Q96P44 COL21A1 Collagen alpha-1(XXI) 
chain

P13942 COL11A2 Collagen alpha-2(XI) 
chain

 P13942 COL11A2 Collagen alpha-2(XI) 
chain

Q2UY09 COL28A1 Collagen alpha-
1(XXVIII) chain

P12110 COL6A2 Collagen alpha-2(VI) 
chain

 Q14031 COL4A6 Collagen alpha-6(IV) Q05707 COL14A1 Collagen alpha-1(XIV) A6NMZ7 COL6A6 Collagen alpha-6(VI) 
chain

 Q05707 COL14A1 Collagen alpha-1(XIV) 
chain

Q17RW2 COL24A1 Collagen alpha-1(XXIV) Q96P44 COL21A1 Collagen alpha-1(XXI) 
chain

 P02452 COL1A1 Collagen alpha-1(I) Q05707 COL14A1 Collagen alpha-1(XIV) 
chain

 P39060 COL18A1 Collagen alpha-1(XVIII) 
chain

MMPs

 P51512 MMP16 Matrix metalloprotein-
ase-16

P51512 MMP16 Matrix metalloprotein-
ase-16

O60882 MMP20 Matrix metallopro-
teinase-20

GAGs

 Q8N6G5 C�SGAL-
NACT2

Chondroitin sulfate 
N-acetylgalactosami-
nyltransferase 2

Q8IZ52 CHPF Chondroitin sulfate 
synthase 2

Q8IZ52 CHPF Chondroitin sulfate 
synthase 2

 Q9UBV7 B4GALT7 Beta-1,4-galactosyl-
transferase 7

Q9UBV7 B4GALT7 Beta-1,4-galactosyl-
transferase 7

Q9UBV7 B4GALT7 Beta-1,4-galactosyl-
transferase 7

 Q9UL01 DSE Dermatan sulfate 
epimerase

Q9UL01 DSE Dermatan sulfate 
epimerase
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group (***P < 0.0001) (Figure 3b). The control group showed 
a negligible expression of CDH1 at both day 14 and 28 days. 
Furthermore, the expression of CDH1 showed 2.5-fold upreg-
ulated expression at day 14 for the chondrogenic group that 
increased to fourfold on day 28. The comparison of days 14 
and 28 expression levels of CDH1 revealed a 2.5- and fivefold 
upregulated expression in the chondrogenic as compared to 
the control group (**P < 0.01 and ***P < 0.001, respectively) 
(Figure 3c).

Immunohistochemical analyses

Immunohistochemical analyses further confirmed the articu-
lar cartilage-specific chondrogenic differentiation of bioprinted 
constructs (Figure 4). As shown in Figure 4, we evidenced at day 
28 that the chondrogenic markers, collagen type 2 (Figure 4a-c) 
and aggrecan (Figure 4d-f), were positive only in the chondro-
genic group (Figure 4b-c and Figure 4e-f, respectively), mainly 
evident on the cells but also on the construct that assumed a 

Figure 2:   qRT-PCR-based gene expression analysis depicting the expression of chondrogenic markers (SOX9, COL2A1, ACAN, and COMP1), 
de-differentiation marker (COL1A1), and hypertrophic cartilage marker (COL10A1) in the control and chondrogenic group. The relative fold changes in 
the expression levels were calculated using the 2−(ΔΔc(t)) method, using monolayer hMSCs at day 0 (cultured in the absence of chondrogenic factors) as 
controls. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 were considered significant (control vs chondrogenic group at day 14 and day 28).
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mixed color between red (positive area) and blue (hematoxylin 
counterstained area). The inclusion of negative and relative iso-
type-matched controls confirmed the positivity for collagen type 
2 and aggrecan specifically found only on chondrogenic differ-
entiated hMSCs encapsulated in 3D bioprinted SF-G construct. 
Interestingly, collagen type 1 was negative in both control (Fig-
ure 4g) and the chondrogenic group (Figure 4h-i). Moreover, to 
confirm the results obtained with monoclonal anti-collagen type 
1, positive control of osteogenic differentiated hMSCs laden in 
3D SF-G [35] was also checked.

Discussion
3D bioprinting attempts to develop tissue-engineered constructs 
that can closely mimic the architectural and biological charac-
teristics of native cartilage. However, most of the current studies 
in this direction do not focus on assessing detailed molecular 
signaling pathways that would aid in developing phenotypically 
stable articular cartilage. Our earlier studies on 3D bioprinting 
for cartilage repair exquisitely highlighted modulation of HIF1 
and canonical Wnt/β-catenin signaling pathways following the 
interaction of SF-G bioink with progenitor cells [7, 8, 36]; how-
ever, we could not provide proof of concept for the modulation 

of these signaling pathways at the protein level. In this light, we 
aimed to deepen this analysis by providing a detailed picture of 
the molecular signaling pathways modulating chondrogenic dif-
ferentiation of hMSCs in bioprinted SF-G constructs to under-
stand the intrinsic regenerative potential of the bioink.

