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ABSTRACT
Regenerating articular cartilagewithin osteoarthritis (OA)-affected joints remains a long-standing challenge. This study introduces
a novel chemically modified silk-based biomaterial to modulate key signaling pathways involved in OA and cartilage repair. The
designed biomaterial concurrently inhibits the bonemorphogenetic protein (BMP) signaling, aberrantly activated during OA, and
inherently facilitatesWnt/β-catenin signaling, a crucial factor for chondrogenesis and cartilage homeostasis. The dual modulation
was achieved by covalently conjugating the potent BMP inhibitor LDN-193189 to the Silk Fibroin–Gelatin (SF-G) bioink. The
chemically decorated SF-G construct served as a biomimetic delivery platform and a mechanically robust support, ideally suited
for regenerating load-bearing articular cartilage. The functionalized material was implanted into a critical-sized cartilage defect
in the rat femoral trochlear groove, which had been previously subjected to OA by anterior cruciate ligament transection. The
results confirmed successful neocartilage regeneration, evidenced by dense SafraninO staining and expression of cartilage-specific
collagen. The absence of hypertrophic markers, fibrocartilage, and inflammation indicates the authenticity of hyaline cartilage
formation in a severe OA microenvironment. Overall, the LDN-193189-conjugated SF-G construct overcame the challenges of
maintaining phenotypic stability in articular cartilage of OA joints, representing a promising regenerative approach for restoring
lost cartilage.
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Introduction

steoarthritis (OA) affects more than 500 million people world-
ide, with its predicted burden increasing dramatically in the
oming decade [1]. Considered a disease of the knee joint,
ayeda Fauzia Iqbal and Nilotpal Majumder contributed equally to this work.
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articular cartilage degeneration is a hallmark of OA progression,
with its etiology ranging from age, excessive physical exertion,
mechanical injury, or metabolic disorders such as obesity or
hyperglycemia [2, 3]. Existing treatment modalities are limited
to disease-modifying pharmacological agents aimed at pain
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anagement or surgical procedures (Unicompartmental or Total
nee Arthroplasty (TKA)) in extreme clinical scenarios [4,
]. Apart from being expensive, TKA is often associated with
erious deterioration of quality of life, with increased chances of
nfections and joint morbidity at the surgery site [4]. Therefore,
he primary aim of treatmentmodalities should be to achieve per-
anent solutions, such as regenerating the degenerated articular
artilage at the inflamed joint site.

rticular cartilage is the most affected tissue type in OA,
arked by extensive degradation of extracellular matrix (ECM)
omponents, apoptosis of tissue-resident chondrocytes, matrix
alcification, and neovascularization [6]. Several attempts have
een made in recent decades to engineer articular cartilage in
itro using a range of biomaterials [7, 8], cell sources [9, 10],
abricationmethods [11, 12], and culture conditions [13]. Although
ngineered articular cartilage grafts demonstrate anatomical and
olecular traits similar to those of native cartilage, none of these
trategies have yet rendered clinically feasible outcomes that
ompletely abrogateOAprogression and simultaneously promote
eo-cartilage regeneration. A major reason for this blockade lies
n the poor understanding of the molecular signatures associated
ith the physiological alterations of articular cartilage and its
urrounding microenvironment during the pathological progres-
ion of OA. Our understanding is limited to the degenerative
ature of articular cartilage, characterized by a highly degraded
CM, hypertrophic chondrocytes (enlarged and aggregated), and
oss of matrix elasticity, which inhibits natural healing and
an lead to ossification of the remaining cartilage tissue [14,
5]. Additionally, the roles of reactive oxygen species (ROS)
16], chronic inflammation, and increased proteases [17] in the
urrounding niche exacerbate chondrocyte apoptosis and matrix
egradation, as well documented. However, the reasons for these
ailed strategies remain unaddressed, as the rationale for these
nwarranted physiological occurrences remains unclear.

key cellular event for such an aberrant physiological phe-
omenon in the articular cartilage tissue is the “chondrocyte
ypertrophy andhypersecretion”,molecularly defined by the acti-
ation of several pro-osteogenic signaling pathways like Indian
edgehog (IHH) [18, 19], Bone morphogenetic protein (BMP)
20], etc., further leading to a “bone-like” vascularized tissue
ormation with enhanced expression levels of osteogenicmarkers
ike matrix metalloproteases (MMP1/13), runt related transcrip-
ion factor (RUNX2), collagen type X alpha chain (COL10A1)
21]. A plethora of reasons has been hypothesized for the occur-
ence of hypertrophy during in vitro chondrogenesis, includ-
ng regular chondrogenic media supplements [21], a hypoxic
icroenvironment [22], or imbalanced mechanical loading [23],
hich contribute to the onset of hypertrophic differentiation of
tem cells or chondrocytes. However, in the adult knee joint,
ypertrophic differentiation of chondrocytes is triggered by the
equirement of stiffer cartilagematrix, i.e., collagen typeX (ColX),
o compensate for the uneven mechanical loading due to injury
r loss of cartilage integrity. BMP signaling is a major regulator of
ypertrophic differentiation. BMP2/4 is significantly upregulated
n human osteoarthritic tissues [24]. Pre-treating engineered
artilage with a BMP inhibitor helps to maintain its hyaline
haracteristics when implanted subdermally in an ex vivo model
25]. Recently, Jaswal et al. also demonstrated that in situ inhibi-
ion of BMP signaling blocks the progression of OA, even when
of 18
administered after the onset of surgically induced OA in a mouse
model [20]. Suppressing osteoarthritic influence is a formidable
challenge during the implantation of tissue-engineered cartilage
grafts; biomaterial-assisted neocartilage regeneration is under-
way. Current strategies, such as microfracture and autologous
chondrocyte implantation, can result in hypertrophy and the
formation of fibrocartilage. Sustained delivery of BMP signaling
inhibitor in the intra-articular cavity can provide an anti-catabolic
environment by further repressing chondrocyte hypertrophy and
inflammatory conditions, and promote deposition of cartilage
ECM.

Silk fibroin is an FDA-approved, versatile biomaterial widely used
by researchers worldwide for various biomedical applications
[26]. The unique, tailorablemechanics, biocompatibility, and ease
of chemical modifications have rendered it useful for engineering
a range of hard and soft tissues, including meniscus [27], load-
bearing bones [28], nerve conduits [29], and skin [30]. Prior
research from our lab has demonstrated the advantages of using
SF-G bioink and 3D bioprinting technology to fabricate tissue-
engineered cartilage constructs, elucidating various aspects of
cartilage tissue engineering. A comparison study of 3D spheroids
and dispersed human bone marrow-derived mesenchymal stem
cells (hBMSCs) and articular chondrocytes, embedded within
SF-G bioink, demonstrated that chondrocytes exhibit superior
anti-hypertrophic characteristics over hBMSCs [31]. Chawla et al.
have also demonstrated the pro-chondrogenic role of encapsu-
lated murine BMSCs, in addition to the inherent upregulation of
the Wnt/β-catenin pathway by the SF-G bioink, a key signaling
cascade that regulates chondrogenesis and cartilage homeostasis
[32–34]. However, exogenous supplementation of the biochemi-
cal mediators in the culture medium requires frequent replenish-
ment due to their short half-lives, like 24 h for TGFβ3 or 4 h for
LDN-193189, which reduces their bioavailability and makes the
process expensive. This challenge was addressed by Majumder
et al., who demonstrated the superiority of covalent conjugation
over exogenous supplementation for the overall chondrogenic
profile of hBMSCs [9]. They further investigated the potential of
the chemically modified SF-G bioink for chondrogenic differenti-
ation and formaintaining a stable chondrogenic phenotype under
in vitro OA-mimicking conditions [35]. In this study, different
pro-chondrogenic and anti-hypertrophic small molecules (LDN-
193189, TGFβ3, and Interleukin 1 receptor antagonist (IL-1Ra))
were covalently conjugated to SF-G bioink to impart sustained
delivery to hBMSCs [35]. Additionally, they demonstrated down-
regulation of the Wnt pathway inhibitor Dickkopf (DKK) in the
LDN-193189-conjugated SF-G 3D bioprinted group encapsulated
with human BMSCs. This indicated upregulation of the Wnt/β-
catenin pathway, which maintained a stable articular cartilage
phenotypewhen primedunder in vitroOA-mimicking conditions
[35]. However, evaluating the anti-hypertrophic properties and
neo-cartilage regeneration of the tissue-engineered product in
an animal model is of utmost importance, given the more
complex joint niche, which involves a multitude of cell types
and inflammatory cytokine cocktails. Several reports have shown
that engineered cartilage constructs can heal cartilage defects
in vivo when transplanted into full-thickness defects [36–38].
Nevertheless, none of the studies reported regeneration of the
full-thickness cartilage defect in an osteoarthritic inflamma-
tory condition [39, 40]. Since, in the advanced stage of OA,
the joint suffers heavy cartilage loss, OA treatment strategies
Advanced Healthcare Materials, 2026
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ust evolve to support neocartilage formation within the OA
iche.

