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Spidroin striped micropattern 
promotes chondrogenic 
differentiation of human Wharton’s 
jelly mesenchymal stem cells
Anggraini Barlian1,2*, Dinda Hani’ah Arum Saputri1, Adriel Hernando1, Candrani Khoirinaya1, 
Ekavianty Prajatelistia3 & Hutomo Tanoto3

Cartilage tissue engineering, particularly micropattern, can influence the biophysical properties of 
mesenchymal stem cells (MSCs) leading to chondrogenesis. In this research, human Wharton’s jelly 
MSCs (hWJ-MSCs) were grown on a striped micropattern containing spider silk protein (spidroin) from 
Argiope appensa. This research aims to direct hWJ-MSCs chondrogenesis using micropattern made 
of spidroin bioink as opposed to fibronectin that often used as the gold standard. Cells were cultured 
on striped micropattern of 500 µm and 1000 µm width sizes without chondrogenic differentiation 
medium for 21 days. The immunocytochemistry result showed that spidroin contains RGD sequences 
and facilitates cell adhesion via integrin β1. Chondrogenesis was observed through the expression 
of glycosaminoglycan, type II collagen, and SOX9. The result on glycosaminoglycan content proved 
that 1000 µm was the optimal width to support chondrogenesis. Spidroin micropattern induced 
significantly higher expression of SOX9 mRNA on day-21 and SOX9 protein was located inside the 
nucleus starting from day-7. COL2A1 mRNA of spidroin micropattern groups was downregulated on 
day-21 and collagen type II protein was detected starting from day-14. These results showed that 
spidroin micropattern enhances chondrogenic markers while maintains long-term upregulation of 
SOX9, and therefore has the potential as a new method for cartilage tissue engineering.

Articular cartilage has a limited intrinsic capacity to regenerate spontaneously after injury, often leading to pain 
and disability. The nature of articular cartilage that does not have blood vessels, neurons, and lymphatic system 
hinders the repair and regeneration potential once injured1. Osteoarthritis (OA) is the pathology of articular 
joints most commonly associated with defects in cartilage such as osteochondral defects2. To address this issue, 
cellular therapy has been extensively invested in exploring a new paradigm for the treatment of many degenera-
tive diseases, including OA3.

Mesenchymal stem cells (MSCs) have been proposed as a regenerative cellular therapy for degenerative 
musculoskeletal conditions like OA1,2. MSCs can differentiate into osteocytes, adipocytes, chondrocytes, and 
myocytes, making MSCs promising to use in regenerative approaches4. In this study, the MSCs source was 
obtained from the umbilical cord, specifically from human Wharton’s jelly connective tissue, hence the name 
human Wharton’s jelly MSCs (hWJ-MSC). Wharton’s jelly-derived MSCs are advantageous in several aspects 
including easily harvested from discarded umbilical cord obtained at birth, exhibit a high proliferation rate, 
can be expanded for many population doublings, hypo-immunogenic, and non-tumorigenic5,6. Therefore, it 
does not cause problems in terms of ethical consideration compared to the other sources of MSCs. Immune-
modulation, one of the characteristics of hWJ-MSCs, can be an essential feature for promoting the use of these 
cells in cell-based therapy7.

Chondrocytes are usually obtained from differentiating MSCs in culture using chemical inducers, such as 
by using transforming growth factor-beta (TGF-β) superfamily, isoform bone morphogenetic protein (BMP), 
activin, and osteogenic protein-18. However, this method has a high cost of production because it takes vari-
ous growth factors to differentiate MSCs culture9. The alternative method to overcome this problem is by using 
mechanoinduction or mechanical stress9. Mechanical stress is needed in chondrogenesis to obtain cell-specific 
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contact conditions or cell aggregation that leads to chondrocyte maturation10. In this research, a striped micropat-
tern was used to trigger mechanical stress. Cell micropatterning comprises the use of a substrate with microscopic 
features that impose a defined cell adhesion pattern. It is a highly efficient method to investigate the sensitivity 
and response of a cell to specific microenvironmental cues11.

One of the micropatterning methods that have been widely used is microcontact printing (µCP). Microcontact 
printing is a particular type of soft lithography and replica molding procedure. In this process, an ink solution 
is transferred from an elastomeric mold or stamp to a substrate surface12. Several polymers have been used 
to perform microcontact printing procedure including poly(dimethylsiloxane) (PDMS), polyvinylpyrrolidone 
(PVP), poly(butylene terephthalate)-poly(tetramethylene glycol) (PBT-PTMG), agarose, polyetherimide (PEI), 
and poly(ether sulfone) (PES)13. Some hydrophobic polymers such as PDMS are not suitable for stamping polar 
molecules, especially for transferring biological ink (bioink) such as extracellular matrix protein14. The use of 
hydrophobic polymer stamps can result in the ink not sufficiently absorbed, and as a consequence, the ink can-
not be transferred to the substrate. Therefore, in this study agarose which is a hydrophilic polymer was used. 
Agarose stamp is remarkably durable and can form a wide range of patterns using bioink on various substrates, 
for example, glass and plastic15.

Fibronectin has RGD motifs (tripeptide Arg-Gly-Asp) for integrin binding and allows cells to attach to 
the substrate, guides cell migration, and helps cells proliferate on the substrate16,17. Fibronectin is one of the 
components of the extracellular matrix and is considered the gold standard for micropattern ink using micro-
contact printing protocol18. Interestingly, spider silk protein (spidroin) is a natural material known to have RGD 
sequences19. RGD sequences that are present in Argiope appensa spidroin facilitate the attachment, spreading, 
and proliferation of hWJ-MSCs20,21. Previous studies have indicated that spidroin from Argiope appensa played 
an important role in the chondrogenic differentiation of MSCs21,22. Spidroin from Argiope appensa had an impact 
on scaffold compressive strength and induced chondrogenic differentiation of hWJ-MSCs21. Also, spidroin bioink 
was able to increase the glycosaminoglycan levels of hWJ-MSCs grown on micropattern substrate22.

However, the role of spidroin micropattern in chondrogenic differentiation has not been studied further. In 
addition, the exact pathway and mechanism in which micropattern exerts its effect remains unclear. The extend 
to which spidroin bioink can be used to substitute fibronectin for microcontact printing needs to be elaborate 
more, especially the effect on chondrogenic marker expression levels and the presence of RGD sequences in 
micropattern. This study aims to determine the role of spidroin striped micropattern in directing the chondro-
genic differentiation of hWJ-MSCs.