3D bioprinted SF-G was able to modulate the anabolic and 
catabolic chondrogenic signaling pathways of hMSCs encapsulated 
under both control and chondrogenic culture conditions. Interest-
ingly, the observation of the GO term “Developmental process” 
highlighted the role of SF-G bioink in augmenting the expression 
of proteins related to in vivo development processes by providing a 
microenvironment favoring the differentiation of hMSCs.

Further, the KEGG pathway analysis provided an initial 
view of the signaling pathways activated upon the interaction 
of SF-G bioink and encapsulated hMSCs. The presence of cell 
adhesion molecules (CAMs) that are significant during the MSC 
condensation [37] and ECM–receptor interaction gave further 
evidence of an in vivo-like 3D microenvironment promoting 
chondrogenic responses. The signaling pathway related to gly-
cosaminoglycan biosynthesis-chondroitin sulfate/dermatan 
sulfate (Table 2) further substantiated the positive interaction 
between SF-G bioink and hMSCs in promoting a cartilage-spe-
cific microenvironment [38].

Figure 3:   qRT-PCR-based gene expression analysis depicting the expression of cartilage-specific pathway markers (TGFβR1, ITGAx, and CDH1). *P < 0.05, 
**P < 0.01, ***P < 0.001, and ****P < 0.0001 were considered significant (control vs chondrogenic group at day 14 and day 28).
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The activation of cartilage-specific major anabolic signal-
ing pathways like Wnt, Notch, and HIF-1 signaling pathways 
interestingly indicated a promising interaction between SF-G 
bioink and hMSCs [7, 8, 10, 39]. Wnt signaling governs the 
stable articular cartilage-like differentiation of mesenchymal 
progenitor cells during cartilage development [40]. Notch sign-
aling is another key regulator in cartilage development and joint 
maintenance, and its loss results in early and progressive OA-like 
pathology [25]. HIF-1 signaling also plays a significant role dur-
ing chondrogenesis through two oxygen-sensitive transcription 
factors: hypoxia-inducible factor-1 and -2 alpha (HIF-1α and 
HIF-2α). HIF-1α improves chondrogenesis of MSCs by inter-
acting with the SOX9 promoter and suppresses hypertrophy 
through Runx2 inhibition [41]. We can conclude that even the 
initial interaction between SF-G bioink and hMSCs was enough 
to launch in vivo chondrogenically relevant cellular signaling 
pathways.

Further studies were addressed to understand the modula-
tion of these initial signaling pathways till day 28. Herein, the 

KEGG pathway analysis (Table 2) showed an increased chondro-
genic profile of hMSCs embedded in SF-G bioink. The expres-
sion of Wnt, TGF-β, Integrin, and HIF-1 signaling pathways 
indicated toward the expression of in vivo like signaling path-
ways by hMSCs in the presence of SF-G matrix (Table 2) [42]. 
These findings corroborated with the gene expression results 
and with our previous studies [7, 8]. The PANTHER analyses 
provided a detailed picture of differential protein expression-
based pathway at day 28 compared to day 1 in the control group 
(Table 3).

Interestingly, no downstream component of canonical 
Wnt/β-catenin signaling was expressed in the control group 
(Table 3). These observations indicated the possibility of canoni-
cal Wnt/β-catenin signaling to promote transient hypertrophic 
cartilage-like differentiation of hMSCs. Extended Notch 1 over-
expression in the control group even at day 28 stipulated Notch 
signaling’s involvement as modulated by the SF-G matrix. The 
downregulation of TGF-β signaling pathway-specific GDF6 in 
the chondrogenic group at day 28 (Table 3) could correspond 

Figure 4:   Immunohistochemical analysis of collagen type 2, aggrecan, and collagen type 1 at day 28 of hMSCs embedded in 3D SF-G hydrogel 
constructs in both control and chondrogenic groups. Scale bar = 100 μm.
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to the overexpression of hypertrophic marker COLX that marks 
the initiation of ossification. GDF6 plays a role in suppressing 
ossification during the development of spinal columns [43, 44]. 
During culture time progression, there were upregulation and 
a feedback loop-based downregulation of Wnt/β-catenin via 
activation Wnt/Ca2+ signaling which possibly led to the hyper-
trophic differentiation of hMSCs in the control group. Neverthe-
less, there was upregulation of other critical cartilage-specific 
signaling pathways like HIF-1, Notch, glycosaminoglycan bio-
synthesis-chondroitin sulfate/dermatan sulfate that highlighted 
the regenerative potential of the SF-G bioink in inducing carti-
lage tissue-specific differentiation of hMSCs.