he present study addresses this challenge through the fabrica-
ion of a chemically defined silk-based biomaterial that supports
he regeneration of articular cartilagewithin a severeOA-afflicted
at joint. We hypothesized that a single biomaterial construct
ould provide adequate mechanical resilience while simulta-
eously upregulating pro-articular cartilage Wnt/β-catenin sig-
aling [32, 33, 35] and downregulate the pro-ossification BMP
ignaling pathway as well as impart immunomodulatory effects
o the surrounding OA niche. The sustained anti-osteoarthritic
onditions can be achieved through covalent conjugation of
MP inhibitor, LDN-193189, into the SF-G bioink that can aid
n articular cartilage regeneration in the OA knee joint, while
imultaneously maintaining the hyaline nature of neocartilage.
herefore, while designing this study, we raised the following
uestions:

▪ Can chemically decorated SF-G material support in vitro
chondrogenesis?

▪ When implanted in a full-thickness defect of an osteoarthritic
rat knee, will this chemically defined SF-G biomaterial sup-
port neo-cartilage formation by inhibiting the BMP signaling
pathway?

▪ Will the new cartilage regenerate within the full-thickness
defect of an OA rat model retain hyaline cartilage characteris-
tics, inhibit chondrocyte hypertrophy and hypersecretion, and
maintain a stable articular cartilage phenotype?

▪ Can this new SF-G biomaterial modulate the inflammatory
characteristics of the surrounding OA cartilage tissue niche?

he constructs were implanted within a full-thickness cartilage
efect in the rat femoral trochlear groove, which had already been
ubjected to anterior cruciate ligament transection (ACLT) for
he surgical induction of OA. Post-harvest, the knee joints were
ssessed for cartilage regeneration using radiological, histologi-
al, andmolecularmethods. Results fromour study demonstrated
uccessful neo-articular cartilage regeneration in the SF-G-LDN-
93189 group at 4 months post-implantation within the defect site
f the OA rat model, corroborating our hypothesis.

Results

.1 Evaluation of Physicochemical Properties
nd Mechanical Resilience of the LDN-193189
onjugated 3D Printed SF-G Constructs

he physicochemical and mechanical properties of the SF-G-
DN-193189 3D-printed construct were first evaluated in vitro
o assess its potential to regenerate neo-cartilage under in vivo
A conditions (Figure 1a). Figure 1b demonstrates a digital and
orresponding microscopic image of a 6-layered 3D bioprinted
hemically-modified SF-G constructs embedded with rat bone
arrow-derived mesenchymal stem cells (rat BMSCs) with an
nter-filament pore distance of 1.5 mm, indicating adequate
rintability of the chemically decorated SF-G bioink. The degra-
ation rate of the 3D bioprinted SF-G-based constructs was
dvanced Healthcare Materials, 2026
evaluated to determine their structural stability and resilience
under osteoarthritic conditions in the knee joint. The degradation
rate of the LDN-193189-conjugated SF-G bioprinted constructs
showed a 65% mass fraction remnant on day 14, corresponding
to a 35% degradation of the SF-G constructs when incubated in
PBS at 37◦C for 14 days (Figure 1c,d). The swelling analysis of
the SF-G constructs showed an increasing trend from day 1 to
day 14, with a 10% increase on day 1 to an 80% increase on day
14, comparable to SF-G-LDN-193189 (Figure 1e,f). Such water-
imbibing characteristics correspond to the construct’s behavior
in the presence of synovial fluid, blood, and other interstitial
fluids within the knee joint. The mechanical properties of the
implanted construct were evaluated as a function of thickness
loss by applying a specified load for a given period. The com-
pressibility, recoverability, and load exhibited an interdependent
relationship, with the highest compressibility observed at the
highest load (500 gf/cm2). In contrast, the highest recoverability
was observed for the lower load ranges on the construct (20–100
gf/cm2) (Figure 1g–i and Figure S1). Such mechanical proper-
ties will enable the constructs to withstand the compression
forces when implanted in the knee joints of osteoarthritic rat
models.

Atomic Force Microscopy (AFM) analysis provided direct infor-
mation on nanoscale topography, indentation depth profiles, and
localized mechanical heterogeneity across the samples. The SF-
G-CyCl-LDN group (Figure 1j i–iii) showed the most pronounced
alterations in topography and nanoscale mechanics. The height
sensor map revealed an overall height range (−14.7 to +17.3 µm),
demonstrating a controlled and optimal average roughness com-
pared to random irregularity. The PeakForce error distribution
spans from −2.9 to +2.6 nN, suggesting minimal heterogeneity
in stiffness and an optimal load distribution across the surface.
However, the SF-G-LDN (Figure 1j iv–vi) (−1.8 to +2.6 µm)
and SF-G (Figure 1j vii–ix) (−1.3 to +6.1 µm) control groups
demonstrated relatively smooth, weakly structured, gradient-
driven surface topologies with moderate height variation. The
PeakForce error map revealed an irregular, broader distribution
of −4.2 to +2.1 nN (SF-G-LDN) and −3.6 to +3.7 nN (SF-G),
respectively, demonstrating non-uniform nanoscale interactions.

2.2 The 3D Bioprinted Chemically Modified SF-G
Construct Promoted In Vitro Chondrogenesis of the
Encapsulated Rat BMSCs

Next, we investigated the in vitro chondrogenesis potential of
the 3D bioprinted chemically modified SF-G construct with
encapsulated rat BMSCs. A proof-of-concept cytocompatibility
assessment demonstrated no significant difference in cellular
proliferation (measured as a function of Alamar blue intensity)
between chemically-modified and unmodified SF-G constructs,
indicating the cell-friendly characteristics of the chemical modi-
fication (Figure S2). Compared to the SF-G control, an enhanced
expression of collagen type II (ColII) (Figure 2a)with a downregu-
lated expression of the hypertrophic ColX (Figure 2b) protein was
observed by immunofluorescence analysis in the 3D bioprinted
SF-G-LDN-193189 group at day 28. The qPCR analysis of the
ECM marker gene collagen type II alpha chain (COL2A1) and
SRY box transcription factor 9 (SOX9) demonstrated a 5-times
(p < 0.05) and 1.6-times (p < 0.05) higher expression in the SF-
3 of 18
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FIGURE 1 Physicochemical characterization of the chemically modified SF-G constructs (a) Schematic representation of in vitro physical,
mechanical and biological characterization of 3D bioprinted LDN-193189 SF-G constructs, (b) Representative images of 3D bioprinted chemically
modified SF-G constructs with rat BMSCs (Scale bar: 200 µm), (c) Representative microscopic image of 3D bioprinted SF-G-LDN constructs before
(day 1) and after (day 14) degradation (Scale bar: 100 µm), (d) Comparative degradation profile of SF-G constructs with and without LDN conjugation
(n = 3), (e) Representative microscopic image of 3D bioprinted SF-G-LDN constructs before (day 1) and after (day 14) swelling, (Scale bar: 500 µm) (f)
Comparative swelling profile of SF-G constructs with and without LDN conjugation (n= 3), (g–i) Compressibility and recoverability of LDN-conjugated
3D bioprinted SF-G constructs (n = 3) immediately following enzymatic crosslinking with mushroom tyrosinase (same day as construct preparation)
and (j) AFM analysis of chemically modified and unmodified SF-G films.

