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INTRODUCTION
Cartilage tissue engineering, particularly with 

advancements in stem cell engineering, plays a crucial role in 
achieving the United Nations Sustainable Development Goal 3: 
Good Health and Well-being, which aims to promote healthy lives 
for people of all ages. Due to the limited self-repair capacity of 
cartilage, conditions such as osteoarthritis and traumatic cartilage 
injuries pose significant healthcare challenges worldwide, 
especially among aging populations. The development of tissue 
engineering that integrates biomaterials and stem cell technologies 

aims to create innovative regenerative solutions for cartilage-
related diseases, which affect millions globally and often lead to 
long-term disability. By offering effective, minimally invasive, 
and patient-specific therapies, cartilage tissue engineering 
contributes to sustainable healthcare, improving the quality of 
life while reducing the burden on healthcare systems.

Human Wharton’s jelly-derived mesenchymal stem 
cells (hWJ-MSCs) are one cell source frequently used in cartilage 
tissue engineering and tissue regeneration development [1]. 
The role of the microenvironment significantly impacts how 
hWJ-MSCs cells display their phenotype, particularly when 
an extracellular matrix (ECM) is present to act as a substrate 
for controlling the stem cell differentiation process [2]. ECM 
is a cell microenvironment that not only functions as a provider 
of biophysical signals but also as a biochemical signal that 
directs hWJ-MSCs differentiation into chondrocyte. Stimulus 
from engineering and modification of topography influenced 
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ABSTRACT
Human Wharton’s jelly-derived mesenchymal stem cells (hWJ-MSCs) have been widely used as a cell source for the 
development of cartilage tissue engineering. This study aims to test the effect of nanopattern-based nanotopography 
with a combination of Argiope appensa spider webs extract protein (Spidroin) to induce the differentiation of 
hWJ-MSCs into chondrocytes. Nanopattern fabrication was obtained by printed nanogrid patterns on the surface 
of polycarbonate Bluray-disc Recordable using Polydimethylsiloxane. The accomplishment of fabrication 
was confirmed through scanning electron microscopy and atomic force microscopy to determine the size of 
nanopatterns. Spidroin was characterized by specifying several parameters such as zeta potential, viscosity, Raman 
spectroscopy, water contact angle, and cytotoxicity test. The proliferation and differentiation of hWJ-MSCs cells 
were analyzed using 3 [4,5 - dymethylthiazol-2y1] - 2,5 - dyphenylthiazolium bromide) (MTT), Alcian Blue, and 
Immunocytochemistry (ICC) assays on days 7, 14, and 21. Nanopatterns were fabricated with ridge, groove, and 
depth pattern sizes of 145 ± 2.67, 234 ± 8.92, and 15 ± 0.782 nm, respectively. Spidroin characterization shows 
the presence of Arginine-Glycine-Aspartic Acid (a peptide sequence) sequences. The markers of chondrogenesis, 
glycosaminoglycans, and ICC for Collagen II and SOX9, were detected starting on day 7 and continued to increase 
until day 21. In conclusion, a combination of nanopattern and spidroin could accelerate the differentiation process of 
hWJ-MSCs into chondrocytes as a new method in developing cartilage tissue engineering. 
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Gly-Asp) [15,16]. Numerous interactions exist between the 
surrounding matrix and the cells through this RGD sequence. 
Similar to fibronectin, which also has the RGD sequence, this 
sequence binds onto integrins, which are cell transmembrane 
proteins [17]. The attachment, migration, and proliferation 
of hWJ-MSC cells can be enhanced by the RGD sequence 
present in the silk spidroin of the Argiope appensa spider [16]. 
Consequently, by guiding the chondrogenic development of 
hWJ-MSCs cells, the combination of polydimethylsiloxane 
(PDMS)-BD-R nanopatterns and spider web extract (spidroin) 
may offer a novel approach to creating improved cartilage 
tissue engineering method.

MATERIALS AND METHODS
The overall methodology of this study consists 

of three main procedures: isolation and characterization of 
human Mesenchymal Stem Cells (hMSCs), fabrication of 
nanopatterned-based Bluray discs and extraction of spidroin 
protein from raw spider webs. A comprehensive illustration of 
the entire workflow is presented in Figure 1.

Isolation and primary culture of human Wharton’s Jelly 
(hWJ)

The primary culture method used is the Explant 
Method [18]. The hWJ samples from the umbilical cord were 
collected at the Rumah Sakit Umum Daerah Kiwari Kota 
Bandung with proper informed consent and ethical approval 
(SK. 316/UN6.KEP/EC/2023). The donor’s placental tissue 
is put in a sterile container with a transport medium of sterile 
Phosphate-buffered saline (PBS) and 1% antibiotic-antimycotic 
(ABAM) solution. The samples were then cleaned with 70% 
alcohol for 30 seconds, 10% povidone-iodine for 30 seconds, 
and thrice rinses with sterile PBS containing 4% ABAM. The 
hWJ tissue was divided longitudinally, and the epithelium 
and blood vessels were removed. The tissue is then incised 
and sliced into 3–5 mm pieces with a sterile knife linked to a 
scalpel. After that, the tissue was put in a T-25 flask and kept 
at room temperature until it was attached. In primary culture, 
the growth media consists of Dulbecco-modified eagle medium 
(DMEM, Gibco), 10% fetal bovine serum (FBS, Gibco), and 
1% ABAM (Gibco) gently given to the tissue cultured in a flask, 
T-25. The flask was then incubated at 37°C, 5% CO2, and the 
medium changed every 2–3 days. After achieving more than 
80% confluence, cells were collected using Trypsin-EDTA 
0.25% (Gibco).