Next, we examined the proteins expressed in the control 
and chondrogenic group for the collagen associated proteome 
as well as other ECM and their regulatory roles to understand 
the regenerative potential of the SF-G matrix at the early time 
point and under the influence of long-term culture till 28 days 
(Table 4). The identification of PLOD-1 and COLGALT1 at 
day 1 implied normal collagen synthesis and post-translational 
modifications (PTM) essential for generating stable articular 
cartilage in vitro. These proteins play a significant role during 
collagen biosynthesis in vivo [27]. The expression of COL IV at 
day 1 and continued expression till day 28 was also significant 
to our study since COLIV has been reported to play a role in 
maintaining the hypoxic microenvironment in articular car-
tilage [45]. This observation correlates well with the observed 
expression of HIF-1a in our previous study, where we speculated 
the role of SF-G bioink in regulating hypoxic microenvironment 
similar to in vivo articular cartilage [7]. Apart from the fact that 
there was articular-specific COLXIV expression, the expression 
of COLXXIV and COLXXVII (that have been related to bone 
matrix and calcified cartilage, respectively [46, 47]) indicated 
toward hypertrophic cartilage-like differentiation of hMSCs at 
day 28 in the control condition as corroborated with the gene 
expression results.

PANTHER analysis also indicated toward the expression of 
cartilage-specific ECM proteins fibronectin, laminin, Talin-1 
[24] and the involvement of active integrin signaling till later 
time point of day 28 (Table 3) accentuating the role of our 
SF-G matrix in inducing cartilage-specific ECM synthesis. The 
downregulation of the main integrin component of cartilage, 
Integrin alpha-V, indicated toward downregulation of cartilage-
specific integrin proteins synthesis at day 28 [24]. The observed 
downregulation of Integrin alpha-V could be anticipated for the 
observed underexpression of chondrogenic markers as observed 
from the gene expression analysis. Therefore, the SF-G bioink 
modulated the chondrogenic differentiation of hMSCs leading 
to cartilage-specific ECM synthesis.

Further, we tried to utilize the extensive proteomics analysis 
to understand how cells can remodel their surrounding SF-G 
bioink matrix during culture. Matrix metalloproteinases play a 

significant role in remodeling cartilage tissue [7]. The observed 
expression of MMP-16 on day 1 and its extended expression 
till day 28 in control conditions implied several levels of matrix 
remodeling. MMP-16 synthesis has been reported in human 
osteoarthritic cartilage; thus, the remodeling occurring in our 
constructs was speculated to be degradative [34]. Moreover, we 
observed an upregulation of ELMO protein, a critical regulator 
of Rac signaling [22]. In articular chondrocytes, Rac signaling 
acts by accelerating the rate of chondrogenic differentiation by 
increasing COLX promoter activity [39]. Thus, overexpression 
of ELMO1 as late as day 28 of chondrogenic differentiation 
could be one of the factors responsible for the overexpression 
of hypertrophic marker COLX further indicating hypertrophic 
cartilage-like differentiation in the control group.

Next, we aimed to assess the beneficial effect of inclusion 
of TGF-β3 during the culture in modulating the interaction 
of hMSCs with the SF-G bioink on the chondrogenic signal-
ing pathways, ECM deposition, and matrix remodeling. TGF-β 
proteins are among the main molecules used for promoting 
chondrogenic differentiation of progenitor cells; however, the 
literature is ambiguous about their role. In vivo in healthy carti-
lage tissue, TGF‐β signaling initiates via TGF‐β type I receptor 
(TGFβR1/ALK5) and Smad2/3 to provoke anabolic signaling. 
Loss of this signal is associated with the degradation of carti-
lage [48]. TGF-β3 has also been reported to inhibit terminal 
differentiation of chondrocytes during in vitro differentiation of 
hMSCs [49, 50]. On the other hand, transient TGF-β1 induces 
activation of TGF-β signaling in the hMSCs of the subchondral 
bone or synovial layer, leading to OA-like features [51]. Thus, in 
the current study, we attempted to explore the impact of TGF-
β3 on hMSCs-laden 3D SF-G constructs by evaluating several 
catabolic and anabolic cartilage-specific signaling pathways.

