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Advancements in 3D bioprinting demand bioinks that demonstrate
not only precise printability and mechanical robustness but also
consistent biochemical and cellular performance. From previous
iterations in our laboratory, a silk fibroin—gelatin (SF-G) bioink was
conjugated with mushroom tyrosinase (MT) as the enzymatic cross-
linker. However, its clinical translation was hindered by several
limitations, including batch-to-batch variation in concentration and
enzymatic activity, protracted gelation kinetics, and inconsistent rheo-
logical and structural characteristics. To overcome these challenges,
we developed a next-generation SF—G bioink employing horseradish
peroxidase (HRP) and hydrogen peroxide (H,O,) as an alternative
enzymatic crosslinking system. This approach facilitated rapid and
tunable crosslinking through p-sheet enhancement, yielding hydrogels
with improved stiffness, shape fidelity, and resistance to enzymatic
degradation. Detailed rheological analysis confirmed optimal shear-
thinning behaviour and print fidelity, while reactive oxygen species
(ROS) quantification ensured cytocompatibility across physiologically
relevant concentrations. Human bone marrow-derived mesenchymal
stem cells (hBMSCs) encapsulated within the constructs maintained
high viability and demonstrated robust osteogenic and chondrogenic
lineage commitment. Furthermore, supplementation with triiodothyr-
onine (T3) and transforming growth factor-g3 (TGF-p3) augmented
matrix deposition and tissue-specific morphogenesis. Notably, a 10 U
HRP-H,0, formulation emerged as the most promising candidate,
offering a strategic balance of mechanical integrity, bioactivity, and
reproducibility. This optimized enzymatic system paves the way for
scalable and clinically viable SF—G bioinks tailored for advanced tissue
engineering and regenerative medicine applications.

1. Introduction

Three-dimensional (3D) bioprinting has emerged as a cutting-
edge approach in tissue engineering, offering the ability to
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construct complex, cell-laden architectures by precisely depos-
iting biomaterials, living cells, and signalling molecules in a
controlled, layer-by-layer manner. Unlike conventional fabrica-
tion techniques that often yield oversimplified structures with
limited physiological relevance and suboptimal cellular envir-
onments, 3D bioprinting enables the re-creation of precise
cellular orientation, native tissue architecture and mechanical
properties.” It has capacity for spatial and temporal control over
cell placement, which makes it a powerful platform for engi-
neering anatomically and functionally accurate tissue models
in vitro.” Central to this technology is the use of “bioinks”, cell-
encapsulating hydrogels, which critically influence cell beha-
vior by providing biochemical and mechanical support.’
Despite its promise, the development of clinically translatable,
structurally robust, and biologically compatible tissue con-
structs remains a key challenge, largely dependent on the
performance and adaptability of the bioink system.”

Silk fibroin (SF), a bioink base from Bombyx mori, is rich in
glycine, alanine, and serine, forming a B-sheet-dominant struc-
ture. SF consists of a heavy (~350 kDa) and light (~26 kDa)
chain with a glycoprotein, P25 (30 kDa), in the ratio of 6:6:1. A
silk biopolymer based bioink can be prepared by controlling
the shear force, to induce sol-to-gel transition, due to conver-
sion of the secondary conformations (random coil to B-sheet
crystallization).” To improve SF’s rheology and flow properties,
gelatin, a thermo-responsive biopolymer with unique isoelec-
tric characteristics, is blended to create a SF-G composite
bioink.® This optimized bioink has been successfully utilized
in various extrusion-based bioprinting methods, such as the
diameter of the extrudate/filament is determined by the nozzle
diameter, ink rheology, flow rate and extrusion pressure,
crosslinkers." To ensure stability and irreversibility, our labora-
tory has progressively refined the SF-G bioink for 3D bioprint-
ing employing mushroom tyrosinase (MT) as an enzyme
crosslinker, resulting in a uniform formulation appropriate
for the engineered bone marrow stromal cell (TVA-BMSC) line,
produced using the avian retroviral receptor.””® As a result,
various in vitro tissue architectures could be reconstructed, as
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well as to recapitulate embryonic development and creating
physiologically relevant vitro disease models.” For these
optimized methods, proper selection of crosslinker is very
important.” For example, 55F-15G (5% SF and 15% gelatin)
formulation-initiated gelation was induced upon the addition
of 500 U of MT crosslinker within 30 min at 28 °C and 15 min at
37 °C. So far in our laboratory, MT was employed as a biocom-
patible oxidative enzyme to crosslink SF-G bioinks through
the oxidation of tyrosine residues, enabling mild gelation
conditions suitable for encapsulating viable stem cells within
3D bioprinted constructs.’® However, at concentrations below
300 U, no gelation was observed even after 1 h of incubation.”
Despite their effectiveness, MT-based systems often exhibit
batch-to-batch variation in enzymatic activity, unavailability,
slow and unpredictable gelation kinetics, and inconsistent
mechanical and rheological stability. Hence, we need to search
for other alternative crosslinking methods.