Material and methods
Primary culture of hWJ‑MSCs.  Human Wharton’s jelly (hWJ) which was derived from the umbilical 
cord, was obtained from Bandung Maternity Hospital (RSKIA) in Bandung with informed consent from the 
donors and ethical clearance. Methods used in this study were carried out according to the relevant regulations 
and guidelines. All experimental protocols were approved by the Medical and Health Research Ethics Com-
mittee (MHREC) and recognized by Forum for Ethical Review Committees in Asia and the Western Pacific 
(FERCAP). The primary culture method used was the explant method. The samples were washed with 10% 
iodine solution, subsequently, the veins and arteries were then removed. hWJ was cut into 1 × 1 cm in size, then 
placed in a 100 mm tissue culture dish, and incubated at room temperature until these tissues were attached. 
The growth medium used in the primary culture contains Dulbecco’s modified eagle medium (DMEM, Gibco), 
10% fetal bovine serum (FBS, Gibco), and 1% antibiotic–antimycotic (Gibco). The primary culture’s dish was 
then incubated at 37 °C 5% CO2 with medium replacement every 2–3 days23. Cells were passaged using Trypsin–
EDTA 0.25% (Gibco) once they reached 80% confluence.

Characterization of hWJ‑MSCs.  The hWJ-MSCs phenotype was determined using flow cytometry 
according to Human MSC Analysis Kit (BD Stemflow) protocol. A total of 5 × 105 cells were collected for each 
sample. Afterward, 100 µL cells suspension were added into 20 µL mixing a solution of human mesenchymal 
stem cells (hMSC) positive cocktail (CD73-APC, CD90-FITC, and CD105-PerCP markers) and 20 µL PE hMSC 
negative cocktail (CD45, CD11b, CD19, and HLA-DR PE markers) then incubated in the dark condition for 
30 min. Cells were washed with staining buffer, resuspended with 300–500 µL FBS, and analyzed on the flow 
cytometer. The hMSC positive cocktail was used to identify hMSC markers while the hMSC negative cocktail 
was used to detect potential contaminants.

hWJ-MSC multi differentiation assay was carried out to determine the potential of these cells to differentiate 
into chondrocytes, adipocytes, and osteocytes. A total of 1 × 104 passage 5th cells were cultured on 24 well-plate 
with chondrogenic, adipogenic, and osteogenic medium (Stempro differentiation medium, Gibco). Then the cells 
were incubated at 37 °C 5% CO2 with medium replacement every 2–3 days. After 21 days, cells were fixed with 4% 
formaldehyde. Cells differentiation was observed by cell staining using Alcian blue for chondrocytes, Alizarin Red 
for osteocytes, and Oil Red O for adipocytes. The staining results were observed using phase-contrast microscopy.

Spidroin bioink production.  The solubilization of the spider silk to obtain spidroin bioink was based on 
the Hernando et al. (2021) method22. First, 0.08 gr of silk was added to 2.45 ml 95% ethanol, 3.84 ml dH2O, 3.92 
gr CaCl2, and 3.84 gr urea. Then the solution was incubated at a high temperature for 20–24 h with constant stir-
ring using a magnetic stirrer. After the silk had dissolved, the solution was transferred into a dialysis membrane. 
Dialysis was done against 5 mM Tris–Cl pH 8 overnight at 4 °C. Subsequently, the solution was centrifuged at 
5,000 rpm for 10 min. The supernatant containing soluble proteins was collected. Final protein concentration 
was measured using NanoDrop spectrophotometer at 280 nm. The spidroin concentration after solubilization 
was typically varied between 1.1 and 1.5 mg/ml. This study used a spidroin concentration of 50 µg/ml, the same 
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concentration as fibronectin used in the microcontact printing protocol. Finally, the soluble spidroin was steri-
lized using a 0.22 µm syringe filter.

Spidroin characterization.  The average viscosity and zeta potential of spidroin solution were then meas-
ured using Horiba Scientific Nanoparticle Analyzer SZ on the basis of dynamic light scattering technique. About 
1 ml of spidroin solution was inserted into the cuvette using a syringe. All measurements were performed in 
triplicates at 25 °C. Results were reported as mean ± standard deviation (SD) (n = 3).

The molecular weight of spidroin was determined using SDS-PAGE. Soluble spidroin solution was mixed 1:1 
with 2X Laemmli buffer and the mixture was heated to to 99 °C for 5 min. The final concentration of the spider 
silk protein and fibronectin was 40 µg/mL. After equilibrating the sample at room temperature, the mixture was 
pipetted into a well of a 5% stacking gel cast on top of a 8% resolving gel. ExactPro 5–245 kDa (Prestained Protein 
Ladder, 1st BASE) was used as protein standard as a reference to evaluate the size of the protein targets. Gel elec-
trophoresis was performed using a chamber (Bio-Rad) and the module was filled with a 1X SDS-Running buffer. 
Electrophoresis was carried out applying 100 V for 20 min followed by 120 V for 40 min. After electrophoresis, 
the gel was stained with Coomassie blue solution (0.05% Coomassie brilliant blue R250, 50% (v/v) methanol 
and 10% (v/v) glacial acetic acid) for 20 min at room temperature and subsequently destained in a destaining 
solution (30% (v/v) methanol and 10% (v/v) acetic acid) overnight. The gel image was captured and analysed 
using Gel Doc EZ Gel Documentation System (Bio-Rad).

Micropattern fabrication using microcontact printing (µCP).  The micropatterning method was car-
ried out using a microcontact printing (µCP) protocol with an agarose stamp to transfer the ink into the cover-
slip. The micropattern master mold was made from an acrylic board, laser cut to form two 20 × 20 mm squares 
equipped with 18 holes of 0.5 × 15 mm or 9 holes of 1 × 15 mm for 500 µm and 1000 µm, respectively (Fig. 1). 
Agarose 3% (w/v) was used to make the stamp using a master mold as a template, the resulting agarose stamp 
was then used for microcontact printing. The stamping process was in a sterile condition inside a biosafety cabi-
net. Before starting the stamping procedure, agarose and coverglass are sterilized by soaking with 70% alcohol 
under UV for 15 min. Subsequently, the agarose stamp was washed using phosphate buffer saline (PBS) 3 times 
and dried. 10 µl of fibronectin ink or spidroin ink (50 μg/ml concentration) was dripped in each micropattern 
agarose terrace. After the stamp absorbed the ink solution (usually within less than 5 min), the bioink on aga-
rose was stamped onto the coverslip. The incubation period of 5 min was done for the fibronectin or spidroin 
to be completely transferred into the coverglass. Dried bioink on the coverslip will form striped patterns and 
hWJ-MSCs were ready to be seeded on micropattern24. A total of 5 × 104 cells were seeded onto micropatterned 
coverglass (22 × 22 mm) with micropattern sizes of 500 µm, 1000 µm, and control (without micropattern stamp-
ing) then cultured for 21 days.

Cell morphology using scanning electron microscopy.  hWJ-MSCs that had been cultured for 3 days 
on a micropattern were washed with sterile PBS and then fixed using 2.5% glutaraldehyde in 0.1 M Na-Caco-
dylate, incubated at 4 °C for 24 h. Afterward, the sample was dehydrated with alcohol series (30%—100%) and 
dried using HMDS (hexamethyldisilazane). The samples were coated with gold and then observed by Scanning 
Electron Microscopy (Hitachi SU3500).