Analysis of cell surface antigen expression
The sample consisted of 5 × 105 cells at passage 4% 

and 0.25% trypsin or Ethylenediaminetetraacetic acid was 
used to remove cultured cells from the T-25 flask substrate. 
The phenotypic of hWJ-MSCs was assessed by fluorescence-
activated cell sorting (FACS) following the Human MSC 
Analysis Kit procedure (BD Stemflow protocol) and analyzed 
using a flow cytometer (BD FACS Aria III) and BD FACS 
Version 6.1.3TM software.

Multipotency test analysis of differentiation of hWJ-MSCs
The hWJ-MSCs multidifferentiation experiment 

assessed the cells’ ability to develop into chondrocytes, 

hWJ-MSCs ECM remodeling to induce the differentiation 
process [3]. The development of nanotopographic engineering 
technologies to regulate cell behavior and differentiation may 
be a solution for gaining knowledge of the interactions and 
signaling pathways that occur throughout mesenchymal stem 
cell regulation and differentiation [4, 5].

The microenvironment of cells in the body has 
nanoscale features; even nanotopography has been found 
everywhere, especially in the ECM around cells [6]. As 
nanotechnology continues to advance, nanopatterned 
substrates can be increasingly integrated. The extent to 
which nanotechnology influences the creation of a cell 
microenvironment will have a significant impact on the 
differentiation and behavior of cells, which are dependent on 
the properties of the substrate [7]. Research conducted by Kim 
et al. [8] showed that the expression of osteogenesis markers 
such as COL1, RUNX2, and OPN was higher in cells cultured 
on nanopatterned substrate surfaces. Another study showed that 
in vitro study, improved cell alignment is observed in an ECM 
microenvironment that is integrated into linear geometries by 
introducing grooves and grids into the substrate surface. The 
dimensions of the grooves and protrusions with a width of 35 
nm-25 mm and a depth of 14 nm-5 mm can induce good cell 
alignment [9].

Nanolithography techniques, such as nanoimprint 
lithography, microscope nanolithography, electron beam 
lithography, and focused ion beam lithography, are currently 
being explored for their high-precision capabilities in 
generating minute surface patterns, referred to as nanopatterning 
techniques [8,10]. However, some of these methods are not the 
preferred options due to the use of solvents and materials that 
are hazardous and toxic to cell viability. Additionally, the mass 
production of substrates with nanoscale patterns is constrained 
by the complexity, high cost, low efficiency, and time-consuming 
nature of the manufacturing processes [10]. Fabrication of 
nanotopographic substrates using the above methods is complex 
and requires routine integration into cell cultures. To overcome 
this problem, the existence of commercially available optical 
discs such as Bluray-disc Recordable (BD-R) is an advantage 
because it combines a nanopatterned polycarbonate (PC) 
substrate with many concentric ring-shaped nano grooves that 
can be used for cell culture. Therefore, such optical discs can be 
used directly as templates for printing substrate patterns on cell 
cultures after appropriate pre-processing of the discs.

In this research, spidroin can be applied to support 
the performance of the substrate as a place to grow cell 
cultures. One kind of spider frequently found in Indonesia is 
the Argiope family spider [11]. It is known that proteins from 
this species spider silk promote hWJ-MSC cell attachment 
and chondrogenic development [12]. These spiders weave a 
web called silk spidroin, which may nowadays be used as a 
biomaterial for scaffolding. Because silk spidroin possesses 
the strength, porosity, biodegradability, and biocompatibility 
required for cell proliferation and differentiation, it can be 
utilized as a scaffold material for cartilage tissue engineering 
[13,14].

A naturally occurring substance called silk spidroin is 
reported to contain the amino acid sequence Arginine-Glycine-
Aspartic Acid (a peptide sequence) (RGD) (tripeptide Arg-
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adipocytes, and osteocytes. Cells with density 2 × 104 (passage 
4/5) were grown on 24 well plates with chondrogenic, 
adipogenic, and osteogenic differentiation medium (Stepro 
differentiation media; Gibco). The cells were then incubated at 
37°C, 5% CO2, and the media changed every 2–3 days. After 21 
days, the cells were preserved with 4% formaldehyde solution. 
Cell differentiation was investigated by staining cells with 
Alcian Blue as chondrocytes, Alizarin Red for osteocytes, and 
Oil Red O for adipocytes. The staining results were analyzed 
using an optical phase contrast microscope.

Viscosity, zeta potential, and Raman spectroscopy analysis
The viscosity and zeta potential of the spidroin solution 

were then determined using a Horiba Scientific Nanoparticle 
Analyzer SZ using a dynamic light scattering technique. A 

syringe transferred 1 ml of spidroin solution to the cuvette. 
The protocol for extracting spidroin from raw spider silk can 
be found in the supplementary material. All measurements 
were carried out in triplicate at 25°C. Results are presented 
as mean ± standard deviation (SD) (n = 3). Spider webs were 
characterized using Raman Spectroscopy with the HORIBA 
Micro Raman Standard Microscopy Spectroscopy instrument 
with a wavelength of 532 nm. Results are reported as mean ± 
SD (n = 3).

Cytotoxicity test of silk spidroin extract
The concentration of spider web extract solution was 

evaluated using the Bradford technique, with concentrations 
tested at 25, 50, 100, 250, 500, and 1,000 µg/ml. A 96-well plate 
was coated with 100 µl of spidroin extract solution in DMEM 

Figure 1. An illustration of schematic research design.
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complete DMEM LG medium conditions incubated at 37°C, 
5% CO2. To see the interaction of cells with the substrate, after 
72 hours post-seeding, the culture medium was discarded, and 
the cells were rinsed with PBS 3×. For SEM analysis, cells 
were fixed with 100 µl 2.5% (v/v) GTA in 0.1 M Na-Cacodylate 
buffer for 2 hours. The cells were then rinsed with 0.1 M Na-
Cacodylate buffer three times and rinsed using a serial alcohol 
solution (30%–100%, 5 minutes each) and dried by dipping 
the substrate and cells in a mixture of 100% alcohol solution 
and HMDS (hexamethyldisilazane) 1:1. The substrate was then 
dried at room temperature overnight and coated with gold with 
a sputter coater (MC100 Ion Sputter Coatter, Hitachi Japan). 
The SEM results were analyzed with ImageJ.

hWJ-MSC proliferation curve on PDMS-BD-R nanopattern
Proliferation tests were carried out on days 1, 3, 5, 7, 

and 14 after seeding using the MTT method, which refers to the 
MTT cytotoxic assay method.