The upregulation of APC in the presence of TGF-β3 pro-
vided additional substantiation of active canonical Wnt/β-
catenin signaling in the bioprinted constructs [52]. Further, the 
expression of CELSR3 indicated embryonic level regulation of 
the Wnt/PCP pathway in the presence of TGF-β3 instead of the 
bioprinted constructs cultured in the absence of TGF-β3. All the 
same, the identification of SWI/SNF complex in the upregulated 
group of proteins identified in the bioprinted constructs in the 
presence of TGF-β3 indicating toward increased protein levels 
of β-catenin and its enhanced nuclear accumulation providing 
evidence for the prevalence of active canonical Wnt/β-catenin 
signaling in the presence of TGF-β3 [21, 53]. The upregulation 
of Notch signaling downstream protein γ-secretase in the pres-
ence of TGF-β3 furnished additional proof for active Notch 
signaling on the addition of TGF-β3. In a study, where hMSCs 
were cultured in monolayer, inhibition of Notch signaling with 
the γ-secretase inhibitor DAPT leads to inhibited proliferation 
and chondrogenic differentiation of hMSCs [54]. The upregu-
lation of GDF6 on the addition of TGF-β3 could be the reason 
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for the suppression of hypertrophy and expression of chondro-
genic markers in the chondrogenic group. Further, in the case of 
TGF-β3, there was an upregulation of SMAD7, which has been 
reported to inhibit both BMP and TGFβ pathways [26, 55]. For 
articular cartilage-like stable chondrogenic differentiation, we 
need control over BMP signaling [56]. Thus, the overexpression 
of SMAD7 could be responsible for keeping a check over BMP 
signaling that is a key factor leading to hypertrophic terminal 
differentiation of chondrocytes [26]. These results corroborate 
with the gene expression results of TGFBR1 another member 
of the TGF-β family, where overexpression of TGFBR1 was 
observed in the presence of TGF-β3 probably mediating effects 
similar to SMAD7 in counteracting the BMP signaling pathway. 
The evaluation of the ECM synthesis reported all the collagens 
related to in vivo healthy articular cartilage and no expression of 
hypertrophic markers. Further, there was an expression of Col-
lagen VI that has also been reported to bind the chondrocytes to 
the matrix [28]. The synthesis of Collagen VI in our bioprinted 
constructs is an indicator of positive modulation of the hMSCs 
by SF-G bioink toward chondrogenic protein expression in the 
presence of TGF-β3. These data imply that there is a control over 
hypertrophic differentiation in the presence of TGF-β3.

Furthermore, the overexpression of FLNb was unique to the 
bioprinted constructs on the addition of TGF-β3. The loss of 
FLNb has been reported to cause the premature differentiation 
of chondrocytes into the pre-hypertrophic chondrocytes [57]. 
Thus, overexpression of FLNb on the addition of TGF-β3 could 
be one of the reasons for enhanced chondrogenic differentiation 
in the presence of TGF-β3.

While evaluating the modulation of matrix remodeling on 
the inclusion of TGF-β3, we observed overexpression of ELMO1 
similar to the control group. Herein, it is essential to mention the 
negative modulation of chondrogenic differentiation asserted by 
ELMO1, which might be counteracted by other integrin family 
members. ITGAx could suppress the tendency of hypertrophic 
differentiation noticed in the chondrogenic group, cultured with 
TGF-β3.

Further, the gene expression analysis was used to assess the 
chondrogenic differentiation potential of the hMSCs-laden 3D 
bioprinted SF-G constructs. This analysis indicated that the 
hMSCs-laden 3D SF-G constructs treated with TGF-β3 showed 
higher expression of articular cartilage markers SOX-9, COL2A1, 
ACAN, and COMP1 than the control group. The IHC expres-
sion of collagen type II and aggrecan only in the chondrogenic 
group further substantiated this observation. The chondrogenic 
group also displayed low gene expression for COL10A1, typically 
promoting hypertrophic responses. The most interesting finding 
in the chondrogenic group was the overexpression of TGFβR1/
ALK5 a canonical type I receptor for TGFβs activating Smads2/3 
in human cartilage [58].

Conversely, the control group showed downregulation of 
TGFBR1 by indicating hypertrophic cartilage-like differentia-
tion of hMSCs. In vitro knockdown of ALK5 fosters terminal 
hypertrophic differentiation of chondrocytes [58]. Beyond its 
role in hypertrophy, TGFBR1 modulates BMP by blocking the 
ACVRL1-mediated BMP signaling [59]. Thus, we can speculate 
that the overexpression of TGFBR1 (significant at day 14 and not 
significant at day 28) in TGF-β3-treated hMSC encapsulated 
SF-G constructs probably played two roles, by mediating the 
TGF-β pathway-mediated articular cartilage differentiation. The 
upregulation of ITGAx in the chondrogenic group at both day 14 
and day 28 would indicate the inhibition of hypertrophic pheno-
type by TGF-β3. It is well known that ITGAx binds to collagen 
type II by in vivo suppressing hypertrophic differentiation [60].