RGD sequence immunocytochemistry.  The micropatterned-substrates that have been stamped with 
spidroin bioink and cells that have been grown on micropattern for 7 days, were fixed with methanol-DMEM 
series (50%, 70%, 80%, 90%, 100%) at −20 °C followed by washing three times in PBS at room temperature. After 
fixation, cells were permeabilized in PBS-T (0.05% Tween 20 in PBS) for 20 min at room temperature. Cells were 
blocked from unspecific binding antibody with 3% Bovine Serum Albumin (BSA, in PBST) for 60 min. The 
primary antibody against the RGD sequence (ab224465, Abcam) was then added to the samples and incubated 
4 °C overnight. The samples were washed with PBS three times and incubated in the secondary antibody (1:200 
goat anti-rabbit IgG HNL Alexa Fluor 488 ab150077, Abcam) in a dark chamber for 120 min and counterstain-
ing with 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher) for 10 min followed by washing three times 

Figure 1.   Mechanical drawing of acrylic master mold for agarose stamp production.
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with PBS. The stained cells were observed with a confocal microscope (Olympus Fv 1200 confocal laser scanning 
microscope).

Integrin β1 immunocytochemistry.  Cells that have been grown on micropattern for 2 days, were fixed 
with methanol-DMEM series (50%, 70%, 80%, 90%, 100%) at −20 °C followed by washing three times in PBS 
at room temperature. After fixation, cells were permeabilized in PBS-T (0.05% Tween 20 in PBS) for 20 min at 
room temperature. Cells were blocked from unspecific binding antibody with 3% Bovine Serum Albumin (BSA, 
in PBST) for 60 min. The primary antibody against Integrin β1 (PA5-29,606, ThermoFisher Scientific) was then 
added to the samples and incubated 4 °C overnight. The samples were washed with PBS three times and incu-
bated in the secondary antibody (1:200 Alexa Fluor 647, ab150115, Abcam) in a dark chamber for 120 min and 
counterstaining with 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher) for 10 min followed by washing 
three times with PBS. The stained cells were observed with a confocal microscope (Olympus Fv 1200 confocal 
laser scanning microscope).

Collagen type II immunocytochemistry.  Cells that have been grown on micropattern for 7, 14, and 
21 days were fixed with methanol-DMEM series (50%, 70%, 80%, 90%, 100%) at −20 °C followed by washing 
three times in PBS at room temperature. After fixation, cells were permeabilized in PBS-T (0.05% Tween 20 in 
PBS) for 20 min at room temperature. Cells were blocked from unspecific binding antibody with 3% Bovine 
Serum Albumin (BSA, in PBST) for 60 min. The primary antibody against Collagen type II (ab34712, Abcam) 
was then added to the samples and incubated 4 °C overnight. The samples were washed with PBS three times and 
incubated in the secondary antibody (1:200 goat anti-rabbit IgG HNL Alexa Fluor 488 ab150077, Abcam) in a 
dark chamber for 120 min and counterstaining with 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher) for 
10 min followed by washing three times with PBS. The stained cells were observed with a confocal microscope 
(Olympus Fv 1200 confocal laser scanning microscope).

SOX9 immunocytochemistry.  Cells that have been grown on micropattern for 7, 14, and 21 days were 
fixed with methanol-DMEM series (50%, 70%, 80%, 90%, 100%) at −20 °C followed by washing three times in 
PBS at room temperature. After fixation, cells were permeabilized in PBS-T (0.05% Tween 20 in PBS) for 20 min 
at room temperature. Cells were blocked from unspecific binding antibody with 3% Bovine Serum Albumin 
(BSA, in PBST) for 60 min. The primary antibody against SOX9 (ab3697, Abcam) was then added to the samples 
and incubated 4 °C overnight. The samples were washed with PBS three times and incubated in the secondary 
antibody (1:200 goat anti-rabbit IgG HNL Alexa Fluor 488 ab150077, Abcam) in a dark chamber for 120 min 
and counterstaining with 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher) for 10 min followed by wash-
ing three times with PBS. The stained cells were observed with a confocal microscope (Olympus Fv 1200 confo-
cal laser scanning microscope).

Glycosaminoglycan content analysis.  Glycosaminoglycan formation on the surfaces was detected 
using alcian blue staining after 7, 14, and 21 days of culture, following the methods that have been described 
previously25. All surfaces were rinsed twice in PBS followed by fixation in cold (4 °C) acetone: methanol (1:1) 
solution for 3 min. Substrates were transferred to a 1% alcian blue solution in 3% acetic acid. The surfaces were 
incubated at room temperature in alcian blue for 30 min followed by three rinses in 3% acetic acid for 2 min 
each. After rinsing in deionized water for 2 min, the surfaces were allowed to dry for imaging or placed in a 1% 
sodium dodecyl sulfate solution for 30 min on a 200 rpm shaker plate to solubilize the alcian blue stain. The 
absorbance of the solubilized solution was measured at 605 nm.

Real‑time quantitative PCR analysis.  Gene expression on the mRNA level was carried out to determine 
the occurrence of chondrogenesis. The genes examined in this study were type 2 collagen (COL2A1) and SOX9. 
Also, we used glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a housekeeping gene. RNA of hWJ-
MSCs that have been grown on micropattern for 21 days was isolated using the SV Total RNA Isolation System 
protocol (Promega). Then the concentration and purity of RNA were measured using NanoDrop spectropho-
tometer. Complementary DNA (cDNA) synthesis was carried out using the GoTaq 2-Step RT-qPCR System 
protocol (Promega) followed by Real-Time PCR with the SYBR Green I assay method. The primers and the cycle 
condition used in this study can be seen in Table 1. The result of qPCR was analyzed following the 2-ΔΔCT method 
described by Livak and Schmittgen (2001)26.

Table 1.   Primer Sequence.

Genes Primer Sequence Annealing Temperature

GAPDH
5′ TCC​TGT​TCG​ACA​GTC​AGC​CG 3′

61.5℃

5′ CCC​CAT​GGT​GTC​TGA​GCG​AT 3′

COL2A1
5′ GAA​CCC​AGA​AAC​AAC​ACA​ATCC 3′

5′ CAT​TCA​GTG​CAG​AGT​CCT​AGAG 3′

SOX9
5′ CAG​TAC​CCG​CAC​TTG​CAC​AA 3′

5′ CTC​GTT​CAG​AAG​TCT​CCA​GAG​CTT​ 3′
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Statistical analysis.  Statistical analysis was done using GraphPad Prism 9 software. For immunocyto-
chemistry (ICC), the sample population was 2 for each group. For GAG and RT-qPCR assay, the sample popu-
lation was 2 for each group with a technical repetition of 3 times. The normality test was performed using the 
D’Agostino & Pearson test method to determine the distribution of data. The quantitative data GAG and RT-
qPCR assay were further analyzed, using a two-way analysis of variance (ANOVA) method for GAG assay, 
and a one-way ANOVA method for RT-qPCR assay with a significance of 95%. The analysis then continued 
with the Post-hoc Tukey HSD test to determine the significance subsets between every group at a 95% level 
(p-value < 0.05).