4 of 18 Advanced Healthcare Materials, 2026
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FIGURE 2 In vitro biological characterization of the 3D bioprinted SF-G-LDN-193189 constructs. (a) Immunofluorescence analysis of collagen
II expression in LDN-193189-conjugated and control 3D bioprinted SF-G constructs, (b) Immunofluorescence analysis of collagen X expression in
LDN-193189-conjugated and control 3D bioprinted SF-G constructs, (c) Safranin O staining in LDN-193189-conjugated and control 3D bioprinted SF-
G constructs, (d) Gene expression analysis of chondrogenic and hypertrophic marker genes in LDN-193189-conjugated and control 3D bioprinted SF-G
constructs (n = 3), and (e) Biochemical estimation in LDN-193189-conjugated and control 3D bioprinted SF-G constructs (n = 3) (*p < 0.05, **p < 0.01
and ***p < 0.001).
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-LDN-193189 group than in the SF-G control group at day 28.
ithin the LDN-193189 conjugated group, COL2A1 expression
as 6.6-fold higher from day 14 to day 28, indicating adequate
eposition of the collagen type II matrix and chondrogenesis.
he expression levels of the hypertrophic marker genes COL10A1
nd MMP-13 were downregulated in the LDN-193189-conjugated
roup compared to the control group on day 28 (Figure 2d). This
as further supported by Safranin O staining (Figure 2c) and by
nflammatory mediator measurements, which showed enhanced
GAG deposition and decreased levels of nitrite, nitric oxide, and
ipid peroxidation in the LDN-193189-conjugated SF-G group at
ay 28 compared to the control (Figure 2e).

.3 LDN-193189-Conjugated SF-G Construct
ncouraged Cartilage Repair and Proteoglycan
estorationWithin Full-Thickness Cartilage Defects
n the OA Rat Knee Joint

urthermore, to validate the chondrogenic potential of the 3D
rinted SF-G-LDN-193189 construct in vivo under OA conditions,
e implanted these constructs into critical-sized cartilage defects
dvanced Healthcare Materials, 2026
in rat knee articular cartilage after 28 days of ACL transection
(Figure 3a). The knee joints were harvested at two different
time points (2 months and 4 months) post-implantation of the
modified and unmodified SF-G constructs. Gross morphological
examination revealed no obvious healing in any of the groups
2 months post-implantation. Compared to the No construct
group and only SF-G constructs (the group representing the
SF-G construct lacking LDN-193189), signs of neocartilage for-
mation were visible in the SF-G-LDN-193189 group 4 months
post-implantation in the defect site (Figure 3b i–viii).

A µCT scanning technique was utilized to analyze the presence
of osteophyte formation at the defect site. Fewer osteophytes
were observed in the SF-G-LDN-193189-implanted constructs
compared with the other groups. In the group containing the
implanted SF-G-LDN-193189 construct, the damage is restricted
to the defect site only, both in post-implantation 2-month and 4-
month harvested samples, whereas, in the No construct group
or in the SF-G group, the defect was widened, exposing the
subchondral bone beneath it, indicative of the degraded articular
cartilage in the regions surrounding the defect site. (Figure 3c
i–viii).
5 of 18
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FIGURE 3 LDN-193189-conjugated SF-G constructs promote site-specific cartilage repair and proteoglycan restoration within cartilage defects in
the rat OA knee joint. (a) Schematic representation of the experimental strategy for implantation of SF-G-LDN-193189 conjugated constructs in a full-
thickness cartilage defect model post-ACLT day 28. (b) (i–viii): Gross morphology of the knee joint depicting various experimental groups post 2 months
and 4months implantation (Scale bar: 1mm;n= 4), (c) (i–viii): 3D rendering volumetricmicro-CT scanning of knee joints depicting experimental groups,
(d) (i–iv): Histopathological (Safranin O/Fast Green) staining of post-implantation 4months (Scale bar: 200 µm; n= 4)., (e) Blind OARSI scoring, Brown-
Forsythe test (ANOVA), and Tukey’s multiple comparison tests were performed to assess the significance and simultaneous comparison of the multiple
sets. We compared the means of Unmanipulated vs. ACLT + Defect + No construct group, p = 0.0001(***); ACLT + Defect + No construct group vs.
ACLT + Defect + SF-G-LDN-193189, p = 0.0009(***); and ACLT + Defect + SF-G vs. ACLT + Defect + SF-G-LDN-193189, p = 0.0009(***).
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oreover, we confirmed the presence of sulfated proteoglycans
sGAGs) using classical histological methods. We performed
afranin-O staining on tissue sections obtained from all exper-
mental groups after 4 months of implantation (Figure 3d).
ompared to the No construct (Figure 3d ii) and SF-G implanted
of 18
(Figure 3d iii) samples, a deep-red Safranin O staining was
observed in the defect site of SF-G-LDN-193189 (Figure 3d iv)
group, which was comparable to the unmanipulated group
(Figure 3d i). Further, the significantly lower OARSI score for the
SF-G-LDN-193189 group confirms the presence of better cartilage
Advanced Healthcare Materials, 2026
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ntegrity as compared to the No construct or the SF-G group (p =
.001) (Figure 3e).

.4 Sustained Inhibition of BMP Cascade by
DN-193189-Conjugated 3D Printed Constructs
romotes Regeneration of Hyaline Cartilage Within
he Full-Thickness Defects in the Rat OA Knee Joint

o evaluate the functional activity of LDN-193189 released from
he SF-G-LDN-193189 constructs, the 3D printed constructs
ere incubated in DMEM supplemented with 10% FBS on a
ocker at room temperature for 1, 4, and 7 days. Conditioned
edia were collected at each time point and applied to serum-
tarved BRITER cells, a BMP-responsive immortalized osteoblast
eporter line carrying a dual luciferase construct (pGL4.28-BRE-
FLuc-IRES-RRLuc) that quantifies BMP signaling via firefly
uciferase activity normalized to Renilla luciferase (Figure S4)
41]. Cells were treated with recombinant BMP2 alone (control),
MP2 with 200 nm LDN-193189, or BMP2 with media containing
eleased LDN-193189 (Table S1). After 6 h of treatment, luciferase
ctivity was measured using a dual-luciferase assay. The results
emonstrated a significant reduction in BMP-induced luciferase
ctivity in cells treated with conditioned media collected on
ays 4–7, compared with control cells exposed to BMP2 alone.
his indicates that the LDN-193189 released from the construct
emained stable and biologically active over this time period,
ffectively inhibiting BMP signaling as measured by the dual
uciferase reporter assay (Figure 4a i–iii). Additionally, the inhi-
ition of BMP signaling by the SF-G-LDN-193189 group in the
at knee jointwas confirmed by pSMAD1/5/9 immunohistochem-
stry. Compared to the No construct (Figure 4b ii) and SF-G
mplanted (Figure 4b iii) specimens, we observed downregulated
SMAD1/5/9 expression in the defect site of the SF-G-LDN-193189
roup (Figure 4b iv), comparable to the unmanipulated ones
Figure 4b i).