Matrix glycosaminoglycan (GAG) abundance analysis
Cells cultivated on the PDMS-BD-R nanopattern 

on days 7, 14, and 21 were fixed before being aspirated into 
the culture media. All surfaces were washed twice with PBS 
before being fixed in (1:1) methanol : acetone (4°C) solution 
for 3 minutes. The substrate was moved to a 1% Alcian Blue 
solution in 3% acetic acid. After 30 minutes of incubation in 
Alcian Blue at room temperature, the surfaces of the PDMS-
BD-R nanopattern were washed three times with 3% acetic acid 
for 2 minutes each. After washing in ddH2O for 2 minutes, the 
surface of the PDMS-BD-R nanopattern was dried for imaging 
or immersed in a 1% SDS solution for 30 minutes on a 200 rpm 
pallet shaker to remove the alcian blue stain. The absorbance of 
the dissolved solution was measured at a 605 nm wavelength. 
Absorbance measurements were carried out with a UV-VIS 
spectrophotometer using a disposable cuvette and 1 ml sample. 
1% SDS solution was used as a blank in spectrophotometer 
measurements.

Immunocytochemistry (ICC) analysis (Collagen II and SOX9)
Cells grown on the nanopattern for 7, 14, and 21 

days were fixed with series methanol-DMEM (50%, 70%, 
80%, 90%, and 100%) at 20°C before being washed by PBS 
three times at room temperature. Following fixation, cells 
were permeabilized with PBS-T (0.05% Tween 20 in PBS) 
for 20 minutes at room temperature. Cells were inhibited from 
nonspecific binding antibodies with 3% bovine serum albumin 
(BSA in PBST) for 60 minutes. Primary antibodies to collagen 
type II (ab34712, Abcam) and SOX9 (ab3697, Abcam) were 
added to the samples and incubated overnight at 4°C. Samples 
were rinsed three times with PBS before incubating with a 
secondary antibody (1:200 goat anti-rabbit IgG HNL Alexa 
Fluor 488 ab150077, Abcam) in the dark for 2 hours. After 
that, 0.1% Rhodamine phalloidin (Invitrogen, AB235138) 
and 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher) 
were applied for 45 and 15 minutes, respectively, before 
being washed three times with PBS. The stained cells were 
examined using a confocal microscope (Olympus FV 1200 
Confocal Laser Scanning Microscope).

medium to conduct the test. The plate was then incubated for 1 
hour at 37°C with 5% CO2. The (3 [4,5 - dymethylthiazol-2y1] 
- 2,5 - dyphenylthiazolium bromide) (MTT) technique was used 
to perform the cytotoxicity test. hWJ-MSC cells at a density 
of 5 × 103 cells were sown in 96-well plates and cultured in an 
incubator at 37°C and 5% CO2 for 72 hours. After 72 hours, the 
culture medium was removed, and MTT reagent (0.5 mg/ml) 
was added to the DMEM LG media (no FBS). The plate was 
covered with aluminium foil (dark condition) and incubated 
for 4 hours at 37°C with 5% CO2. After incubation, purple 
formazan crystals are going to form on the plate. The remaining 
MTT reagent was carefully removed, the residual crystals were 
dissolved with 100 µl of sterile Dimethyl sulfoxide, and the 
absorbance was measured using a microplate reader at 595 nm.

PDMS-BD-R nanopattern fabrication
The protocol for fabricated BD-R based nanopattern 

could be found in the supplementary material.

Nanopattern morphology using scanning electron microscopy 
(SEM) and atomic force microscopy (AFM)

The PDMS-BD-R nanopattern substrate, (including 
nanopatterned and unpatterned), was characterized using SEM 
coated with gold with a sputter coater (MC100 Ion Sputter 
Coater, Hitachi Japan), and the SEM results were analyzed with 
ImageJ. Both of the PDMS-BD-R nanopattern substrates were 
characterized using AFM coated with gold with a sputter coater 
(Park System XE-70) and the AFM results were analyzed with 
ImageJ.

Plasma treatment and water contact angel (WCA) test 
The PDMS-BD-R nanopattern substrate measuring 

13 mm was placed in a sterile petri dish and inserted into the 
plasma treatment unit under low-pressure conditions for 2 
minutes. Contact angle analysis is carried out immediately after 
plasma treatment to avoid stability problems due to storage. The 
contact angle was measured by analyzing the shape of water 
droplets on the PDMS surface. A total of 25 µl ddH2O was 
dropped perpendicularly on the surface of the PDMS film, and 
images were taken using a DinoLITE microscope camera and 
analyzed using DinoCapture2 software. The WCA is measured 
by taking the impact of the drop, the intersection point between 
the contact drop and the projected surface. If the contact angle 
is more than 80°, the surface is considered hydrophobic, and if 
it is more than 150°, it is considered super hydrophobic.

Seeding hWJ-MSC culture on PDMS-BD-R nanopattern
2 × 104 cells were grown on a 13 mm diameter PDMS 

BD-R nanopattern substrate, coated or not with spidroin extract. 
The culture was carried out for a full 21 days using low glucose 
complete media consisting of 10% FBS and 1% ABAM in 
DMEM and kept in an incubator at 37°C and 5% CO2.