Results and discussion
Characterization of human Wharton’s jelly MSCs (hWJ‑MSCs).  hWJ-MSCs were characterized 
based on the Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular Therapy 
(ISCT). The features that define MSCs are plastic-adherent when maintained in standard culture conditions, 
express certain surface molecule markers, and can differentiate to osteoblasts, adipocytes, and chondroblasts 
in vitro27. The results showed that the cells used in this study were indeed MSCs because they can adhere to plas-
tic, expressing surface molecule markers with > 95% CD105, CD 90, and CD 73 expression, and do not express 
negative markers (< 2%) such as CD 45, CD 34, CD 14, or IB CD, CD 74 or CD 19, HLA-DR. These results were 
contrast with MSC marker on fibroblast cells (non-MSC), showed that fibroblast cells only expressed 29.2% of 
CD 105 and 29.2% of CD90 (Supplementary Data 1, Figure A). hWJ cells can also differentiate into 3 lineages 
which are chondrogenic, osteogenic, and adipogenic fate that is characterized by the formation of glycosamino-
glycan, calcium deposit, and lipid droplets, respectively (Fig. 2). Therefore, the hWJ cells used in this study met 
the MSC criteria.

Micropattern fabrication using agarose microcontact printing (µCP).  Agarose gel with a striped 
pattern of 500 µm and 1000 µm was successfully made from agarose 3% (w/v) (Fig. 3A,B). These agarose stamps 
have a dense consistency but can absorb ink well. The stamp can be stored in PBS at 4 °C and can be used repeat-
edly during the stamping procedure. The result also showed that the agarose stamp was effective in transferring 
ink to the substrate as evidenced by the ink pattern that was formed (Fig. 3C,D). Agarose gels have a lower 
hydrophobicity than other polymers such as PDMS14, making agarose gel easier to absorb ink and forming a 
homogenous pattern.

Morphology of hWJ‑MSCs cultured on micropattern surface.  Figure 4 showed that micropattern 
facilitates cell adhesion and spreading in a specific area. hWJ-MSCs were grown in the area coated with fibronec-
tin pattern because it serves as an extracellular matrix and can interact with membrane proteins. The morphol-

Figure 2.   Characterization of Mesenchymal Stem Cell (MSC): plastic adherent (A), chondrogenic 
differentiation stained with Alcian Blue (B), osteogenic differentiation stained with Alizarin Red (C), adipogenic 
differentiation stained with Oil Red O (D), and analysis of positive MSC specific surface marker CD73 (97.4%), 
CD90 (98.9%), CD105 (91.2%), and negative marker (0.6%) (E). The black arrow showed the lipid droplet, scale 
bar = 100 µm.
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ogy of hWJ-MSCs was elongated and normally have cytoplasmic protrusions on the opposite side (Fig. 4A,B). 
Without micropattern substrate, the cells have a rounded shape that indicates poor adhesion with the surface. 
The membrane protein, such as integrin, is thought to bind RGD sequences of fibronectin which then leads to 
strong attachment. Scanning electron microscope (SEM) result showed that the cell shape has already flattened 
and has several protrusions that interact with the micropatterned substrate (Fig. 4C,D).

Argiope appensa spidroin characterization.  Physical properties of spidroin bioink were performed 
using zeta potential and viscosity. Also, the molecular weight of spidroin solution was estimated according to 
SDS-page electrophoresis.

Zeta potential is defined as the total charged that a particle has that will determine the ability of a particle to 
remain disperse or end up agglomerate. The value out of range −30 mV to + 30 mV is considered for particles to 
have an adequate repulsive force to retain their colloidal stabilities28. Spidroin’s zeta potential has average value 
−32.8 mV (Fig. 5) therefore show a good particle stability. The bioink shows other physical characteristics that 
it has viscosity lower than water (0.894 mPa.s). This low viscosity property is according to the SDS page result 
(Fig. 6) which shows a low kDA result. Low kDA on protein means the protein polymer is a short-chain polymer. 
This short-chain condition makes the interaction among two or more polymer chains are less strong and easy 
to be moved by any stirring process.

As shown in Fig. 6, the spidroin was present at around 75 kDa and fibronectin were ranging from 40 to 
245 kDa. Compared to another species of Argiope, Argiope aurantia, the extract of spidroin derived from cylin-
drical gland silk fibers. From these gland, ten major proteins were resolved, with apparent molecular weights 
ranging from about 13 to over 200 kDa29. Spider silk that we used in this study was derived from spider web, not 
from the glands. Our result is quite unexpected, since it has different extraction method and source of the spider 

Figure 3.   Agarose-micropattern stamp 500 µm (A), 1000 µm (B); and stamping results of 500 µm (C), 1000 µm 
(D) agarose-micropattern stamp using ink.
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silk, but the molecular weight is still in the range of 13–200 kDa. These indicating spidroin solution might not 
degrade when extracted from spider silk.

Argiope appensa spidroin as bioink for µCP micropattern.  This research studied the presence of 
the RGD sequences in spidroin bioink. Based on the ICC result (Fig. 7A), micropattern with spidroin bioink 

Phase-Contrast 
Microscope

A B

Scanning Electron 
Microscope

C D

500 µm 1000 µm

Figure 4.   hWJ-MSCs morphology on micropattern surface 500 µm (A,C) and 1000 µm (B,D) fibronectin 
micropattern using µCP. The number represented fibronectin-coated area (1) and uncoated area (2), white arrow 
showed cytoplasmic protrusion.

Peak No Zeta Potential Viscosity (mPa .s)
1 -32.8mV 0.894

Figure 5.   Spidroin’s zeta potential results, which has average value −32.8 mV therefore show a good particle 
stability.
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had RGD sequences, shown here as green fluorescence. When the micropattern was overgrown with cells, RGD 
appeared on the surface of the substrate even after 7 days of culture (Fig. 7B). This result confirmed the research 
conducted by Barlian et al. (2020) which showed that based on ICC, the 3D scaffold containing the spidroin 
mixture from Argiope appensa has RGD sequences21. In addition, several mechanical testing to characterize spi-
droin from Argiope appensa has been done, such as by using FTIR spectroscopy analysis21. Figure 7A,B proved 
that spidroin can be used as a bioink for micropattern production and the solubilization process did not damage 
the RGD sequences. Cell adhesion involves certain cell surface proteins called integrins, and these membrane 
proteins affect the organization of the cytoskeleton and responsible for mediating cell–matrix adhesion30. RGD 
sequences can bind to integrins through the β1 sub-unit31. Figure 7C showed that hWJ-MSC grown on spidroin 
micropattern expressed integrin β1. These results indicated that spidroin bioink was able to facilitate cell adhe-
sion through interaction between RGD and integrin β1.

Micropattern width effect on glycosaminoglycan matrix deposition.  Glycosaminoglycan (GAG) 
levels of hWJ-MSCs on fibronectin micropattern were quantified on day-7, 14, and 21 (Fig. 8). GAG is one of 
the main functional elements of cartilage that plays an important role in homeostasis. Not only does it provide 
mechanical resistance to pressure, but GAG is also involved in signaling pathways that regulate cell adhesion, 
proliferation, and differentiation32. The results showed that the GAG levels in the micropattern treatment with 
the size of 500 µm and 1000 µm increased significantly compared to the control group on day-21. Several in vitro 
MSCs chondrogenesis studies showed that GAG levels will tend to increase from day-14 to day-2833–35.