.5 LDN-193189 Conjugated 3D Printed
onstructs Promote Hyaline Cartilage Regeneration
nd Suppress Hypertrophy and Fibrocartilage
ormationWithin Full-Thickness Cartilage Defects
n the Rat OA Knee Joint

inally, we investigated whether the SF-G-LDN-193189 construct
ould induce neocartilage formation in a rat femoral trochlear
artilage defect already affected by OA. To address this objective,
e implanted the SF-G-LDN-193189 constructs with correspond-
ng controls. Post 2-month implantation, no ColII expression was
bserved in the No construct or any of the construct-implanted
roups. Further, we observed the absence of ColX expression
n the LDN-193189 conjugated SF-G implanted group only, as
ompared to the No construct or SF-G without LDN-193189
pecimens (Figure 5a i–iv, b i–iv).

t 2 months post-implantation, evidence of cell homing from
he surrounding tissue into the defect site was observed in the
pecimens implanted with SF-G (Figure 5a iii) or SF-G-LDN-
93189 (Figure 5a iv) and even in theNo construct group (Figure 5a
i). However, 4 months post-implantation, only in the SF-G-
DN-193189 group (Figure 5a viii) was strong ColII expression
dvanced Healthcare Materials, 2026
observed, suggesting that this construct enables migrated cells
to survive and differentiate into healthy chondrocytes (Figure 5a
viii). Further, we did not observe a significant level of ColX
expression in the regenerated cartilage (Figure 5b vii). It should
be noted that comparing the quantitative expression levels of
different markers between the SF-G-LDN-193189 group and the
No construct or SF-G group was not possible, as very few cells, if
any, were present within the defect site in these two groups.

The expression profile of ColI in the tissue sections from all
the experimental groups was examined to confirm the absence
of fibrocartilage, which consists of a mixture of ColI and ColII.
We observed that in the 4 months post-implantation, the SF-G
group lacking LDN-193189 showed ColI expression in cells that
migrated into the defect site (Figure 5c vii). In contrast, in the 2
months post-implantation of the SF-G group lacking LDN-193189
(Figure 5c iii) or in samples where no construct was implanted,
we observed that although no tissue regenerated at the defect
site, the subchondral bone beneath was exposed, as evidenced
by ColI immunoreactivity on its surface. (Figure 5c ii,iii,vi). In
contrast, we observed a low level of ColI expression 2 months
post-implantation at the surface of the defect site where SF-G-
LDN-193189 was implanted (Figure 5c iv), but cells within the
defect site did not express ColI. Moreover, in the 4 months post-
implantation samples, no ColI expression was observed either on
the surface or in the interior of the defect site (Figure 5c viii).
It is possible that the cells that migrated to the surface of the
SF-G-LDN-193189 implanted post-2months initially formed some
fibrocartilage; however, by 4 months, more cells infiltrated the
defect site from the bonemarrow, replacing the ColI-positive cells
with healthy articular chondrocytes.

2.6 LDN-193189-Conjugated 3D Printed
Constructs Attenuate Inflammatory Pathways to
Create a Pro-Regenerative NicheWithin Cartilage
Defects in the Rat OA Knee Joint

Earlier, it was demonstrated that intra-articular injection of LDN-
193189 in surgically induced OA joints prevented inflammation
and the onset of hypertrophy [20]. Therefore, the presence of
the inflammatory marker Nuclear Factor kappa B (NFκB) was
investigated in all the experimental groups. NFκB serves as a
pivotal mediator of the inflammatory response in the joint, facil-
itating cartilage degradation and maintaining bone homeostasis
[42]. Compared to the No construct group (Figure 6a ii,ii’,vi,vi’) or
SF-G implanted group (Figure 6a iii,iii’,vii,vii’), where significant
NFκB expression was observed at the defect site post 2 months
and 4 months implantation, no detectable NFκB expression
was observed in the newly formed tissue at the defect site in
the SF-G-LDN-193189 group (Figure 6a iv,iv’,viii,viii’), similar to
the unmanipulated group (Figure 6a i,i’,v,v’). Absence of NFκB
expression in the SF-G-LDN-193189 group indicates the presence
of a favorable environment for cartilage regeneration.

3 Discussion

Strategies to regenerate articular cartilage tissue have been
adopted by researchers worldwide, utilizing a varying combina-
tion of biomaterials (alginate [7], chitosan [43], collagen [44], silk
7 of 18
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FIGURE 4 LDN-193189-conjugated 3D printed constructs inhibited the BMP signaling pathway in cartilage defects within the rat OA knee joint.
(a) (i–iii) Dual Luciferase reporter assay (BRITER), (n = 3); BMP2 vs. BMP2 +LDN-193189 (200 nm) p-value < 0.0001, BMP2 vs. BMP2 + LDN-193189 1D
(media collected after 1day LDN-193189 release) p-value < 0.0001, BMP2 + LDN-193189 4D (media collected after 4 days LDN-193189 release) p-value =
0.0041, BMP2 + LDN-193189 7D (media collected after 7 days LDN-193189 release) p-value 0.0004; (b) (i–iv): pSMAD1/5/9 immunostaining of rat knee
joint post 4 months implantation for different experimental groups. (Scale:100 µm; n = 4).

8 of 18 Advanced Healthcare Materials, 2026
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FIGURE 5 LDN-193189-conjugated 3D printed constructs promote regeneration of hyaline cartilage and suppress hypertrophy in cartilage defects
in the rat OA knee joint. (a) (i–iv) ColII immunostaining of rat knee joint of post 2-months implantation and (a) (v–viii) post 4-months implantation
for different experimental groups (Scale bar: 100 µm; n = 4), (b) (i–iv) ColX immunostaining of rat knee joint of post 2-months implantation and (b)
(v–viii) post 4-months implantation for different experimental groups (Scale bar: 100 µm; n = 4), (c) (i–iv) ColI immunostaining of rat knee joint of post
2-months and (c) (v–viii) post 4-months implantation for different experimental groups (Scale bar: 100 µm; n = 4). White boxes mark the site of the
created defect area.
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45], etc.) and cell types (articular chondrocytes [46], adipose-
erived stem cells [47], or bone marrow-derived mesenchymal
tem cells [31]). Our research group has also investigated various
ypotheses concerning chondrogenic differentiation, including a
omparative chondrogenesis profile between hBMSCs and artic-
lar chondrocytes [31], 3D spheroids vs. single cells embedded
n SF-G bioink [31], the role of TGFβ isoforms (TGFβ1 [32]
nd TGFβ3 [33]) in chondrogenesis, and the anti-inflammatory
2 macrophage-mediated mitigation of OA [12]. We have also
dvanced Healthcare Materials, 2026
demonstrated the superior role of covalently conjugating chon-
drogenic growth factors into our matrix over their exogenous
supplementation in promoting the chondrogenic differentiation
of human bone marrow stromal cells (hBMSCs) [9]. Despite
advances in tissue engineering, a lack of understanding of the
signaling mechanisms underlying embryonic cartilage develop-
ment and the onset of chondrocyte hypertrophy in implanted
cartilage grafts has rendered these approaches futile for the past
40 years. The present study demonstrated the development of a
9 of 18
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FIGURE 6 LDN-193189 Conjugated 3D printed constructs attenuate inflammatory pathways to create a pro-regenerative niche in cartilage defects
within the rat OA knee joint. (a) (i–iv) NFĸB immunostaining of the rat knee joint after 2 months of implantation, (Scale bar:100 µm), and (i’–iv’)
Magnified cross-section of the defect site in (i–iv), (Scale bar: 200 µm), (b) (v–viii) NFĸB immunostaining of the rat knee joint after 4 months of
implantation for different experimental groups, (Scale bar: 100 µm), (v’–viii’) Magnified cross-section of the defect site, (Scale bar: 200 µm; n = 4).
White dashed boxes mark the created defect site; (i’–viii’) are the magnified cross-sections of (i–viii).
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ovel chemically modified SF-G construct for the regeneration
f articular cartilage in an osteoarthritic knee joint. The BMP
ignaling pathway plays a significant role in the progression of
A [48]. Furthermore, it has been reported that surgical induc-
ion of OA upregulates the BMP signaling cascade in articular
hondrocytes, leading to increased proliferation, a phenomenon
ndetectable in healthy tissue. Additionally, the Wnt signaling
ascade is a key regulator of articular cartilage phenotype main-
enance and regeneration [49]. However, an imbalance in Wnt
ctivation can also potentiate OA progression [50]. Therefore,
e adopted a strategy based on the principles of developmental
iology to induce articular cartilage regeneration in an in vivo
A microenvironment by simultaneously inhibiting the BMP
ignaling pathway through the covalent conjugation of the BMP
nhibitor LDN-193189 and the inherent upregulation of the Wnt
ignaling cascade using the SF-G bioink [32, 33, 35].