Mass spectrometry-based cartilage proteome profiling 
approaches have been used in the past to generate insights 
into mechanisms of cartilage degeneration in vitro and in vivo 
[61]. Schneider et al. utilized ECM characterization produced 
by chondrocytes encapsulated in PEG hydrogels to assess the 
variation of the secretome as a function of hydrogel stiffness 
and culture condition [62]. They reported the secretion of many 
collagen-rich proteins and biglycan preserved independently of 
culture environments of the hydrogel. However, they did not 
study the role of different pathways and proteins in the expres-
sion of hypertrophic markers, which are essential for develop-
ing stable articular cartilage in vitro. Gardner et al. [63] tried 
to identify the differences in the secretome of hMSCs induced 
toward chondrogenesis through the application of chondrogenic 
differentiation factor TGF-β and mechanical load. They studied 
a set of 174 proteins and identified differences in the levels of 
latency-associated peptide and leptin in the two experimental 
groups. Further, using quantitative proteomics Wang et al. dem-
onstrated the increased expression of COMP neo-epitopes as 
potential biomarkers of OA in mechanical injury-related human 
knee explants [64]. However, in all these studies, the authors did 
not deduce detailed interaction between the molecular signaling 
pathways leading to the observed results.

Several attempts have been made to study the differences in 
the proteome profiling of healthy and osteoarthritic cartilage 
[65]. But this is the first study reporting such extensive proteome 
profiling of the in vitro silk-based bioprinted constructs to iden-
tify articular cartilage-specific signaling pathways in 3D bio-
printed tissue-engineered cartilage constructs. Further, unlike 
the studies mentioned above, our study successfully identified 
the expression of in vivo like chondrogenic signaling pathways 
like Wnt/β-catenin, Wnt/PCP, HIF-1, Notch, and signaling, thus 
highlighting the regenerative potential of SF-G-based bioinks. 
We understand that this is a pilot study and we considered only 
a single concentration of TGF-β3 supplemented twice a week 
as a part of chondrogenic differentiation media with our SF-G 
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bioink. Future studies are still necessary to better elucidate the 
role of several gradients and time intervals of TGF-β3 within 
such hydrogel-based bioink in modulating chondrogenesis 
pathways. Moreover, while we could comprehend several criti-
cal unanswered aspects of in vitro chondrogenic differentiation 
in SF-G bioink-based 3D bioprinted constructs, we understand 
that extensive western blot-based validation of the proteins of 
interest would be needed.

Conclusion
We have reported inherent regenerative potential of SF-G bioink 
as it induced activation of the Wnt/β-catenin signaling pathway 
in hMSCs [36]. However, there were indications for both activa-
tion and inhibition of Wnt/β-catenin signaling, probably leading 
to the observed expression of hypertrophic cartilage markers. 
SF-G bioink promoted several anabolic chondrogenic signal-
ing pathways (Notch, HIF-1, integrin signaling pathways) and 
inhibited catabolic pathways NF-κB signaling during culture.

We further tried to shed light on the ambiguous role of 
TGF-β signaling in vitro, as modulated by SF-G bioink in the 
presence and absence of TGF-β3. The addition of TGF-β3 pro-
moted chondrogenic differentiation and controlled hypertrophic 
phenotype by activating the Wnt/β-catenin signaling. Further, 
our results successfully showed the activation of the TGF-β sign-
aling pathway following the addition of TGF-β3, by demonstrat-
ing its role in inducing stable chondrogenic differentiation at 
both gene and protein levels. We could identify several members 
of the TGF-β signaling pathways like GDF6 and TGFβR1 that 
have been reported to counteract the effects of BMP signaling 
and thus playing a role in controlling the hypertrophic differen-
tiation of cultured hMSCs.

Materials and methods
Silk fibroin extraction

The Bombyx mori cocoons were provided by the Central Silk 
Technological Research Institute (Central Silk Board, Bangalore, 
Ministry of Textiles, Government of India). We followed the 
extraction protocol already published to obtain the SF solution 
from Bombyx mori cocoons [66, 67]. Briefly, 2.5 gm of cocoons 
was cut with scissors and boiled twice into 0.02 M sodium 
bicarbonate (Sigma-Aldrich) for 20 min and then washed in 
distilled water to remove sericin. The fibers were dried at 37°C 
overnight and then dissolved in 9.3 M lithium bromide (LiBr, 
Sigma-Aldrich) solution for 4 h at 60°C. To remove LiBr, the SF 
solution was dialyzed with deionized water at room tempera-
ture (RT) for 48 h and then stored at 4°C. Protein percentage 
determination of the SF solution was performed as previously 
described [35, 68].