To overcome these constraints, the current study introduces
an alternative cross-linking approach using horseradish perox-
idase (HRP) in combination with hydrogen peroxide (H,O,).
We have explored an HRP/H,0,-mediated cross-linking system
to achieve faster, tunable, and reproducible gelation with
enhanced mechanical uniformity and cytocompatibility.® This
system enables efficient and rapid gelation at significantly
lower enzyme concentrations (e.g., 10-15 U), offering improved
consistency, faster kinetics, and greater cost-effectiveness
compared to tyrosinase-based crosslinking. HRP, a heme-
containing oxidoreductase extracted from Armoracia rusticana,
catalyzes the oxidation of a broad spectrum of aromatic hydro-
gen donors via free-radical polymerization.'® Enzymatic cross-
linking of SF using the HRP-H,0, system has been previously
explored as a mild and cytocompatible strategy for hydrogel
formation. In this mechanism, HRP catalyzes the oxidation of
phenolic hydroxyl groups of tyrosine residues to form reactive
phenoxy radicals, which subsequently undergo radical coupling
to generate stable dityrosine covalent cross-links. Earlier stu-
dies have demonstrated that this approach enables rapid gela-
tion under physiological conditions while maintaining high
biocompatibility and tunable mechanical properties. For instance,
McGill et al.'* reported HRP-mediated enzymatic crosslinking of
SF hydrogels with controllable gelation kinetics and improved
mechanical stability suitable for biomedical applications. Simi-
larly, studies by Marino et al."*> showed that HRP/H,0,-mediated
silk hydrogel systems provide enhanced structural integrity and
cytocompatibility for cell encapsulation.

While these studies established the fundamental enzymatic
cross-linking mechanism, their primary focus was on bulk
hydrogel formation and biomaterial characterization rather
than extrusion-based 3D bioprinting applications. In contrast,
the present work extends this principle by integrating HRP/
H,0,-mediated cross-linking with extrusion-based 3D bioprint-
ing of SF-G bioinks, enabling controlled printability, tunable
viscoelastic properties, and directed stem cell lineage commit-
ment within printed constructs.

In SF, which contains approximately 10% tyrosine residues,
HRP can facilitate oxidative coupling of phenolic hydroxyl
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groups to form di-tyrosine covalent crosslinks."®> This mecha-
nism may offer a more tunable and reproducible enzymatic
strategy for hydrogel stabilization and structural integrity
enhancement. Kotani et al'* have demonstrated that HRP-
mediated enzymatic crosslinking in the presence of H,O,
enables a highly controllable and reproducible hydrogel for-
mation strategy for protein-based bioinks. In this system,
HRP catalyzes the oxidation of phenolic moieties, generating
phenoxy radicals that undergo covalent coupling to form di-
tyrosine crosslinks, thereby stabilizing the hydrogel network.
The HRP/H,0, platform supports rapid gelation under mild
aqueous conditions, with fine control over cross-linking
kinetics and network density achieved by precisely regulating
enzyme and peroxide concentrations. Importantly, when H,O,
is maintained at low concentrations, efficient cross-link for-
mation can be achieved without inducing oxidative stress,
preserving high cytocompatibility. These features render HRP/
H,0,-mediated cross-linking particularly well suited for stem
cell encapsulation and extrusion-based 3D bioprinting applica-
tions requiring tunable mechanical integrity and biological
fidelity."*