o validate our first hypothesis regarding the physicochemical
haracterization and in vitro chondrogenic potential of our
hemically decorated 3D bioprinted SF-G constructs, we have
mployed detailed biological and material characterization tech-
0 of 18
niques. The SF-G polymer blend has been used as a versatile
bioink for cartilage tissue engineering applications [31, 51].
Small-molecule regulators play a significant role in governing
cartilage tissue morphogenesis by modulating associated cell
signaling cascades [21, 34]. Therefore, LDN-193189 was covalently
conjugated to our SF biomaterial prior to 3D bioprinting using
the cyanuric chloride (CyCl) method to increase the temporal
bioavailability of the smallmolecule to the embedded cells, which
would otherwise require frequent replenishment due to shorter
half-life, making the culture process expensive and cumbersome.
Therefore, this covalent conjugation strategy will be beneficial
for the in vivo implantation by not only inhibiting hypertrophy
via BMP pathway inhibition but also temporally priming the
infiltrating cells to differentiate into articular chondrocytes.
The chemically modified silk was further supplemented with
gelatin to impart additional cytocompatibility and shear-thinning
properties before 3D bioprinting [26]. Such covalent attachment,
as confirmed by ATR-FTIR and molecular modeling, ensured
a sustained release profile after implantation of the constructs
into full-thickness cartilage defect sites [35]. To ensure that these
constructs support chondrogenesis, chemically modified SF-G
Advanced Healthcare Materials, 2026
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onstructs were 3D bioprinted with rat BMSCs and then incu-
ated in chondrogenic medium for 28 days. The 3D bioprinted
ell-laden SF-G constructs for in vitro chondrogenesis evalua-
ion exhibited a 6-layered structure with an inter-filament pore
imension of 1.5 mm, ensuring adequate pore interconnectivity
nd nutrient transfer. The incorporation of rat BMSCs at a cell
ensity of 1 million cells/mL into the SF-G bioink did not alter
he rheological and printability properties of the bioink [52]. The
hemically modified 3D bioprinted SF-G constructs also demon-
trated enhanced stability compared to the unmodified SF-G
roup, with a 65% remaining mass fraction at day 14, possibly due
o an increase in beta-sheet content resulting fromCyCl chemical
odification, which rendered increased structural integrity [35].
he increased structural stability of the chemically modified SF-
constructs was further corroborated by mechanical testing,
hich showed approximately 50% compressibility under a high
ompression force of 500 gf/cm2. Thus, the developed 3D bio-
rinted SF-G-LDN-193189 hydrogel demonstrated a compressive
olerance of∼50 kPawithhigh structural recoverability (∼10 kPa),
ndicating permissiveness to higher mechanical deformation
ithout complete failure. Although the mechanical strength
alue is comparatively lower than the compressive modulus of
ative human articular cartilage (240–1000 kPa) [53], typical
ydrogel constructs tend to exhibit one order of magnitude lower
odulus values than native cartilage, designed primarily to allow
hondrocyte infiltration and cartilage-specific ECM secretion
53].However, the induction of β-sheet crystallization within the
hemically modified SF-G matrices following implantation and
xposure to physiological conditions (temperature, pH, body flu-
ds) [54, 55] can enhance structural stability [56] and further con-
ribute to construct integration at the defect site. The mechanical
ariability is further evident in the AFM data of the SF-G-CyCl-
DN group, demonstrating controlled roughness and an optimal
orce distribution across the biomaterial surface. Such behavior
s consistent with the synergistic effects of covalently conjugating
DN-193189 to CyCl, which significantly increase the β-sheet
ontent, likely inducing microstructural rearrangements and
ocalized stiffening zones within the fibroinmatrix [35] compared
o the direct LDNencapsulation to the SF-Gmatrix. Therefore, 3D
ioprinting of the chemically decorated SF-G constructs provided
dditional advantages over conventional scaffolding techniques
y providing spatiotemporal cues [26] and topological signals
a mechanically stable porous structure), along with increased
ioavailability of the small molecule within the construct, to
upport the successful in vitro chondrogenic differentiation of
ncapsulated rat BMSCs. Spatiotemporal cues, such as dynamic
timulus-based bioprinting approaches, significantly upregulate
rticular cartilage-specific gene expression, with enhanced COL-
I and glycosaminoglycan secretion compared to static SF-G
onstructs [57]. In our study, the 3D bioprinting technique with
ncapsulated rat BMSCs promoted shear-induced alignment of
ells along the printing direction, thereby enabling homogeneous
ellular distribution and efficient nutrient exchange within the
D constructs [26]. The shear force further allowed the alignment
f collagen fibres along the surface of the 3D construct [58]
ith the elongated cellular morphology, similar to the native
artilage superficial zone. Additionally, the sequential release of
he covalently tethered BMP inhibitor, LDN-193189, from the SF-
constructs [35] established a small-molecule BMP inhibitor

radient to maintain a perfect balance between the prevalence of
he pro-chondrogenic BMP pathway to stimulate chondrogenesis
dvanced Healthcare Materials, 2026
[59, 60] and the inhibition of the pro-hypertrophic BMPcascade to
mitigate chondrocyte hypertrophy [20]. In vitro biological charac-
terization results with BMSCs confirmed the chondrogenesis and
inhibition of chondrocyte hypertrophy by our chemically deco-
rated 3D bioprinted SF-G constructs, which exhibited enhanced
expression of cartilage-specific biomarkers (COL2A1, SOX9)
and downregulation of osteogenic and hypertrophic markers
(MMP13, COL10A1). However, a decrease in SOX9 expression
at day 28 can be attributed to the successful chondrogenic
differentiation, as evident by elevated expression of COL2A1,
a late-stage chondrogenic marker whose expression is strongly
regulated by the enhanced expression of SOX9 at day 14 [61].

Studies have reported the regeneration of articular cartilage
in full-thickness cartilage defects using different standalone or
composite hydrogel combinations like chitosan/decellularized
matrix composite, silk fibroin/collagen, or silk fibroin/gelatin
hydrogel systems with or without cells [62–64]. Although healing
has been observed in all the samples, disadvantages associated
with injectable scaffolds compared to implantable ones, a lack
of understanding of the quality of the neo-cartilage formed, and
a need for mechanistic insights into hyaline cartilage formation
remain major roadblocks. Conventional defect models often
demonstrate localized hyaline cartilage repair; however, they
fail to replicate the multifactorial challenges of OA. Hence,
evaluating neo-cartilage formationwithin anOAknee joint offers
a more rigorous platform to assess both regenerative efficacy
and the biomaterial’s capacity to manage inflammation and
chondrocyte hypertrophy. Therefore, from the positive results of
our in vitro analysis, the LDN-193189-conjugated SF-G constructs
were implanted in a full-thickness cartilage defect within the
knee joint of an OA rat induced by ACLT.