Analysis of morphology and proliferation of hWJ-MSCs on 
PDMS-BD-R nanopattern

Morphological analysis was carried out using SEM. 
5 × 104 hWJ-MSCs cells were grown on sterile PDMS-BD-R 
nanopattern with a diameter of 13 mm and cultured under 
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differences in immune system modulation abilities but does 
not affect their potential to differentiate in vitro into adipocyte, 
chondrocyte, and osteocyte cell lines. Variations in CD105 
percentage values also depend on differences in hWJ-MSCs 
culture conditions, isolation methods, cell sources, and length 
of culture time. One of the influencing culture conditions is 
being over-confluent before the FACS examination, causing 
lower CD105 values [19,20]. The multipotency test and FACS 
characterization data indicate that the hWJ-MSCs cell culture 
fulfils the ICST requirements described in Dominici et al. [21].

Characterization of the spidroin A. appensa

Zeta potential and viscosity
The physical characteristics of the spidroin extract 

were analyzed based on the stability of the colloidal particles 
and their flow properties through zeta potential and viscosity 
values. Zeta potential can be defined as a parameter that 

Statistical analysis
Data were gathered from at least three repetitions and 

reported as mean ± SD. The statistical analysis was carried out 
using GraphPad Prism 9 software. Two-way ANOVA was used 
to compare differences (p < 0.05) in cytotoxicity, proliferation, 
and differentiation (Alcian Blue) through post-hoc analysis 
performed via Tukey’s multiple comparison test.

RESULTS AND DISCUSSION

Characteristics and multipotency test of hWJ-MSCs cells
Under conventional culture conditions, the primary 

culture of hWJ-MSCs that had migrated from hWJ explants (Fig. 
2A) adhered to the flask surface and showed a fibroblast-like 
shape. The formation of lipid droplets from hWJ-MSCs cells that 
had differentiated into adipocyte cells was confirmed using Oil 
Red O staining (Fig. 2B). Using Alcian Blue staining to analyze 
the presence of the proteoglycan matrix, or GAG (Fig. 2C), 
hWJ-MSCs can differentiate into chondrocyte cells, which are 
distinguished by the formation of chondrocyte cell nodules and 
the presence of the proteoglycan matrix (dark blue). Meanwhile, 
the accumulation of calcium mineralization with Alizarin Red 
staining (Fig. 2D) shows the successful differentiation of hWJ-
MSCs into osteocytes. Positive results of the multipotency test 
are indicated by yellow arrows (Fig. 2B–D).

The results of FACS analysis (Fig. 2E) showed 
the presence of positive markers CD90 (96.6%), CD73 
(99%), and CD105 (91.2%). The negative marker (Lin-
negative) was obtained at 0%. In this study, the percentage 
of positive markers for CD90 and CD73 met the International 
Society for Cellular Therapy (ISCT) requirements with a 
rate of >95%, while CD105 was still <95%. Even though 
the CD105 percentage is below the value required by ISCT, 
it does not affect its multipotency ability in this study. This 
is consistent with studies by Pham et al. [19] that show the 
diverse capabilities of MSCs derived from the umbilical cord, 
especially when the cells are heterogeneous. The difference in 
expression of CD105(+)-hMSCs and CD105(-)-hMSCs reflects 

Figure 2. Characterization of hWJ-MSC cultures. (A) Control group (no staining), (B) Oil Red O staining for adipocyte differentiation, (C) Alcian 
Blue staining indicating chondrogenic differentiation, and (D) Alizarin Red staining for osteocyte differentiation. The black arrow shows that each 
staining group’s marker had a favorable result. (E) CD73 APC-A positive marker (96.6%); CD90 FITC-A (99.0%) CD105 PerCP-Cy5-5-A (91.2%) 
and negative markers Lin–PE-A (CD34, CD45, CD11B, CD19, and HLA-DR PE (0%).

Figure 3. Characterization of the spidroin A. appensa. The viscosity and 
zeta potential values of spidroin show a range of values indicating good and 
relatively stable physicochemical properties.
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secondary structures that form proteins that appear between 
wave numbers 500 to 2,000 cm−1 could be found in Table  S45 
on supplementary material.

Spidroin cytotoxicity test
The MTT assay works by evaluating the metabolic 

activity of cells, where viable cells with active metabolism 
convert the MTT reagent into a purple formazan product. The 
amount of formazan produced correlates with the number of 
viable cells, allowing researchers to infer cell viability and 
indirectly assess cytotoxicity. The graph (Fig. 4B) describes 
the most optimal proliferation conditions for hWJ-MSCs 
cells at a spider web extract concentration of 50 and 100 µg/
ml. Under these conditions, the percentage of hWJ-MSCs 
cell proliferation was above 125% compared to controls. The 
spidroin concentration range starts from 25 up to 1,000 µg/ml 
and produces cell viability >90%. This indicates that spider 
web extract is not toxic to cells in this concentration range. 
The concentration used in this study was 50 µg/ml. This 
determination refers to the standard testing protocol established 
by Altomare et al. [31] for the production of micropattern 
substrates coated with fibronectin protein.

Characterization of PDMS BR-D nanopatterns
SEM confirmed the successful completion of the 

fabrication process. Figure 5A–C below shows the SEM results 
of the nanopattern surface found on the PC-BD-R molding, 
PDMS-BD-R moulding, and PDMS-without pattern (unpattern 
PDMS), respectively. SEM was carried out at 20,000× 
magnification. The nanopattern patterns formed in the PC-BD-R 
molding (Fig. 5A) and the PDMS-BD-R molding (Fig. 5B) are 
visible at a minimum magnification of 5000× to 20,000×.