Figure 6.   SDS-page analysis of Spidroin solution. FN: Fibronectin; Sp1: Spidroin sample 1; Sp2: Spidroin 
sample 2. FN used as a control. Black arrow is the protein target band.

Figure 7.   Immunocytochemistry (ICC) of RGD from spidroin micropattern without cell (A), with cell (B) 
and ICC of Integrin β1 from hWJ-MSC grown on spidroin micropattern (C). RGD appeared green, integrin 
β1 appeared red, and the nucleus appeared blue on images. Scale bar = 50 µm, white dashed line separated the 
spidroin micropattern (lower part) and non-patterned area (upper part).
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A similar study on GAG content during MSCs differentiation with striped micropattern induction was 
done by Chou et al. (2013) using the same width size of 500 µm and 1000 µm, but the MSCs were cultured in 
chondrogenic medium condition36. Chou et al. found that micropattern treatment cells had higher GAG levels 
compared to the control group, however, GAG content on 500 µm and 1000 µm groups was the same36. This 
insignificant difference in GAG content can be caused by the usage of a chondrogenic medium that masked the 
effect of micropattern induction. Therefore, in this research, the cells were cultured in a basal medium without 
any chondrogenic supplementation. Our result showed that GAG levels did increase significantly on day-21 by 
as much as 56% for 500 µm and 72% for 1000 µm.

The role of spidroin micropattern from Argiope appensa to direct hWJ-MSC chondrogenesis has previously 
been investigated22. Hernando et al. showed that GAG level was highest in cells cultured on spidroin micropat-
tern with 50 µg/ml spidroin concentration and 1000 µm micropattern width22. The spidroin concentration was 
the same as the fibronectin concentration used in this research (50 µg/ml). Our GAG result on fibronectin also 
proved that 1000 µm micropattern width could support chondrogenesis better than 500 µm size.

Upregulation of SOX9 expression in both mRNA and protein by spidroin micropattern.  Spi-
droin micropattern treatment in both 500 µm and 1000 µm induced significantly high levels of SOX9 mRNA 
expression on day-21 (Fig.  9). On the other hand, fibronectin micropattern treatment has the same relative 
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Figure 8.   GAG accumulation of hWJ-MSCs grown on fibronectin micropattern (A) and percentage of 
GAG increased (B) on fibronectin (Fn) micropattern compared to control after 7, 14, and 21 days of culture 
(Control = non-coated coverslip, 500-Fn = 500 µm fibronectin micropattern, 1000-Fn = 1000 µm fibronectin 
micropattern). **denotes significant difference in GAG (p < 0.01), whereas ***(p < 0.001).
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Figure 9.   Relative SOX9 mRNA expression of hWJ-MSCs grown on fibronectin and spidroin micropattern 
after 21 days of culture (Control = non-coated coverslip, 500-Fn = 500 µm fibronectin micropattern, 
500-S = 500 µm spidroin micropattern, 1000-Fn = 1000 µm fibronectin micropattern, 1000-S = 1000 µm spidroin 
micropattern). *denotes significant difference in relative mRNA expression (p < 0.05), whereas **(p < 0.01).
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expression level as the control group. SOX9 expression is required for the initial step in mesenchymal condensa-
tion, differentiation, and proliferation of chondrocytes. Since SOX9 is a transcription factor that is essential and 
directly regulates collagen type II expression, SOX9 mRNA upregulation is thought to precede the expression of 
the COL2A1 gene37. However, during chondrogenesis, SOX9 activity is necessary for several successive steps37,38. 
The high relative expression of SOX9 mRNA in spidroin micropattern treatment during the late-stage of chon-
drogenesis (day-21) can be attributed to SOX9 function that inhibits proliferating chondrocytes transition into 
hypertrophy38.

hWJ-MSCs grown on spidroin micropattern were able to maintain long-term induction of SOX9 gene expres-
sion compared to fibronectin. Studies showed that this long-term SOX9 activity could function to suppress 
RUNX2 expression, an osteogenic transcription factor, and therefore, prevents spidroin micropattern-induced 
cells from progressing into osteogenic fate39,40. SOX9 mRNA upregulation marks the onset of chondrogenesis. 
Afterward, the SOX9 mRNA level started increasing from day-14 and reached its peak on day-2141. Looking at 
the immunocytochemistry result on SOX9 protein, micropattern treatment accelerates the synthesis of SOX9 
protein which can already be detected from day-7 (Fig. 10). Figure 10 also showed the presence of SOX9 protein 
on day-14 and 21.

Spidroin micropattern induces signaling pathways that regulate SOX9 expression, which in turn will advance 
the differentiation step towards chondrocytes. Our data showed that the increased level of SOX9 gene expression 
in spidroin treatment is correlated with an increase in SOX9 protein synthesis, as confirmed with immunocyto-
chemistry. The SOX9 protein was detected in both spidroin and fibronectin micropattern from day-7 and local-
ized inside the nucleus. Subsequently, SOX9 acts as a master regulator that plays an important role in the tran-
scription of pro-chondrogenic genes such as type II collagen (COL2A1 gene) and core protein of proteoglycan42.

Spidroin micropattern downregulates COL2A1 mRNA on late‑stage chondrogenesis and 
induces protein expression.  COL2A1 gene expression data on day-21 showed that the relative expression 
of the spidroin and fibronectin micropattern treatment was significantly lower compared to the control group 
(Fig.  11). Throughout chondrogenic differentiation, the expression of collagen type II mRNA occurs during 
day-7 until day-1143. This explains why most of the COL2A1 mRNA in micropattern-induced cells on day-21 
was decreased. The fact that the control group has higher COL2A1 relative mRNA expression on day-21, is an 
indicator of an incomplete or slow chondrogenic differentiation process44. This is further verified by analyz-
ing the protein expression of collagen type II using immunocytochemistry. Both the spidroin and fibronectin 
treatment groups started synthesizing collagen type II protein on day-14, in comparison to the control group in 
which the collagen type II protein was not detected even on day-21.

Based on the comparison of ICC results, it can be noted that SOX9 protein expression preceded collagen 
type II in micropattern treatment (Fig. 12). However, the relative expression of mRNA on day-21 did not show 
a correlation between SOX9 and COL2A1 gene expression. This may be due to SOX9 that regulates several steps 
of chondrogenic differentiation, and hence, a high level of SOX9 does not always increase COL2A1 mRNA nor 
collagen type II protein expression45,46. Additionally, long-term expression of collagen type II does not require 
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Figure 10.   Immunocytochemistry (ICC) of SOX9 from hWJ-MSCs grown on spidroin and fibronectin 
micropattern after 7, 14 and 21 days of culture (Control = non-coated coverslip, 1000-Fn = 1000 µm fibronectin 
micropattern, 1000-S = 1000 µm spidroin micropattern). SOX9 appeared green and the nucleus appeared blue 
on images. Scale bar = 50 µm, white arrow showed SOX9 protein located inside the nucleus.
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SOX937. Furthermore, the upregulation of the SOX9 gene in spidroin treatment occurred on late-stage chondro-
genesis, in which collagen type II had already been synthesized.