To address our next hypotheses, the knee joints harvested 2
months and 4 months after implantation were extensively char-
acterized for articular cartilage-specific matrix production and
inhibition of hypertrophy, as well as fibrocartilage formation
and inflammation. As previously reported, in situ inhibition of
BMP signaling provides protection against surgically induced
OA, restoring articular cartilage tissue within the inflammatory
microenvironment [20]. Thus, it was hypothesized that the
simultaneous inhibition of the BMP signaling pathway through
the sustained release of the LDN-193189 and the upregulation of
theWnt signaling pathway by SF-G biomaterial [32, 33, 35] would
aid cartilage regeneration in anOA joint. Our results corroborated
our hypothesis, showing dense ECM production (as indicated
by Safranin O) and intense ColII expression in the LDN-193189-
conjugated implanted constructs comparedwith theNo construct
and SF-G specimens. ColII is a typical biomarker for hyaline
cartilage, making up almost 90% of the total articular cartilage
matrix composition [65]. Hence, the dense ColII staining in our
SF-G-LDN-193189 group, compared to the SF-G and No construct
groups, signifies the formation of a hyaline cartilage phenotype
in the defect area, thereby indicating a direct correlation between
BMP pathway inhibition and articular cartilage formation. This is
in line with the results by Franco et al. that demonstrated the pro-
chondrogenic role of BMP signaling inhibition by LDN-193189
treatment in promoting chondrogenic differentiation of BMSCs
marked by enhanced ColII, ACAN, and SOX9 expression [66].
Also, the LDN-193189 conjugated constructs depicted a negligible
expression of BMP signaling downstream target pSMAD1/5/9
11 of 18
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ompared to the No construct and SF-G group, indicating the
nhibition of the BMP signaling cascadewithin theOAniche. The
esults also correlate with the findings from Boergermann et al.,
emonstrating the LDN-193189-mediated inhibition of smad and
on-Smad signaling pathways in C2C12 cells, activated by BMP
igands [67].

he next aim of the research was to investigate whether the
mall molecule-conjugated SF-G constructs can inhibit the onset
f chondrocyte hypertrophy in the newly formed articular car-
ilage when exposed to the OA milieu. This was examined by
mmunofluorescence analysis of the key hypertrophic marker
olX in harvested rat knee joints. ColX plays a significant
ole in the hypertrophic differentiation of chondrocytes, further
ontributing to bone formation through the endochondral ossi-
ication pathway, matrix calcification, and vascularization of the
artilage tissue [68]. Increased levels of ColX protein have also
een detected in patient samples with extensive OA, consistent
ith the expression of ColX, which is typically found only
n clustered hypertrophic chondrocytes [69]. Results from our
tudy demonstrated no ColX expression in the SF-G-LDN-193189
roup, elucidating the anti-hypertrophic role of the BMP pathway
nhibitor LDN-193189. However, the only SF-G constructs showed
igher ColX expression than our test group, possibly because
hey lacked anti-hypertrophicmolecules, leading infiltrating cells
o convert to a hypertrophic phenotype when exposed to an
nflammatory, protease-rich microenvironment for a prolonged
eriod. Under in vitro OA-mimicking conditions, the SF-G only
roup encapsulated with human BMSCs illustrated a strong
endency toward hypertrophic differentiation, whereas the anti-
MP molecule, LDN-193189-conjugated SF-G constructs showed
egligible hypertrophic marker, ColX expression, corroborating
he in vivo findings [35].

urthermore, any sign of fibrocartilage formation in the neo-
artilage tissue was also assessed by the expression of ColI
iomarker, which comprises the major component of fibrocar-
ilage matrix and is ideally absent in articular cartilage tissue
70]. A negligible expression of ColI in the 2-month harvested
ample that gradually declined with complete suppression of
ibrocartilage marker, ColI expression, post 4-month implan-
ation in the SF-G-LDN-193189 group was observed compared
o the SF-G and No construct group, where the expression of
olI persisted until 4 months. This denotes the initial formation
f fibrocartilage tissue at the defect site within the OA joint
iche (2 months), which subsequently converted into a hyaline
artilage phenotype as the magnitude of OA-related factors in the
urrounding microenvironment gradually declined (4 months).

astly, we evaluated whether our SF-G-LDN-193189 constructs
an also inhibit inflammation within the joint defect site when
mplanted. Chronic inflammation plays a key role in the patho-
ogical progression of OA, which is highly regulated by the
F-κB pathway. The activation of the NF-κB cascade stimulates
he release of inflammatory cytokines like IL-6, IL-1β, and
yclooxygenase 2 (COX2), causing extensive ECM degradation
nd hypertrophic differentiation of the resident or infiltrating
artilage-specific cells [71]. The SF-G-LDN-193189 group com-
letely inhibited the activation of the NF-κB pathway with no
xpression of NF-κBmarker genes in the 4-month harvested knee
oint samples. Therefore, our chemically modified SF-G-LDN-
2 of 18
193189 construct not only promoted hyaline cartilage regeneration
but also inhibited inflammation within the defect site in an OA
niche. This is in line with the findings from Jaswal et al., where
subsequent LDN-193189 injections attenuated inflammation in
ACLT-induced mouse models marked by decreased expression
levels of IL-1β, TNF-α, and NF-κB, respectively [20]. However,
challenges concerning the shorter half-lives of these small
molecules mean that our covalent conjugation approach to the
SF-G biomaterial would be beneficial for long-term chondropro-
tective effects in a chronic inflammatory OA microenvironment.

Since our constructs were acellular, the cells observed within
the implants must have migrated from surrounding tissues and
differentiated into cartilage. In this context, it is worth recalling
that the micro-fracture technique relies on the migration of
BMSCs that seep out through the arthroscopically created pores
[72]. However, the process often leads to the formation of
fibrocartilage, possibly because the BMSCs do not encounter a
microenvironment that supports the differentiation of articular
cartilage [72, 73]. It is conceivable that the SF-G-LDN-193189
constructs provided the cells a chondro-protective (anti-BMP
signaling) and chondro-inductive (pro- Wnt/β-catenin) microen-
vironment [32, 33, 35], allowing them to undergo articular
cartilage differentiation.

A possible reason for the lack of healing in the implanted
specimens after 2months is themethod of defect formation in the
knee joint, which creates a highly inflammatory, hostile environ-
ment that prevents neighboring cells from migrating, surviving,
and synthesizing cartilage-specific ECM within 2 months. To
investigate this possibility, chondrogenically differentiated cell-
laden SF-G constructs with and without LDN-193189 were also
implanted to assess the role of the construct-resident cells in
promoting neo-cartilage generation in vivo. Surprisingly, no cells
were detected, nor was any healing observed in the SF-G con-
structs without LDN-193189 after 2 and 4months of implantation.
However, with the LDN-193189-incorporated cartilage constructs,
many cells were detected with no ColII and ColX expression after
2 and 4months of implantation. Nevertheless, it can be postulated
that the presence of LDN-193189 in the constructs protected the
cells from the inflammatory environment induced by OA, allow-
ing them to survive but in a dedifferentiated state (Figure S5a–c).
Further, it appears that the incorporation of LDN-193189 and the
consequent inhibition of inflammatory response in the SF-G-
LDN-193189 constructs provided a more hospitable environment
for cartilage regeneration. However, it would be equally exciting
to observe, with more precise experimental strategies, how the
already differentiated BMSCs within a construct contribute to
neo-cartilage generation in vivo. Earlier studies by Lee et al.
[74] and Hu et al. [44] have demonstrated the regeneration of
articular cartilage in surgically induced OA models using SOX
gene-transduced fibrin gels or collagen type II scaffolds.However,
the absence of any quality assessment of the cartilage type, as
well as transcriptomic profiling demonstrating the presence of
hypertrophic and fibrocartilage markers, questions the long-term
efficacy of these biomaterial-based strategies as a regenerative
therapeutic option. In contrast, we used insights from develop-
mental biology to develop a chemically defined construct that
can be scaled up and reproduced. The construct we developed
in conjunction with microfracture is likely to be an effective
disease-modifying therapy for OA.
Advanced Healthcare Materials, 2026
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Conclusion

ur study, for the first time,mechanistically elucidates the poten-
ial to regenerate neo-articular cartilage in an OA microenviron-
ent using a defined, chemicallymodified silk-based biomaterial
hat can regulate key signaling pathways governing chondrogene-
is and OA progression. The SF-G-LDN-193189 group, comprising
he BMP signaling pathway inhibitor covalently conjugated with
ur SF-G bioink, demonstrated successful regeneration of artic-
lar cartilage within the full-thickness cartilage defect in an
A rat model. The inhibition of the BMP signaling pathway
y our construct not only facilitated neo-cartilage formation
ut also demonstrated complete inhibition of key OA patholog-
cal drivers, including hypertrophic chondrocyte differentiation,
ibrocartilage formation, and chronic inflammation. However,
ubsequent studies will be carried out in higher-order animals,
uch as dogs, pigs, or humans, to closely simulate articular
artilage regeneration in human load-bearing OA knee joints.
ext, we would like to understand how hypertrophic remodeling,
senescent” fibroblasts, and macrophages collaborate to mitigate
artilage remodeling, particularly during aging. Additionally,
ombining the effects of other small-molecule regulators of OA,
uch as anti-inflammatory IL-1Ra and pro-chondrogenic growth
actor TGF-β3, with LDN-193189 within the SF-G constructs may
urther promote the formation of high-quality cartilage tissue in
short period. Thus, our advanced tissue engineering strategy,
tilizing an FDA-approved silk fibroin biomaterial, would serve
s a stepping stone toward developing a permanent regenerative
herapy for OA.