The patterns formed on PC-BD-R and PDMS-BD-R 
nanopattern comprise nano topography in grooves and ridges. 
Dark areas depict the indentation depth, while lighter areas 

shows the repulsion between charged particles in a colloid or 
suspension dispersion system [22]. The zeta potential value 
of a colloidal dispersion system to maintain the stability of 
its nano dispersion ranges below −30 mV or above +30 mV 
[22,23]. In Figure 3 below, the spidroin zeta potential value is 
obtained −34.56 mV, which indicates that this value is in the 
range required for a dispersion system to maintain its physical 
stability. Apart from representing the stability of the dispersion 
system, the optimum zeta potential value also determines the 
main factor in the initial adsorption of particles on the cell 
membrane [22,24], such as the interaction between spidroin 
proteins and hWJ-MSCs cells when the cells perform focal 
adhesion (FA). Meanwhile, viscosity is defined as the system’s 
resistance to gradual deformation of a medium, which is related 
to differences in strain rates in the flowing medium [25]. In 
this study, the spidroin solution extract had a viscosity value 
of 0.896 mPa.s, which is close to the viscosity value of water 
(0.89 mPa.s), so it shows good rheological properties because 
the solution flows relatively easily.

Raman spectroscopy analysis
Figure 4A above shows the results of Raman 

spectroscopy of A. appensa spider webs, which were 
analyzed at a wavelength of 532 nm, and the wave peak was 
projected between wave numbers 500 to 2,000 cm−1 [26]. The 
pink box area (Fig. 4A) shows the possible distribution of 
RGD sequences in spider webs that fall between the wave 
number ranges 900–1,100 cm−1 and 1,250–1,525 cm−1. This 
area has a more dominant distribution of the amino acids, 
arginine, glycine, and aspartate acid compared to other 
areas, which are thought to be the amino acids that form the 
RGD sequence [27]. The possibility of an RGD sequence 
detected at this wave number is obtained based on the peak 
that appears in the form of a Raman shift, which is compared 
with available literature data that refers to supplementary 
information [28–30]. The possible content of amino acids and 

Figure 4. Raman spectroscopy analysis of spider webs (Wavelength: 532 nm). (A) The area in the pink box represents the possible RGD sequences. 
(B) Cytotoxicity test of spider web extract on hWJ-MSC cells as measured by the MTT assay. Data are mean ± SD with significance markers * (p 
< 0.05), ** (p < 0.01), and *** (p < 0.001).
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to 300 nm, aligning with the findings of Rodríguez-Pereira et 
al. [36] reported that the RGD-Cys-D1 PLLA nanopatterned 
substrate (a substrate formed from a combination of dendrimer 
patterns and RGD, measuring 70 nm in diameter and 10 nm in 
height) was able to induce the formation of hAD-MSCs and 
hBM-MSCs aggregates/nodules, which serve as indicators of 
successful chondrogenesis. This process was accompanied by 
an increase in type II collagen synthesis [36].

WCA test
Plasma treatment on the PDMS substrate changes the 

physical character of the surface of the substrate, which was 
previously hydrophobic (Fig. 6A) to a substrate with a more 
hydrophilic surface (Fig. 6B). A decrease in the contact angle 
formed was seen on the PDMS substrate that was given plasma 
treatment, which previously had a ddH2O contact angle value 
of 85.426o (Fig. 6A) to 49.399o (Fig. 6B). Meanwhile, the 
PDMS substrate treated with plasma treatment and coated with 
spidroin extract provides high wettability with a ddH2O contact 
angle value of 14.562o (Fig. 6C). The role of both is to reduce 
the surface tension on the PDMS substrate so that water spreads 
more easily evenly.

Coating spider web extract on a PDMS substrate 
treated with plasma acts as an adsorbed protein that helps cells 
adhere well to the substrate. It is known that proteins adsorbed 
on substrate surfaces support cell attachment, cell spreading, 
and cytoskeletal organization much more than hydrophobic 
surfaces without adsorbed proteins [37]. A material is 
considered hydrophilic if its contact angle is less than 90° 

depict the top of the protrusion. On PC-BD-R, the groove width 
is approximately 164 ± 5.09 nm, and the protrusion width is 
around 204 ± 8.56 nm, while on PDMS-BD-R nanopattern, the 
groove width is approximately 234 ± 8.92 nm, and the width of 
the protrusion is around 145 ± 2.67 nm. SEM characterization 
results cannot predict the 3D shape of the nanopattern substrate 
along with the height or peak of the protrusions formed. 
Therefore, the PDMS-BD-R nanopattern was characterized 
using AFM to determine its three-dimensional structure in this 
research (Fig. 5D and E), AFM result shows the shape of the 3D 
PDMS-BD-R nanopattern with the peak height of the protrusion 
measured from the bottom of the indentation (depth), which is 
15 ± 0.782 nm. Figure 5F above shows the physical shape of 
the PDMS substrate resulting from moulding without a pattern 
(Fig. 5F.1) and PDMS-BD-R nanopattern (Fig. 5F.2). The 
surface that has a nanopattern is characterized by the presence 
of rainbow-like color diffraction.