Spidroin micropattern was able to promote chondrogenesis of hWJ-MSCs in vitro without chondrogenic 
inducers such as the TGF-β superfamily. Biomaterials containing RGD sequences can induce differentiation 
because the interaction between MSCs and RGD sequences mimics the cell microenvironment during chondro-
genesis of limb bud development47. Figure 13 showed the mechanism of spidroin micropattern on chondrogen-
esis. RGD sequences on spidroin interact with integrin β1 located on the cell membrane. Which then activates 
the expression of the SOX9 gene, the master regulator of pro-chondrogenic genes. Subsequently, SOX9 protein 
acts as a transcription factor and increases the expression of the COL2A1 gene that encodes collagen type II 
protein. Spidroin also increases GAG content which is a part of proteoglycan molecules that consists of core 
protein attached to the GAG chain.

Even though the exact signaling cascade from spidroin micropattern interaction with integrin β1 to the 
elevated expression of the SOX9 gene remains unclear, previous studies showed that integrin-linked kinase (ILK) 
and p38 MAPK might be involved. Perera et al. (2010) noted that integrin activation leads to phosphorylation 
of integrin-linked kinase (ILK), which in turn phosphorylate p38 MAPK48. The MAPK signaling network is 
thought to control the response of micropattern induction on chondrogenic differentiation. Studies showed 
that p38 MAPK protein is responsible for regulating SOX9 expression level by maintaining the half-life stability 
of SOX9 mRNA49,50.

Another factor that contributes to micropattern induction that resulted in chondrogenesis is the micropat-
tern 1000 µm width. The micropattern size provides optimal cell-to-cell contact and promotes aggregation 
leading to chondrogenesis. Several studies proved that the membrane protein that facilitates interaction between 
cells and has a vital role in chondrogenic mesenchymal condensation is N-cadherin51,52. According to previous 
studies, the formation of the N-cadherin complex with adjacent cells resulted in the phosphorylation of free 
β-catenin. Once phosphorylated, it becomes inactivated and will bind to the membrane adhesion complex. This 
β-catenin inactivation prevents β-catenin from inducing SOX9 degradation via proteasome that will inhibit 
chondrogenesis53–55. Thus, based on other studies, micropattern width is thought to influence chondrogenic 
differentiation by a different signaling cascade from spidroin.

Overall, this research showed that spidroin can be used as a bioink for micropattern and induced chondrogen-
esis at the same level as fibronectin. Fibronectin has long been known as the ideal substrate for micropatterning 
due to the availability of RGD sequences in the protein. This study proved that Argiope appensa spidroin contains 
RGD sequences and enhances the hWJ-MSCs differentiation process as shown in the ICC and RT-qPCR results. 
Micropattern treatment restricts cells to a particular area, which leads to aggregation, a crucial step in chondro-
genesis. Spidroin micropattern thus can be seen as a new approach for cartilage tissue engineering, to accelerate 
the chondrogenic differentiation of MSCs. Future study is required to elaborate more regarding the underlying 
molecular pathway that mediates the signals from integrin β1 to the expression of SOX9.

Thus far, micropatterning of cells is still limited to 2D surfaces. In this study, the micropatterning was used 
to differentiate hWJ-MSCs within a shorter period and determine the size of the pattern. Micropattern itself 
prevents further dedifferentiation of chondrocytes when cultured in 2D substrate56. However, the structure of 
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Figure 11.   Relative COL2A1 mRNA expression of hWJ-MSCs grown on fibronectin and spidroin micropattern 
after 21 days of culture (Control = non-coated coverslip, 500-Fn = 500 µm fibronectin micropattern, 
500-S = 500 µm spidroin micropattern, 1000-Fn = 1000 µm fibronectin micropattern, 1000-S = 1000 µm spidroin 
micropattern). *denotes significant difference in relative mRNA expression (p < 0.05), whereas **(p < 0.01).
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3D native cartilage is different from micropatterned chondrocyte culture. Recent research showed that we can 
create micropattern surface in cell sheet technology and eventually stacking it to form complex 3D shapes57. 
Multilayered cell sheets can be formed by magnetic technology such as through the attraction of MNP-labelled 
cells. However, this needs further research regarding the maintenance of this 3D structure, for example oxygen, 
nutrient, and also metabolite exchange.

Control

1000-Fn

1000-S

Day-7 Day-14 Day-21

Figure 12.   Immunocytochemistry (ICC) of Collagen type II from hWJ-MSCs grown on spidroin and 
fibronectin micropattern after 7, 14, and 21 days of culture (Control = non-coated coverslip, 1000-Fn = 1000 µm 
fibronectin micropattern, 1000-S = 1000 µm spidroin micropattern). Collagen type II appeared green and the 
nucleus appeared blue on images. Scale bar = 50 µm.



13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:4837  | https://doi.org/10.1038/s41598-022-08982-8

www.nature.com/scientificreports/

Received: 21 April 2021; Accepted: 14 March 2022

References
	 1.	 Sampson, S., Botto-van Bemden, A. & Aufiero, D. Stem cell therapies for treatment of cartilage and bone disorders: Osteoarthritis, 

avascular necrosis, and non-union fractures. PM R 7, S26–S32 (2015).
	 2.	 Grässel, S. & Lorenz, J. Tissue-engineering strategies to repair chondral and osteochondral tissue in osteoarthritis: Use of mesen-

chymal stem cells. Curr. Rheumatol. Rep. 16, 1–16 (2014).
	 3.	 Shah, K., Zhao, A. G. & Sumer, H. New approaches to treat osteoarthritis with mesenchymal stem cells. Stem Cells Int. 2018, 1 

(2018).
	 4.	 Gao, L., McBeath, R. & Chen, C. S. Stem cell shape regulates a chondrogenic versus myogenic fate through Rac1 and N-cadherin. 

Stem Cells 28, 1 (2010).
	 5.	 Mobasheri, A., Kalamegam, G., Musumeci, G. & Batt, M. E. Chondrocyte and mesenchymal stem cell-based therapies for cartilage 

repair in osteoarthritis and related orthopaedic conditions. Maturitas 78, 188–198 (2014).
	 6.	 Witkowska-Zimny, M. & Wrobel, E. Perinatal sources of mesenchymal stem cells: Wharton’s jelly, amnion and chorion. Cell. Mol. 