Materials andMethods

.1 Preparation of Chemically Conjugated SF-G
onstructs

he chemically conjugated SF-G constructs were prepared per
he previously published protocol [52]. The cut silk cocoons (5 g)
ere boiled in 0.02 m sodium carbonate (Na2CO3) for 20 min
o remove sericin. The dried silk fibers were then dissolved in
.3 m lithium bromide (LiBr) at 60◦C for 4 h, followed by dialysis
n a Slide-A-Lyzer dialysis cassette against deionized water for
8 h to remove any residual traces of LiBr. The silk fibroin (SF)
olution obtained was blended with cyanuric chloride (CyCl) and
odium bicarbonate (NaHCO3) in a 1:1:3 ratio, then reacted at
◦C for 1.5 h. The CyCl-decorated SF solution was then reacted
ith 100 nm LDN-193189 to form the LDN-193189-conjugated SF
olution. The 5% silk solution (SF) was then mixed with ethanol-
terilized 6% gelatin (G), supplemented with 10% Fetal Bovine
erum (FBS) and 10% Minimum Essential Medium (MEM), and
ncubated at 37◦C for 20min until a clear solutionwas formed. An
00 U of mushroom tyrosinase was added to the bioink to enable
rreversible enzymatic crosslinking [52].

.2 Physicochemical Characterization

he swelling study was carried out by incubating the chemically
odified and un-modified SF-G constructs in PBS solution at
7◦C for 14 days, and the swelling ratio was calculated by
he following formula: swelling ratio: {(WW – WD/ WD) *100}
dvanced Healthcare Materials, 2026
where WW corresponds to the wet weight of the constructs,
and WD corresponds to the dry weight of the constructs. The
degradation profile of the constructs was evaluated by incubating
the chemically modified and unmodified SF-G constructs in
PBS and lyophilizing them at the indicated time points. The
degradation profile was calculated based on the remaining mass
fraction and was given by: {(WM – WD)/ WD} * 100, where WM
corresponds to the degraded weight of the constructs and WD
corresponds to the dry weight of the constructs. The mechanical
properties of the constructs were investigated by calculating
their compressibility and recoverability under a given load for
a specified period. The compressibility was calculated using the
formula: {(T0 – TF/T0) *100} where T0 corresponds to the initial
thickness, and TF corresponds to the final thickness. The recov-
erability was calculated by: {(TR/T0) *100} where T0 corresponds
to the initial thickness and TR corresponds to the recovered
thickness.

5.3 Atomic Force Microscopy (AFM)

Surface topology and mechanical properties of the chemically
modified silk biopolymer were evaluated using AFM. Briefly,
the CyCl-modified SF-G crosslinked with mushroom tyrosinase,
along with the controls, were uniformly cast on glass slides
using a RodarICT system to achieve consistent film thickness.
The samples were then dried at ambient conditions and subse-
quently lyophilized for 24 h to obtain stable films. The surface
morphology and nanomechanical properties were characterized
using a Bruker Dimension Icon atomic force microscope (AFM)
operated in PeakForce Tapping mode with MSNL-10 silicon
nitride probes (Bruker). Scanning was performed at a rate of
0.996 Hz over areas of 5, 2, and 0.6 µm to capture both global
topography and nanoscale structural features. For each sample,
height sensor images, three-dimensional reconstructions, and
peak force error maps were recorded. All images and indentation
data were processed using Nanoscope Analysis 2.0 software
(Bruker), applying the ‘flatten’ function to correct the background
slope, and quantitative parameters, including depth profile and
surface roughness.

5.4 In Vitro Biological Characterization

5.4.1 3D bioprinting and Chondrogenic Differentiation

The rat BMSCs were isolated according to the protocol described
by Yusop et al. [75]. The cells at passage 2 were encapsulated
within the LDN-193189-conjugated SF-G bio-ink and 3D bio-
printed as Majumder et al. described [35]. Briefly, a 6 mm ×
6mm× 6mm 3D designwas generated using RoboCAD software.
The chemically modified SF-G bioink was encapsulated with rat
BMSCs at a density of 1 million cells/mL, and the cell-laden
bioink was loaded into a sterile barrel connected to a 210 µm
nozzle. The printing was carried out at a speed of 1 mm/s and
a pressure of 25 PSI. The fabricated constructs were allowed to
gel in a cell culture hood for 20 min. The 3D constructs were
incubated in chondrogenic medium composed of DMEM/F12
(Gibco) supplemented with 1% antibiotic-antimycotic (Gibco),
1% sodium pyruvate (Gibco), 1% HEPES (Gibco), 1% Insulin-
transferrin-selenium (Gibco), 10−7 m dexamethasone (Sigma),
13 of 18
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nd 0.1 mm ascorbic acid-2-phosphate (Sigma) for 28 days with
edia changes twice a week [31]. The cytocompatibility of
he chemically-modified and unmodified SF-G constructs was
valuated using the Alamar blue assay [76]. Briefly, a 10% Alamar
lue was added to each well containing 3D bioprinted SF-G-
yCl constructs with rat BMSCs, incubated for 4 h, and the
orresponding absorbance was recorded using a UV-spectro-
hotometer.

.4.2 qPCR Analysis

he cells were isolated from the 3D bioprinted constructs (days
4 and 28) by digesting them with 250 µg/mL Protease IV for 20
in. The total RNAwas isolated using a RNeasy mini kit column
Qiagen), and the subsequent cDNAwas synthesized using a first-
trand cDNA synthesis kit (Qiagen). The reaction was performed
n triplicate using a SYBR Green Master Mix (Qiagen) kit in
Rotor-Gene Q thermocycler (Qiagen) for the COL2A1, SOX9,
OL10A1, and MMP-13 genes (Table S2), with GAPDH as the
ousekeeping gene for normalization. A day 0monolayer control
as used for calibration. The analysiswas carried out usingRotor-
ene Q software [32]. The obtained Ct values were normalized
o GAPDH, further calibrated to the day 0 monolayer, and
elative expression values were calculated using the 2ˆ-ΔΔCt
ethod.

.4.3 Biochemical Estimation

he supernatants of day 28 were used to estimate the total
itric oxide, nitrite content, and lipid peroxidation profile using
he respective EZ Assay Nitric Oxide and EZ TBARS assay kit,
espectively, following the manufacturer’s protocol (n = 3) [77].