In vitro, the presence of biophysical signals derived 
from substrate topography has been extensively investigated as a 
means to regulate cell proliferation, control cell adhesion, guide 
cell motility, and direct MSC differentiation [32]. This approach 
is based on the fact that in vitro topographical features resemble 
the native ECM topography in vivo, including contours and 
patterns such as grooves, ridges, whorls, and pits, ranging from 
the nano- to microscale [33]. Consequently, cells can perceive 
biophysical signals from topographical features to regulate their 
behavior through FA interactions, triggering a series of cellular 
and molecular events known as mechanotransduction [34,35]. 
The nanopatterns fabricated in this study range in size from 100 

Figure 5. Nanopattern substrate surface characteristics using SEM. Nano patterns on PC-BD-R using SEM after pre-processing 
at 20,000× magnification (4A). Nano patterns printed on PDMS-BD-R nanopattern at 20,000× magnification (4B). PDMS print 
without a pattern (control) at 20,000× magnification (4C). Inset scale = 2 and 5 µm. Characterization of PDMS-BD-R nanopattern 
using AFM, 2D imaging of PDMS-BD-R nanopattern using AFM (inset scale: 1 µm) (4D), and 3D imaging of PDMS-BD-R 
nanopattern using AFM (4E). (F) PDMS nanopattern morphology. (A) Grafting resulting from PDMS unpattern (flat) moulding. (F) 
Grafting resulting from PDMS-BD-R nanopattern molding.
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role of protein adsorbed on the substrate as a cell accelerator to 
anchor and form FAs.

Proliferation of hWJ-MSCs cultured on PDMS-BD-R 
nanopattern

Figure 7B shows a graph of the proliferation of hWJ-
MSCs cells cultured on two different substrate conditions, 
namely the PDMS-unpattern (PDMS-NP) and PDMS-BD-R 
nanopattern (PDMS-BD P), both coated with spider web 
extract (+) and not (-). There was no statistically significant 
difference in the levels of cell proliferation on days 1 and 3. 
An increase in hWJ-MSCs cell proliferation was only seen 
on days 5, 7, and 14, which was statistically significantly 
different. The appendix to the Supplementary Information 
section contains more thorough information on statistical 
differences. During the process of cell development, 
differentiation, and proliferation are coordinated activities. 
The success of the chondrogenic differentiation process is 
determined by the high cell proliferation exhibited by hWJ-
MSCs. Similar to a study by Luo et al. [41], nanotubes 
topography has been shown to promote cell proliferation by 
modulating their adhesion behavior. According to Dexheimer 
et al. [42], during hMSC chondrogenesis, hWJ-MSCs cell 
proliferation and differentiation are closely synchronized. The 
rate and proliferation rate of expanded hWJ-MSCs showed 
a positive correlation to the development of chondrogenesis 
based on type II collagen accumulation, proteoglycan (GAG) 
deposition, DNA content, and the size of the chondrocyte cell 
nodules formed [43].

Matrix GAG abundance analysis
Figure 8A and B shows the quantitative and 

qualitative analysis of the abundance of the GAG proteoglycan 
matrix formed, respectively. hWJ-MSCs cells cultured on 
the PDMS-BD-R nanopattern had a different morphology 
than cells cultured on PDMS-unpattern whether coated with 
spidroin (+) or not (-). Statistically, GAG accumulation 
on day 7 between the treatment groups, whether coated 
with spidroin (+) or not (-), was not significantly different 

[38]. Furthermore, a smaller contact angle indicates enhanced 
cell attachment to the substrate, as it promotes better surface 
wettability [37].

Morphology of hWJ-MSCs cultured on PDMS-BD-R 
nanopattern

The morphology of the interaction between hWJ-
MSCs cells and the nanopattern substrate was observed using 
SEM at 72 hours. Figure 7A shows the interaction between 
hWJ-MSCs cells on the PDMS-unpattern and PDMS-BD-R 
nanopattern surfaces. hWJ-MSCs cells cultured on PDMS-
BD-R nanopattern coated with spidroin extract (Fig. 7A.3–
4) provide a better picture of interactions with the substrate 
when compared with cells cultured on PDMS-unpattern 
(Fig. 7A.1–2). On the PDMS-BD-R nanopatterned substrate, 
cells exhibit enhanced growth and alignment along the 
defined pattern. The cell density is notably higher, and the 
cytoplasm elongates, revealing pronounced extensions of 
lamellipodia and filopodia. The cells are not round (passive) 
but are elongated as a sign that the cells are carrying out 
active movements. At this stage, the cell has experienced 
an advanced stage of initial cell contact with the substrate, 
known as cell spreading. Meanwhile, hWJ-MSCs cultured 
on unpatterned PDMS exhibited reduced cell density, with 
limited intercellular interactions and suboptimal contact 
with the substrate. Additionally, the cytoplasmic extensions 
of the cells were not fully developed, resulting in the absence 
of visible lamellipodia and filopodia.

The attachment of cells to nanopattern substrates is 
mediated by restructuring of the cytoskeleton as cells change 
shape, mostly through actin cross-linking, thereby changing 
the local fluidity of the cytoplasm [39]. Cells cultured on 
nanopattern surfaces have higher cytoskeleton tension than 
cells cultured on substrates with flat surfaces, thus affecting 
their interaction with the substrate [40]. Substrates with PDMS 
material have high hydrophobicity, making it difficult for cells 
to stick. This is where the adsorbed protein obtained from 
spidroin and plasma treatment facilitates the acceleration of cell 
attachment to the substrate. Trantidou et al. [37] described the 

Figure 6. A contact angle was formed on PDMS material coated with spider web extract. (A) PDMS-BD-R nanopattern material before plasma treatment, (B) after 
plasma treatment, and (C) after plasma treatment and coated with spidroin (spider web extract). (D) WCA analysis graph. The Bluray PDMS-BD-R nanopattern, 
treated with plasma treatment and spidroin extract coating, can reduce the contact angle 5–6 times. The smaller the contact angle formed; the more hydrophilic the 
material’s properties are. Data are mean ± SD with significance marker *** (p < 0.001).