Bioink preparation

The bioink was prepared by adding Gelatin (G, ~ 300 g Bloom, 
Sigma-Aldrich) (5% w/v) to the SF solution (5% w/v). Briefly, 
to obtain a final volume of 1.5 mL of bioink, 1.2 mL of SF solu-
tion and 75 mg of G powder from porcine skin type A (Sigma-
Aldrich) were mixed. The solution was incubated in a ther-
mostatic bath at 37°C for 30 min. Then, 150 µL of Dulbecco’s 
modified Eagle’s (DMEM, 10X) high glucose medium (Euro-
clone) and 150 µL of fetal bovine serum (FBS, 10%) (Euroclone) 
were added. Finally, 21.5 µL of mushroom tyrosinase enzyme 
(Sigma-Aldrich) (430 U/1.5 mL) was added to the bioink to 
initiate crosslinking.

Cell encapsulation and bioprinting

Human bone marrow was harvested from an anonymous 
healthy donor to isolate human mesenchymal stromal cells 
(hMSCs) (with institute ethics committee approval, IRCCS 
Istituto Ortopedico Rizzoli [69]), and biological triplicates 
were considered for the isolation. A total of 1 × 107 cells hMSCs 
at passage 3 were encapsulated per mL of SF-G-based bioink, 
immediately after the addition of 430 U of tyrosinase (Sigma-
Aldrich) under laminar flow at RT. hMSCs-laden SF-G bioink 
was gently loaded into the cartridge and closed by piston and 
needle in sterile conditions [35].

The cartridge was then mounted on the pressure-based 
direct dispensing printhead of the 3D Discovery Bioprinting 
platform (RegenHU). The bioprinting process started 20 min 
after the tyrosinase addition to allow a suitable initial degree of 
reticulation. 6 x 6 mm (length x width) Constructs were printed 
using an internal pattern based on parallel lines at alternating 
angles of 0° and 90° with an inter-filament distance of 1.2 mm in 
both directions (x and y) to guarantee open and interconnected 
pores. The printing needle was 6.35 mm long, with a diameter of 
0.2 mm. The optimal printing parameters were, P = 1.2 x105 Pa, 
v = 1.5 mm/s and at a printing temperature of 18 ± 2 °C. The final 
3D structure was composed of 10 layers, featuring an overall 
thickness of 1.2 mm.

Cell culture and chondrogenic differentiation

hMSCs-laden 3D SF-G constructs were kept at RT for 20-30 min 
after the printing and then transferred in non-adherent 24 wells 
(Corning Inc). Constructs were cultured with the basal chon-
drogenic medium DMEM High Glucose supplemented with ITS 
(6.25 μg/mL of insulin, 6.25 μg/mL of transferrin, 6.25 ng/mL 
di selenium) (Sigma-Aldrich), premix (5.33 μg/mL of linoleic 
acid, 1.25 mg of bovine serum albumin), 0.1 μM dexamethasone 
(Sigma-Aldrich), 37.5 μg/mL ascorbic acid (Sigma-Aldrich), 
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1 mM sodium pyruvate (Sigma-Aldrich), 100 U/mL penicillin 
(Sigma-Aldrich), and 100 μg/mL streptomycin (Sigma-Aldrich). 
After 48 h, the culture medium was replaced, maintaining half of 
the constructs in basal chondrogenic medium (namely control 
group) and the other half in the chondrogenic differentiation 
medium that is a basal chondrogenic medium containing 10 ng/
mL TGF-β3 to (namely chondrogenic group). The 3D SF-G con-
structs were analyzed on days 1, 14, and 28. The culture medium 
was changed twice a week. Bright-field microscopic images of 
the constructs were captured post-printing and at day 28 using 
the microscope (Nikon, Eclipse 90i) to evaluate cell distribution 
and integrity of the constructs. Cell viability, gene expression, 
protein expression, and immunohistochemical analyses were 
carried out.