Accelerated gelation of SF hydrogels can be achieved by
increasing the concentrations of HRP and H,0,.">"® However,
excessive levels of these reagents have been associated with
adverse cellular responses, including immunogenicity and
cytotoxicity via apoptotic or necrotic pathways.'” The gentle
enzymatic cross-linking in water, combined with adjustable
mechanical strength, biodegradability, and biocompatibility,
makes these silk hydrogels outstanding choices for cell culture
and encapsulation.’®* Therefore, this study emphasizes the
development of a 3D bioprinted construct utilizing low con-
centrations of HRP and H,0, to preserve cellular viability and
function without compromising gel stability.

Although several strategies have been proposed to enable 3D
printing of SF-based biomaterials, each approach exhibits dis-
tinct advantages and limitations. For instance, salt-bath-
assisted printing utilizes ionic cross-linking environments,
typically involving potassium phosphate or ammonium sul-
phate baths, to induce rapid B-sheet formation and structural
stabilization of extruded filaments. While this method
improves filament integrity during printing, it often requires
post-printing immersion steps and diffusion-controlled cross-
linking, which may limit spatial control and compatibility with
cell-laden constructs.

Alternatively, light-based volumetric or photocross-linking
approaches employ photoactive modifications of SF, such
as methacrylation, to enable rapid gelation upon exposure to
ultraviolet or visible light. These techniques allow high-
resolution patterning and rapid fabrication; however, they
require chemical modification of the silk backbone and photo-
initiators, which may introduce cytotoxicity concerns and alter
the intrinsic biophysical properties of the native protein matrix.

In contrast, the HRP/H,0, enzymatic cross-linking strategy
presented in this work offers several distinct advantages,
including mild aqueous reaction conditions, avoidance of
chemical modification of SF, tunable gelation kinetics through
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simple enzyme concentration control, and compatibility with
cell-laden bioinks. Furthermore, enzymatic cross-linking enables
in situ gelation during extrusion-based printing, facilitating
improved print fidelity and structural stabilization without the
need for external irradiation or post-printing chemical treatment.
These characteristics highlight the potential of HRP-mediated
cross-linking as a clinically translatable and biologically compa-
tible alternative for SF-based bioink systems.

In regenerative medicine, cartilage or bone tissue engineer-
ing primarily depends on the chondrogenic or osteogenic
differentiation of mesodermal mesenchymal stem cells within
porous 3D scaffolds respectively. The articular cartilage in the
knee joint is typically sponge-like and has a huge load-bearing
capacity. But in cartilage tissue engineering, most of the
literature so far report the fabrication of only transient carti-
lage. Unlike articular cartilage, transient cartilage becomes
bone cells and, therefore, brittle within a short time. The
immortalized mouse cell line TVA-BMSCs were established
using retroviral expression by avian retroviruses with SV40 large
T-antigen or we used human turbinate tissue mesenchymal
stromal cells derived from nasal inferior turbinate tissues.”
But human bone marrow derived mesenchymal stem cells
might exhibit significant variation in metabolic activity, surface
markers and differentiation kinetics than TVA-BMSC or turbi-
nate tissue derived MSC, which would affect chondrogenic
outcomes in bioprinting constructs. To have a clinical rele-
vance, instead of using a cell line, we planned to used human
BMSc cells.*