214 Unggara et al. / Journal of Applied Pharmaceutical Science 2025;15(08):206-218

In Figure 8B, hWJ-MSCs cells cultured on the 
PDMS-BD-R nanopattern were able to form chondrocyte 
nodule aggregates starting from days 7 and 14. The color 
intensity and formation of chondrocyte nodules increased on 
days 14 and 21 in the PDMS-BD-R nanopattern treatment 
group. Meanwhile, the prospective cell aggregates that will 
form chondrocyte nodules in the PDMS-NP treatment were 
only formed on the 21st day but still needed to be completely 
formed. The nodules formed are a collection of hWJ-MSCs 
cells, which condense to form chondrocyte cell aggregates 
and secrete the ECM matrix. The nodules formed are also an 
indicator of the success of the chondrogenic differentiation 
process of hMSCs [42–44].

(Fig. 8A). GAG accumulation significantly differed between 
the treatment groups seen on day 14. However, the PDMS-
BD-R nanopattern with and without spidroin coating was 
not significantly different but was significantly different 
from the treatment unpattern (PDMS NP). On the 21st day, 
the accumulation of GAG on the PDMS-BD-R nanopattern, 
whether coated with spidroin or not, significantly differed, 
with a p-value < 0.05. Meanwhile, compared to the treatment 
group without nanopatterns (PDMS NP), both with and 
without spidroin coating, they were significantly different, 
with a p-value < 0.001. This research is similar to earlier 
investigations wherein GAG matrix abundance increased on 
days 14 to 21 of the in vitro chondrogenesis process [12,16].

Figure 7. Morphology of hWJ-MSCs on PDMS-BD-R nanopattern and unpatterned PDMS using SEM. (A.1-2) Morphology of hWJ-MSCs 
cells cultured on Unpattern PDMS coated with spidroin extract at 5,000× magnification. (A3-4) Morphology of hWJ-MSCs cells cultured on 
PDMS-BD-R Nanopattern coated with spidroin extract at 5,000× magnification. (B) Proliferation graph of hWJ-MSC cells cultured on PDMS-
BD-R nanopattern and unpattern (NP) PDMS elastomers, whether coated with spidroin extract (+) or not (-). The proliferation of hWJ-MSC 
cells was measured using the MTT method on days 1, 3, 5, 7, and 14. Data are mean ± SD with significance markers * (p < 0.05) ** (p < 0.01) 
and * ** (p < 0.001).

Figure 8. (A) Quantification of matrix GAG abundance with Alcian Blue staining was measured over a period of 21 days at several points (days 
7, 14, and 21). Data are mean ± SD with significance markers * (p < 0.05), ** (p < 0.01), *** (p < 0.001), and **** (p < 0.0001), total n = 4. (B) 
Morphology of hWJ-MSC cells with Alcian Blue staining cultured on PDMS elastomer substrate coated with spidroin extract (+) and without 
spidroin extract (-) on days 7, 14, and 21. NP = Unpattern PDMS. P = PDMS BD-R nanopattern. Inset scale = 100 µm, magnification 20×.
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green color. Differences were seen in the group of hWJ-MSCs 
cells cultured on the PDMS-BD-R nanopattern surface, which 
had a higher cell density. The cells began to experience perfect 
alignment following the pattern formed on day 7. After this 
treatment, the expression of SOX9 and type 2 collagen protein 
increased compared to the hWJ-MSCs cell group incubated on 
the PDMS-unpatterned surface. 

On the 14th day, hWJ-MSCs cells cultured on the 
PDMS-BD-R nanopattern began to experience condensation 
to form chondrocyte nodules. Type 2 collagen synthesis is 
secreted more in the part of the cells that undergo condensation 
until it is visible, and the green color contrast is detectable until 
the 21st day. Meanwhile, SOX9 expression detected in the cell 
nucleus was visible starting on day 7 and increased along with 
the number of cells proliferating and differentiating until day 
21. SOX9 expression is required as an initial step for hMSCs to 
condensate, proliferate, and differentiate into chondrocyte cells. 
According to Tew and Hardingham [46], SOX9 is an important 
transcription factor directly regulating type II collagen 
expression. Upregulation of SOX9 mRNA is considered with 
the prior expression of the COL2A1 gene and numerous other 
chondrogenic indicators [46]. MSCs become chondrocyte cells. 
During the development of the chondrogenesis process until 

The condensed hMSCs are a prerequisite for 
successful chondrogenic differentiation. At this stage of 
cellular aggregation, hMSCs forming nodules (cell aggregates) 
undergo cellular communication facilitated by the expression 
of adhesion molecules such as N-cadherin, NCAM, or gap 
junctions [45]. Although this study does not molecularly 
confirm the presence of adhesion molecules, the formation of 
chondrocyte-like nodules, represents the successful completion 
of the chondrogenesis process [36,42]. The findings of this 
study align with those of Lagunas et al. [45] and Rodríguez-
Pereira et al. [36] demonstrating that the RGD-Cys-D1 PLLA 
nanopatterned substrate (a substrate combining dendrimer 
patterns with RGD measuring 70 nm in diameter and 10 nm in 
height) successfully promotes the aggregation/nodule formation 
of hAD-MSCs and hBM-MSCs. This serves as a hallmark of 
successful chondrogenesis, accompanied by increased synthesis 
of type II collagen protein.