.4.4 Immunofluorescence and Histology Analysis

he respective 3D bioprinted constructs at day 28 were fixed
nd processed for ColII and ColX protein expression analysis
s previously described by Majumder et al. [35]. Briefly, the
onstructs were incubated with 5 µg/mL anti-collagen II (DSHB)
nd anti-collagen X (DSHB) primary antibodies overnight at
◦C, followed by washing twice with PBS for 10 min each. The
onstructs were then incubated with 2 µg/mL Alexa Fluor 488
econdary antibody (Thermo Fisher) for 2 h at RT, followed by
ashing with PBS twice again for 10 min each. They were then
inally treated with 1 µg/mL DAPI (Thermo Fisher) for 15 min
nd carefully washed with PBS again for 10 min (twice), followed
y acquiring the images using a Leica SP5 inverted confocal
icroscope (Leica Microsystems). The fixed day 28 3D bioprinted
onstructs were further dehydrated using alcohol gradients and
tained with Safranin O and Fast green to evaluate the sGAG
eposition. Briefly, the dehydrated constructs were rehydrated in
ylene, embedded in paraffin wax, and sectioned (5 µm sections).
he samples were then dehydrated with 100% alcohol, stained
ith 1% Fast green for 5 min, washed quickly with 1% acetic
cid (10–15 s), and then stained with 0.1% Safranin O for 5 min.
he constructs were then further dehydrated using 95% and 100%
thanol (twice, 2min each), clearedwith xylene, and imagedwith
bright-field microscope.
4 of 18
5.4.5 Dual Luciferase Reporter Assay (BRITER Assay)

The 3D printed constructs were kept in DMEM (Sigma–Aldrich
D7777) + 10% FBS (Gibco 10270106) in three different groups
(Group 1: 1-day LDN-193189 release, Group 2: 4-day LDN-193189
release, and Group3:7-day LDN-release) on a rocker at room tem-
perature, and media were collected at each endpoint. The culture
medium was not changed during this period. BRITER cells were
grown till passage 2 in 24-well plates in DMEM +10% FBS [41].
Cultured BRITER cells were serum starved for 6 h (DMEM+1%
FBS), after which recombinant 50 ng of BMP2 protein (Sino
Biologicals) was added in control vs. BMP2+ (200 nm) LDN-
193189 (Sigma SML0559-5MG) and BMP2+ conditioned media
(supernatant containing released LDN-193189 from the construct)
of day 1, day 4, and day 7 were added to the cells. Again, after 6
h, the cell lysates were collected using a Dual-Luciferase Reporter
Assay kit (Promega, Cat. no. E1910), and chemiluminescence was
measured using a Glomax Luminometer. Luminescence activity
was calculated as a ratio of firefly luciferase and Renilla luciferase
(n = 3).

5.5 In Vivo Study Design

5.5.1 Sample Size

Statistical power calculations were performed using G*Power
3.1 to determine the sample size. The “Resource Equation
Approach,” as described by Arifin et al. [78], was used to
determine the number of animals needed for each experiment.
Depending on the impact size, each experimental group consists
of 4 animals. A single animal serves as the experimental unit in
each experiment.

5.5.2 Data Exclusion

Animals that perished throughout the experiment were the only
ones excluded from the study, even though no outliers were
eliminated. At the endpoint of every experiment, data were
collected.

5.5.3 Experimental Design

Controlled laboratory experiments, including in vitro and in vivo
studies, were designed to conduct the study. All primary data
were collected using qualitative imaging as the primary source
and analyzed further using µCT and microscopic imaging.

5.5.4 Randomization

To avoid randomization, only age-matched animals were used
to conduct experiments. Both sexes were included to ensure a
gender-unbiased study.

5.5.5 Animal Study Protocols

All the animals were bred, housed, and cared for in the Central
Experimental Animal Facility (CEAF) at the Indian Institute
Advanced Healthcare Materials, 2026
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f Technology, Kanpur, India. Rats were fed feed and water ad
ibitum, with a 12-h light-dark cycle. According to the guidelines
f the CPCSEA, Government of India, all animal research was
onducted in accordance with protocol no. IITK/IAEC/2022/1141,
pproved by the Institutional Animal Ethics Committee. All
nimals were sacrificed at 6 months or 8 months of age.

.5.6 3D Volumetric Projections of Micro-Computed
omography (µCT)

TVol 2.0 was used to create 3D volumetric projections, employ-
ng a scanner calibrated to 50 kVp and 200 µA, providing an
mage resolution of 5.86 µm per pixel. The eXplore Locus GE
canner, located at the Micro-CT Facility of the Indian Institute
f Technology, Kanpur, was used to perform, process, and analyze
CT imaging of all tissue samples. The final image, created with
arallax Innovations Micro View 2.5.0- rc15 (2.5.0-3557), had a
esolution of 40 µm per pixel.

.5.7 Anterior Cruciate Ligament Transection

CLT surgery was performed in the left hindlimbs of Sprague
awley rats at P90. We followed the surgical procedure men-
ioned earlier [20].

.5.8 Creating Full-thickness Cartilage Defect and
onstructs Implantation

full-thickness cartilage defect was created in the articular
artilage of the left hindlimb on post-surgery day 28 (Figure S3).
nee joints were exposed by dislocating the patella and holding
he joint at a fixed flexion angle. A critical-sized cartilage defect
diameter: 2.3 mm) was created using a 13-G Biopsy Needle. A
ull-thickness defect was ensured by observing the first evidence
f blood. The chemically modified and unmodified cell-free SF-G
onstructs of the same size were implanted at the defect site and
ixed using Reliseal Fibrin Tissue Sealant. The implantation was
arried out 24 h after sample preparation and incubation at 37◦C.
ater, the patella was returned to its original location and sutured
ith Vicryl 5-0.

.5.9 Tissue Processing, Immunohistochemistry, and
lassical Histology

imb tissues were immediately fixed in 4% paraformaldehyde for
4 h at 4◦C. Then, the fixed tissues were washed in PBS for 3–
h twice to remove any trace amount of PFA. Decalcification
as performed in 14% EDTA (pH 7.4) at RT for 28 days. After
ffective decalcification, tissues were dehydrated through a series
f alcohol concentrations, with each concentration applied for
t least 4 h. Dehydrated tissues were then subjected to xylene
nd subsequently embedded in paraffin wax to obtain 5-µm-
hick sections. Safranin O/ Fast Green staining was performed for
istological analysis. Following rehydration, the tissue sliceswere
xposed toHarris hematoxylin (SRL) for 6 h. The samplewas then
insed under running water, immersed in 1% Fast Green stain for
min, treated with 1% acetic acid, and subsequently stained for
min with 0.5% Safranin O. The tissues were then dehydrated
dvanced Healthcare Materials, 2026
using 100% alcohol, transferred to xylene, and mounted in DPX
for further imaging.

Initially, rehydrated tissue sections were used for immunohis-
tochemical analysis. Specific antigen retrievals were performed
for ColII, ColX, ColI, NFĸB, and pSMAD1/5/9. Acidic 0.05%
pepsin was employed for 30 min at 37◦C to detect collagen.
For pSMAD1/5/9 and NFĸB, citrate buffer retrieval (pH 6.0)
was used. Then, the tissue sections were rinsed with PBT three
times, each for 10 min. To avoid nonspecific binding, tissue
sections were incubated in 5% goat serum for 1 h. Afterward,
they were incubated with primary antibodies against collagen
type X (DSHB X-AC9s, 1:20), collagen type II (DSHB CIICI,
1:20), ColI polyclonal antibody (PA1-85319, Invitrogen), NFĸB
(CST Cat. no. 8242S), and pSMAD1/5/9 (CST, Cat. no.13820S,
1:100) overnight at 4◦C. Then, the tissue sections were rinsed
with PBST and incubated with a fluorescently labeled secondary
antibody (dilution 1:250) for 3–4 h at room temperature. Tissue
sections were further incubated with DAPI (1:1000) for 15 min
after antibody incubation, thenmounted in antifade solution and
imaged using a Leica DM5000B compound microscope.

5.5.10 Blind Data Scoring

Tissue sections stained with Safranin O were graded according
to the standards set by the Osteoarthritis Research Society
International (OARSI) by three independent experts who were
not principally involved in the in vivo experiment. All sections
were scored blindly on a 0–6 scale. OA alterations are mild
in those with scores 0–2, while significant cartilage erosion is
indicated by scores 3–6.

5.6 Statistical Analysis

GraphPad Prism 7.1 software was used to ascertain the statistical
significance of the OARSI scoring histopathological data. A
nonparametric ANOVAwith post hoc analysis (Tukey’s multiple-
comparison test) was performed to simultaneously compare the
four experimental groups. The error bar in the graphs is the
Standard Deviation (SD) from the mean. For in vitro character-
ization, multiple comparisons were analyzed using a one-way
ANOVA with post hoc analysis (Tukey’s multiple comparison
test), whereas a nonparametric t-test was used to compare two
experimental groups.
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