Cell viability

We assessed the cell viability of SF-G constructs (chondrogenic 
group) immediately after bioprinting and at the established end-
points (day 14 and day 28) by Live and Dead assay (Thermo 
Fisher Scientific). Constructs were washed with phosphate-buff-
ered saline (PBS, Sigma-Aldrich) and then incubated with eth-
idium homodimer-1 (4 μM) and calcein-AM (2 μM) for 45 min. 
We visualized labeled cells with the Eclipse 90i microscope with 
fluorescein isothiocyanate (FITC) and tetramethylrhodamine 
(TRITC) filters (Nikon, Japan) for evaluating viable (green) and 
dead/necrotic (red) cells [8]. Percentage cell viability was calcu-
lated from the microscopic images using ImageJ (NIH, USA) 
[8]. At the designed experimental times, constructs were embed-
ded with optimal cutting temperature (OCT) and snap-frozen 
in liquid nitrogen. After cryostat cutting, sections were stained 
with 1% Toluidine blue solution (Sigma-Aldrich) for 5 min at 
RT, followed by rinsing steps with deionized water. Slides were 
dried at RT, and later sections were covered with a coverslip 
using an aqueous mounting medium. Sections were examined 
under a light microscope (Nikon, Eclipse 90i).

Proteomic analyses

Protein extraction from hMSC‑laden 3D bioprinted SF‑G 

constructs

hMSCs-laden 3D SF-G constructs were collected at day 1 (con-
trol group) and day 28 (control and chondrogenic groups) and 
were treated with 100 μl of lysis buffer (Tris–HCl-NaCl-Nonidet 
P-40-S DS, sodium fluoride (1 mM, Sigma-Aldrich), sodium 
orthovanadate (1 mM, Sigma-Aldrich), phenylmethylsulfonyl 
fluoride (1 mM, Sigma-Aldrich), protease inhibitor cocktail 
(Sigma-Aldrich, diluted 1:200) and quickly snap-frozen in liq-
uid nitrogen. Samples were incubated in lysis buffer for 15 min 
and then centrifuged at 7000 X g at 4°C for 15 min. Supernatants 

were collected, and Pierce BCA Protein Assay kit (Thermo 
Fisher Scientific) was used to quantify the extracted proteins 
according to manufacturer protocol and stored at −80°C.

In‑solution trypsin digestion

The elution of co-immunoprecipitated proteins was done in 
30 µl elution buffer (50 mM Glycine, pH 2.8). 25 µg of eluted 
protein from each sample was used for in-solution trypsin 
digestion (Promega). The samples were incubated at 37°C for 
10 min while shaking. Samples were treated with 200 mM dithi-
othreitol (Sigma-Aldrich) in 50 mM ammonium bicarbonate 
(Sigma-Aldrich) (final concentration of 10 mM iodoacetamide) 
and heated at 75° C for 15 min; the samples were then allowed 
to cool and spun down. Samples were incubated with 200 mM 
iodoacetamide (Sigma-Aldrich) in 50 mM ammonium bicar-
bonate (final concentration of 50 mM iodoacetamide) in the 
dark for 30 min. The samples were incubated with trypsin (1:50, 
trypsin: protein) overnight at 37°C. 0.5% w/v trifluoroacetic acid 
(Sigma-Aldrich) and 2% w/v acetonitrile (Sigma-Aldrich) were 
added to the samples followed by incubation at RT for 5 min, 
and the samples were spun down for 10 min followed by desalt-
ing and peptides using C18 spin columns (Thermo) [70]. The 
digested samples were finally dried using a speed vacuum con-
centrator (Thermo Savant DNA 120) before MS.

Mass spectrometry analyses

The digested samples were analyzed with a Nano1200 chroma-
tography system (Thermo Scientific) attached to the QExactive 
orbitrap mass spectrometer (Thermo Scientific) that is equipped 
with a nano-electrospray ion source. The dried pellet was resus-
pended in Buffer A (0.1% formic acid in water), and 1 µg was 
loaded onto a 50 cm x 75 µm long EASY-Spray column (PepMap 
RSLC) packed with 2 µm-C18 resin. The peptides were eluted 
in 5-40% gradient of buffer B (100% acetonitrile, 0.1% formic 
acid) for 102 mins, 40-90% gradient of buffer B for 1 min, and 
finally in 90% gradient of buffer B for 15 min at a flow rate set at 
300 ml/min and a total run time of 123 min. The MS data were 
acquired using a data-dependent acquisition method choosing 
10 most intense peaks with charge state +2 to +5 in positive 
polarity with exclude isotope option enabled and a dynamic 
exclusion time of 12 sec. The maximum limit of ions or full scan 
target for MS1 was 3 x 106 within a time of 60 msec, and the 
mass range was set between 350 and 2000, while the target value 
for MS2 was set at 1 x 105 with an intensity threshold set at 8.3 x 
102. The isolation window of parent ions was set at 1.5 m/z, nor-
malized collision energy for higher-energy collisional dissocia-
tion (HCD) was set at 27, peptide match option set to preferred 
mode and isotope exclusion mode enabled. Both MS1 and MS2 
scans were acquired with a resolution of 70,000 and 17500 at m/z 
200-2000, respectively [71].
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Data search and protein identification

Raw data files acquired from the orbitrap mass spectrometer 
were processed by MaxQuant 1.5.2.8, and relative protein abun-
dance for different proteins was compared [72]. The peptides 
were identified (label-free quantification, trypsin enzyme with 
one missed cleavage) against the SwissProt database (Homosa-
pien’s taxonomy) downloaded from UniProt in December 2019 
(with MaxQuant’s database of internal contaminants).