ICC analysis of PDMS-BD-R nanopattern
Based on the ICC results, Figure 9 below shows the 

type 2 collagen protein and SOX9 expression, respectively. The 
expression of type 2 collagen begins to be synthesized on day 7 
and continues to increase until day 21, marked by a fluorescent 

Figure 9. Type II collagen and SOX9 expression with ICC on days 7, 14, and 21. Type II Collagen and SOX9 expression is marked in green, while the red color 
shows the actin protein and the blue color shows the cell nucleus. Scale: 200 µm. PDMS BD-R; PDMS nanopattern substrate. PDMS NP; PDMS substrate without 
a pattern (un-pattern).
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tension than cells cultured on substrates with flat surfaces [52]. 
The high tension of the cytoskeleton is directly proportional to 
the number of FA complexes that will be formed so that, in the 
end, it can influence the shape of the cell nucleus. The more FA 
complexes that are formed, the more cytoskeleton contractility 
will increase through polymerization and crosslinking of actin 
filaments to induce stress fiber formation [40]. Stress fibers are 
a collection of actomyosin proteins consisting of actin filaments 
and myosin motor proteins as well as other components such 
as fimbrin, fascin, alpha-actinin, and filamin [53]. A research 
review by Barlian and Vanya [54] reported that cells cultured on 
nanopattern surfaces had high FA complexes so they were well 
able to form stress fibers. Sterss fiber generated intracellular 
tension through changes in cytoskeleton contractility will cause 
deformation of the cell’s nuclear membrane, thereby increasing 
nucleopore openings, which allows high levels of mRNA 
transport and protein translation [5].

On nanopatterned surfaces, the formation of FA 
complexes promotes higher cytoskeleton tension and the 
formation of stress fibers, which affect nuclear organization and 
epigenetic processes. These epigenetic changes activate genes 
related to chondrogenesis, such as COL2A1 and SOX9. The 
combination of nanopattern engineering and spidroin protein 
coating facilitates the chondrogenic differentiation of hWJ-
MSCs without the need for biochemical regulators like growth 
factors or hormones. Based on the explanation above, the role 
of nanopatterns combined with spider web extract proteins 
is able to facilitate the induction process of chondrogenic 
differentiation of hWJ-MSCs cells without biochemical 
regulators such as growth factors/hormones. The nanopattern 
engineering in this research induces the mechanotransduction 
process, while spidroin helps attach hWJ-MSCs cells to 
the nanopattern through integrin-substrate interaction. The 
chondrogenic differentiation of hWJ-MSCs cells is most 
likely due to the interaction between hWJ-MSCs cells and 
nanopatterns, which induces the mechanotransduction process 
and ends in epigenetic modifications that activate several 
marker related to the chondrogenesis process.

CONCLUSION
PDMS-BD-R nanopatterns with ridge, groove, 

and depth patterns of 145 ± 2.67, 234 ± 8.92, and 15 ± 
0.782 nm, respectively, successfully enhanced hWJ-MSCs 
chondrogenesis. The findings of this study were positively 
correlated with increases in chondrogenesis markers. 
Chondrogenic differentiation commences on days 14 to 21, as 
evidenced by an increase in the GAG matrix, the development 
of chondrocyte cell nodules, and the expression of collagen 
type II and SOX9 proteins. However, more studies are 
needed to investigate the molecular processes regulating the 
chondrogenic pathway caused by combining nanopatterns and 
spidroin protein coating.
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the formation of hypertrophic chondrocytes, type 2 collagen 
protein, and SOX9 are the most abundant and dominant types 
of protein expressed so that they are widely used as biochemical 
markers for the continuation of the hMSCs chondrogenesis 
process [47,48].

To regulate cell function in vivo, biological and 
mechanical signals from surrounding cells and the ECM must 
be integrated [49]. In this research, the interaction between cells 
and the substrate surface is initiated with the role of protein 
coating from spider web extract (spidroin), which contains an 
RGD sequence that facilitates cell attachment to the substrate 
through integrin proteins [7]. The controlled geometrical 
features of nanopatterns, such as nano grooves and nano 
ridges on the PDMS-BD-R substrate, play a significant role in 
guiding stem cell behavior, influencing processes like adhesion, 
migration, proliferation, and differentiation. 

The regulated geometrical cues of nanopatterns 
are related to the findings of a study that showed that minor 
changes in topography can offer necessary geometrical/
physical signals in stem cell growth. The geometric cues that 
influence this research are patterns in the form of nano grooves 
and nano ridges that form on the surface. In several studies, it 
has been proven that geometrical cues regulated by topography 
engineering are able to influence the processes of adhesion, 
migration, proliferation, and differentiation of hMSCs [5,6]. 
Nanopatterns provide geometric signals and mechanical forces 
to cells, thereby influencing cell function and morphology. 
Both responses are transmitted as mechanical signals from 
the substrate to the nucleus, becoming a molecular process 
collectively known as mechanotransduction, the mechanical 
forces transmitted from the substrate to the nucleus impact cell 
function and morphology [9].

The synergistic interaction between specific 
nanopattern geometries (ridge/groove) and Spidroin 
protein can modulate cell differentiation through the 
mechanotransduction process. Mechanotransduction in this 
study involves the translation of mechanical signals into 
biochemical signals that affect the cytoskeleton and its 
interaction with the nucleus [49,50]. hWJ-MSCs cultured 
on PDMS-BD-R+Spidroin can sense the nanotopographic 
contours of the substrate through FA formation. This leads to 
an increased clustering of integrins and adhesion molecules 
around the cells, which determines the number and 
distribution of FA formed. The higher the FA formation, the 
more significant the changes in cytoskeletal organization and 
structure, particularly in inducing intracellular tension. The 
attachment of cells to the substrate activates a FA complex, 
which involves proteins like talin, vinculin, and focal 
adhesion kinase [51]. This leads to increased cytoskeleton 
tension, influencing cell differentiation. The formation of FA 
complexes due to the interaction of cells with nanopatterns 
causes tension in the cytoskeleton, which can ultimately 
influence cell differentiation.

The specific cellular signaling pathways activated 
in hWJ-MSCs upon interaction with the defined nanoscale 
ridge/groove patterns include integrin-mediated signaling and 
cytoskeletal reorganization. Based on Tsimbouri et al. [40], 
cells cultured on nanopattern surfaces have higher cytoskeleton 
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