Biol. Lett. 16, 493–514 (2011).
	 7.	 Biological properties and therapeutic potential. Marino, L. dkk. Mesenchymal stem cells from the Wharton’s jelly of the human 

umbilical cord. Int. J. Stem Cells 12, 218–226 (2019).
	 8.	 Heng, B. C., Cao, T. & Lee, E. H. Directing stem cell differentiation into the chondrogenic lineage in vitro. Stem Cells 22, 1152–1167 

(2004).
	 9.	 Park, J. dkk: Synergistic control of mesenchymal stem cell differentiation by nanoscale surface geometry and immobilized growth 

factors on TiO2 nanotubes. Small 8, 98–107 (2012).
	10.	 Zuscik, M. J., Hilton, M. J., Zhang, X., Chen, D. & O’Keefe, R. J. Regulation of chondrogenesis and chondrocyte differentiation by 

stress. J. Clin. Investig. 118, 429–438 (2008).
	11.	 Théry, M. Micropatterning as a tool to decipher cell morphogenesis and functions. https://​doi.​org/​10.​1242/​jcs.​075150 (2010).
	12.	 Fernandes, T. G., Diogo, M. M. & Cabral, J. M. S. Microscale technologies for stem cell culture. In Stem Cell Bioprocessing 143–175 

(Elsevier, 2013). doi:https://​doi.​org/​10.​1533/​97819​08818​300.​143
	13.	 Taubert, A., Mano, J. F. & Rodríguez-Cabello, J. C. Biomaterials surface science (Wiley-VCH Verlag GmbH & Co, 2013).
	14.	 Kaufmann, T. & Ravoo, B. J. Stamps, inks and substrates: Polymers in microcontact printing. Polym. Chem. 1, 371–387 (2010).
	15.	 Carlson, A., Bowen, A. M., Huang, Y., Nuzzo, R. G. & Rogers, J. A. Transfer printing techniques for materials assembly and micro/

nanodevice fabrication. Adv. Mater. 24, 5284–5318 (2012).

Figure 13.   Mechanism of spidroin micropattern induction in chondrogenesis of hWJ-MSCs.

https://doi.org/10.1242/jcs.075150
https://doi.org/10.1533/9781908818300.143


14

Vol:.(1234567890)

Scientific Reports |         (2022) 12:4837  | https://doi.org/10.1038/s41598-022-08982-8

www.nature.com/scientificreports/

	16.	 Veevers-Lowe, J., Ball, S. G., Shuttleworth, A. & Kielty, C. M. Mesenchymal stem cell migration is regulated by fibronectin through 
a5b1-integrin-mediated activation of PDGFR-β and potentiation of growth factor signals. J. Cell Sci. 124, 1288–1300 (2011).

	17.	 Martino, M. M. dkk. Controlling integrin specificity and stem cell differentiation in 2D and 3D environments through regulation 
of fibronectin domain stability. Biomaterials 30, 1089–1097 (2009).

	18.	 Elloumi Hannachi, I. dkk. Fabrication of transferable micropatterned-co-cultured cell sheets with microcontact printing. Bioma-
terials 30, 5427–5432 (2009).

	19.	 Kluge, J. A., Rabotyagova, O., Leisk, G. G. & Kaplan, D. L. Spider silks and their applications. Trends Biotechnol. 26, 244–251 (2008).
	20.	 Barlian, A., Judawisastra, H., Ridwan, A., Wahyuni, A. R. & Lingga, M. E. Attachment, spreading, and proliferation of Wharton’s 

jelly mesenchymal stem cells on scaffold combination of silk fibroin and Argiope appensa silk spidroin. In AIP Conference Proceed-
ings 2346, 020002 (American Institute of Physics Inc., 2021).

	21.	 Barlian, A., Judawisastra, H., Ridwan, A., Wahyuni, A. R. & Lingga, M. E. Chondrogenic differentiation of Wharton’s Jelly mesen-
chymal stem cells on silk spidroin-fibroin mix scaffold supplemented with L-ascorbic acid and platelet rich plasma. Sci. Rep. 10, 
1–18 (2020).

	22.	 Hernando, A., Saputri, D. H. A., Tan, M. I. & Barlian, A. Directing the chondrogenic differentiation of human Wharton’s jelly 
mesenchymal stem cells using spider silk-based micropattern. In AIP Conference Proceedings 2346, 020001 (American Institute 
of Physics Inc., 2021).

	23.	 Batsali, K., Kastrinaki, M.-C., Papadaki, H. & Pontikoglou, C. Mesenchymal stem cells derived from Wharton’s jelly of the umbilical 
cord: Biological properties and emerging clinical applications. Curr. Stem Cell Res. Ther. 8, 144–155 (2013).

	24.	 Mayer, M., Yang, J., Gitlin, I., Gracias, D. H. & Whitesides, G. M. Micropatterned agarose gels for stamping arrays of proteins and 
gradients of proteins. Proteomics 4, 2366–2376 (2004).

	25.	 Trujillo, N. & Popat, K. Increased adipogenic and decreased chondrogenic differentiation of adipose derived stem cells on nanowire 
surfaces. Materials (Basel). 7, 2605–2630 (2014).

	26.	 Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2-ΔΔCT method. 
Methods 25, 402–408 (2001).

	27.	 Dominici, M. dkk. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular 
Therapy position statement. Cytotherapy 8, 315–317 (2006).

	28.	 Joseph, E. & Singhvi, G. Multifunctional nanocrystals for cancer therapy: a potential nanocarrier. In Nanomaterials for Drug 
Delivery and Therapy (ed. Grumezescu, A. M. B. T.-N. for D. D. and T.) 91–116 (William Andrew Publishing, 2019). doi:https://​
doi.​org/​10.​1016/​B978-0-​12-​816505-​8.​00007-2

	29.	 Stubbs, D. G., Tillinghast, E. K., Townley, M. A. & Cherim, N. A. Fibrous composite structure in a spider silk. Naturwissenschaften 
79, 231–234 (1992).

	30.	 Ermis, M., Antmen, E. & Hasirci, V. Micro and Nanofabrication methods to control cell-substrate interactions and cell behavior: 
A review from the tissue engineering perspective. Bioactive Materials 3, 355–369 (2018).

	31.	 Ruoslahti, E. RGD and other recognition sequences for integrins. Annu. Rev. Cell Dev. Biol. 12, 697–715 (1996).
	32.	 Uygun, B. E., Stojsih, S. E. & Matthew, H. W. T. Effects of immobilized glycosaminoglycans on the proliferation and differentiation 

of mesenchymal stem cells. Tissue Eng. - Part A 15, 3499–3512 (2009).
	33.	 Mandal, B. B., Park, S. H., Gil, E. S. & Kaplan, D. L. Stem cell-based meniscus tissue engineering. Tissue Eng. - Part A 17, 2749–2761 

(2011).
	34.	 Yang, Q. dkk. Silk fibroin/cartilage extracellular matrix scaffolds with sequential delivery of TGF-β3 for chondrogenic differentia-

tion of adipose-derived stem cells. Int. J. Nanomedicine 12, 6721–6733 (2017).
	35.	 Stoyanov, J. V. dkk. Role of hypoxia and growth and differentiation factor-5 on differentiation of human mesenchymal stem cells 

towards intervertebral nucleus pulposus-like cells. Eur. Cells Mater. 21, 533–547 (2011).
	36.	 Chou, C. L. dkk: Micrometer scale guidance of mesenchymal stem cells to form structurally oriented cartilage extracellular matrix. 