Data annotation

The identified protein list was searched for the expression of 
articular cartilage-specific ECM proteins at all the time points. 
Further, the identified protein list was sorted for upregulated and 
downregulated proteins at day 28 in the control and chondro-
genic group and compared to the control group on day 1. The 
sorting was done based on the abundance ratio. Proteins with an 
abundance ratio greater than 1 were grouped as upregulated, and 
those less than 1 were grouped as downregulated. Entrez Ids cor-
responding to individual proteins expressed in the control group 
at days 1 and 28 and the chondrogenic group day 28 were first 
used for Gene Ontological (GO) analysis using Protein ANaly-
sis THrough Evolutionary Relationships (PANTHER) assign-
ing them to various GO terms. The overexpressed and under-
expressed proteins were further used for pathway analysis with 
PANTHER. We also applied the Database for Annotation, Visu-
alization, and Integrated Discovery (DAVID) bioinformatics 
tools, specifically interrogating gene representation in the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway database.

Gene expression analyses

3D SF-G constructs from the control, and chondrogenic 
groups were collected at days 1, 14, and 28 in 1.5 mL tubes 
with 1  mL of EuroGold RNAPure™ (Euroclone, Milano), 
immediately snap-frozen in liquid nitrogen and stored at 
-80°C. According to the manufacturer’s protocol, total RNA 
was extracted using a pestle for fragmentation of the con-
structs to allow better cell lysis. Total RNA was reverse-tran-
scribed into cDNA using the first-strand cDNA Super Script® 
Vilo™ cDNA synthesis Kit (Invitrogen). Real-time PCR was 
carried out with SYBR Green Master Mix and Rotor gene 
Q thermocycler (Qiagen). To this end, we used Quantitect 
primers (Qiagen), chondrogenic (SOX9, COL2A1, ACAN, 
and COMP1), de-differentiation (COL1A1), hypertrophic 
(COL10A1), and cartilage-specific pathway (TGFβR1, ITGAx, 
and CDH1) markers, where GAPDH was used as a housekeep-
ing gene (Table 1). The analysis was carried out using the 
Rotor gene Q software, and the relative fold changes in the 
expression levels were calculated using the 2−(ΔΔc(t)) method, 
using monolayer hMSCs at day 1 (cultured in the absence of 
chondrogenic factors) as controls.

Immunohistochemical analyses

3D SF-G constructs were embedded in optimal cutting tem-
perature (OCT) compound (Kaltek Srl) and snap-frozen in 
liquid nitrogen. Twelve-μm-thick sections were cut, air-dried, 
and stored at −20 °C until their immunohistochemical stain-
ing. Briefly, the slides were kept at RT, air-dried for 20 min, 
and fixed in 10% formaldehyde (Kaltek Srl) for 1 h. Then, 
samples were re-hydrated with Tris-buffered saline (TBS, 
Sigma-Aldrich), and the non-specific antigenic sites were 
blocked with a Protein Block Serum-Free (Dako) for 10 min at 
RT. Then, sections were incubated for 1 h at RT with monoclo-
nal mouse anti-human collagen type 2 (diluted 1:20), cartilage 
proteoglycan aggrecan (diluted 1:20), and anti-collagen type 
1 (diluted 1:50) antibodies (all from Chemicon International) 
diluted with TBS. After 3 washing steps in PBS, sections were 
firstly incubated with multi-linked biotinylated secondary 
antibody and then with the alkaline phosphatase-conjugated 
streptavidin (Biocare Medical) at RT for 10 min, respectively. 
The colorimetric reactions were developed using a Fast red 
kit (Biocare Medical), and the nuclear component was coun-
terstained with CAT hematoxylin. The sections were evalu-
ated under a bright-field microscope (Nikon, Eclipse 90i). 
Specifically, negative and isotype-matched control sections 
were performed.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism 8 
software (San Diego). One-way ANOVA followed by Bonfer-
roni multiple comparison tests was used. *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001 were considered significant. 
Data were represented as the mean ± standard deviation (SD). 
All the experiments were performed in triplicates, with bio-
logical experiments carried out in triplicates [35].
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