Tissue Eng. - Part A 19, 1081–1090 (2013).
	37.	 Ng, L. J. dkk. SOX9 binds DNA, activates transcription, and coexpresses with type II collagen during chondrogenesis in the mouse. 

Dev. Biol. 183, 108–121 (1997).
	38.	 Akiyama, H., Chaboissier, M. C., Martin, J. F., Schedl, A. & De Crombrugghe, B. The transcription factor Sox9 has essential roles 

in successive steps of the chondrocyte differentiation pathway and is required for expression of Sox5 and Sox6. Genes Dev. 16, 
2813–2828 (2002).

	39.	 Zhou, G. dkk. Dominance of SOX9 function over RUNX2 during skeletogenesis. Proc. Natl. Acad. Sci. USA 103, 19004–19009 
(2006).

	40.	 Ikegami, D. dkk. Sox9 sustains chondrocyte survival and hypertrophy in part through Pik3ca-Akt pathways. Development 138, 
1507–1519 (2011).

	41.	 Gong, M. dkk. Gene expression profiling: Identification of gene expression in human MSC chondrogenic differentiation. Am. J. 
Transl. Res. 10, 3555–3566 (2018).

	42.	 Hime, G. & Abud, H. Transcriptional and translational regulation of stem cells. Adv. Experim. Med. Biol. 786, 1 (2013).
	43.	 Barry, F., Boynton, R. E., Liu, B. & Murphy, J. M. Chondrogenic differentiation of mesenchymal stem cells from bone marrow: 

Differentiation-dependent gene expression of matrix components. Exp. Cell Res. 268, 189–200 (2001).
	44.	 Perrier, E. dkk. Analysis of collagen expression during chondrogenic induction of human bone marrow mesenchymal stem cells. 

Biotechnol. Lett. 33, 2091–2101 (2011).
	45.	 Aigner, T. dkk. SOX9 expression does not correlate with type II collagen expression in adult articular chondrocytes. Matrix Biol. 

22, 363–372 (2003).
	46.	 Murakami, S., Kan, M., McKeehan, W. L. & De Crombrugghe, B. Up-regulation of the chondrogenic Sox9 gene by fibroblast growth 

factors is mediated by the mitogen-activated protein kinase pathway. Proc. Natl. Acad. Sci. U. S. A. 97, 1113–1118 (2000).
	47.	 Glennon-Alty, L., Williams, R., Dixon, S. & Murray, P. Induction of mesenchymal stem cell chondrogenesis by polyacrylate sub-

strates. Acta Biomater. 9, 6041–6051 (2013).
	48.	 Perera, P. M. dkk: Mechanical signals control SOX-9, VEGF, and c-Myc expression and cell proliferation during inflammation via 

integrin-linked kinase, B-Raf, and ERK1/2-dependent signaling in articular chondrocytes. Arthritis Res. Ther. 12, 1–9 (2010).
	49.	 Tew, S. R. & Hardingham, T. E. Regulation of SOX9 mRNA in human articular chondrocytes involving p38 MAPK activation and 

mRNA stabilization. J. Biol. Chem. 281, 39471–39479 (2006).
	50.	 Li, J. dkk. MEK/ERK and p38 MAPK regulate chondrogenesis of rat bone marrow mesenchymal stem cells through delicate 

interaction with TGF-β1/Smads pathway. Cell Prolif. 43, 333–343 (2010).
	51.	 Delise, A. M. & Tuan, R. S. Analysis of N-cadherin function in limb mesenchymal chondrogenesis in vitro. Dev. Dyn. 225, 195–204 

(2002).
	52.	 Alimperti, S. & Andreadis, S. T. CDH2 and CDH11 act as regulators of stem cell fate decisions. Stem Cell Res. 14, 270–282 (2015).
	53.	 Akiyama, H. dkk. Interactions between Sox9 and β-catenin control chondrocyte differentiation. Genes Dev. 18, 1072–1087 (2004).
	54.	 Chen, M. dkk. Inhibition of β-catenin signaling causes defects in postnatal cartilage development. J. Cell Sci. 121, 1455–1465 

(2008).
	55.	 Chen, S., Fu, P., Cong, R., Wu, H. S. & Pei, M. Strategies to minimize hypertrophy in cartilage engineering and regeneration. Genes 

Dis. 2, 76–95 (2015).

https://doi.org/10.1016/B978-0-12-816505-8.00007-2
https://doi.org/10.1016/B978-0-12-816505-8.00007-2


15

Vol.:(0123456789)

Scientific Reports |         (2022) 12:4837  | https://doi.org/10.1038/s41598-022-08982-8

www.nature.com/scientificreports/

	56.	 Zhou, M., Yuan, X., Yin, H. & Gough, J. E. Restoration of chondrocytic phenotype on a two-dimensional micropatterned surface. 
Biointerphases 10, 11003 (2015).

	57.	 Lu, Y. dkk. Recent advances in cell sheet technology for bone and cartilage regeneration: from preparation to application. Int. J. 
Oral Sci. 11, 17 (2019).

Acknowledgements
This research was financially funded by Ristekdikti Kalbe Science Award 2018 under PT Kalbe Farma Tbk. with 
grant number No.: 248/KF-Legal/RKSA/II/2019 & No.: 086/11.B04/PKS-WRRIM/II/2019. We would like to 
thank Regina Giovanni and Rizka Musdalifah Amsar for their help in this study, and also PT Fajar Mas Murni 
for the confocal microscopy facility.

Author contributions
A.B. conceptualized the study. A.B. and E.P. designed the experiments. D.H.A.S., A.H., C.K. and H.T. performed 
the experiments and wrote the manuscript. All authors have reviewed and agreed on the final version of the 
manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​08982-8.

Correspondence and requests for materials should be addressed to A.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-08982-8
https://doi.org/10.1038/s41598-022-08982-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Spidroin striped micropattern promotes chondrogenic differentiation of human Wharton’s jelly mesenchymal stem cells
	Material and methods
	Primary culture of hWJ-MSCs. 
	Characterization of hWJ-MSCs. 
	Spidroin bioink production. 
	Spidroin characterization. 
	Micropattern fabrication using microcontact printing (µCP). 
	Cell morphology using scanning electron microscopy. 
	RGD sequence immunocytochemistry. 
	Integrin β1 immunocytochemistry. 
	Collagen type II immunocytochemistry. 
	SOX9 immunocytochemistry. 
	Glycosaminoglycan content analysis. 
	Real-time quantitative PCR analysis. 
	Statistical analysis. 

	Results and discussion
	Characterization of human Wharton’s jelly MSCs (hWJ-MSCs). 
	Micropattern fabrication using agarose microcontact printing (µCP). 
	Morphology of hWJ-MSCs cultured on micropattern surface. 
	Argiope appensa spidroin characterization. 
	Argiope appensa spidroin as bioink for µCP micropattern. 
	Micropattern width effect on glycosaminoglycan matrix deposition. 
	Upregulation of SOX9 expression in both mRNA and protein by spidroin micropattern. 
	Spidroin micropattern downregulates COL2A1 mRNA on late-stage chondrogenesis and induces protein expression. 

	References
	Acknowledgements