Members of the transforming growth factor-beta (TGF-B)
superfamily, particularly TGF-$3, play a pivotal role in mod-
ulating the quality, organization, and biochemical composition
of the extracellular matrix (ECM) produced by progenitor
cells.”® Notably, Haider et al. reported that TGF-B3 stimulation
significantly enhanced the deposition of cartilage- specific ECM
components, including collagen type II and aggrecan, within
human MSC-laden silk-elastin scaffolds.”” In our laboratory,
Chawla et al.” reported that without TGF-f1 BMSCs encapsu-
lated in a 3D bioprinted SF-G bioink matrix undergo articular
cartilage differentiation. On the other hand, triiodothyronine
(T3) has emerged as a potent inducer of hypertrophic differ-
entiation in TVA-BMSC aggregates, even at nanomolar concen-
trations (1 nM).>® Therefore, this study determines whether
HRP-H,0, mediated cross-linking offers faster, more tunable,
and reproducible gelation than MT; which cell source, TVA-
BMSCs or primary human bone marrow-derived MSCs is most
appropriate for clinically relevant tissue engineering; how
biochemical cues such as TGF-B3 and triiodothyronine (T3)
direct lineage- specific differentiation; and how these para-
meters collectively influence gene expression and total collagen
deposition in 3D bioprinted SF-G constructs. Unlike previously
reported MT cross-linked with SF-G hydrogels, which primarily
relies on enzymatic oxidation of tyrosine residues with limited
control over gelation kinetics, the HRP-H,0, cross-linking
system enables rapid and tunable enzymatic cross-linking through
controlled variation of HRP and H,0O, concentrations. This
provides improved regulation of gelation time and viscoelastic
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properties that are critical for extrusion-based 3D bioprinting.
Importantly, the HRP-H,0O, system allows modulation of
cross-link density and hydrogel microstructure, which directly
influences filament stability, printing fidelity, and the cellular
microenvironment within the printed constructs. Therefore, this
platform represents an advancement over previously reported
MT-cross-linked SF-G systems and earlier HRP-crosslinked silk
hydrogels that were primarily designed for bulk gel formation
rather than bioink optimization for extrusion-based bioprinting
applications.

2. Materials and methods

The Bombyx mori cocoons were sourced from the Central Silk
Board (Bangalore, Ministry of Textiles, Government of India).
Lithium bromide (LiBr, Merck), sodium carbonate (Na,COs3,
Merck), and dialysis cassettes (Merck) were used for extracting
the SF solution. Gelatin powder (type A, from porcine skin)
was obtained from Merck, mushroom tyrosinase (MT,
>1000 U mg ') was procured from Sigma-Aldrich, horseradish
peroxidase (HRP, 250 U mg ', type I) was supplied by SRL
(Sisco Research Laboratories Pvt. Ltd, Maharashtra, India), and
hydrogen peroxide (H,O,, 30% w/v) was provided by Thermo
Fisher Scientific India Pvt. Ltd. For cell expansion and culture,
Dulbecco’s modified Eagle’s medium (DMEM) low-glucose for-
mulation (Himedia), fetal bovine serum (FBS) (Gibco), penicil-
lin/streptomycin (Gibco), and trypsin/EDTA (Gibco) were used.

2.1. Computational modelling of HRP-H,0, and MT
cross-linking in silk fibroin-gelatin

The structure-based virtual screening and computational mod-
elling workflow was designed to elucidate the HRP-H,O,
mediated cross-linking mechanism in SF-G systems. Initially,
the three-dimensional structures of HRP and H,0, were
retrieved from the Protein Data Bank (PDB) and PubChem
databases, respectively. The structure of SF, available in the
Protein Data Bank (PDB ID: 3UAO), was incorporated into the
analysis to model the interaction, particularly, the N-terminal
of the silk was used for the enzymatic cross-linking system with
the bioink components. Prior to docking, protein structures
were subjected to pre-processing and refinement using UCSF
Chimera. This included removal of non-standard residues,
water molecules, and heteroatoms, followed by the addition
of hydrogen atoms and the assignment of Gasteiger charges to
optimize the molecular geometry. The prepared ligand struc-
tures were also energy-minimized within Chimera to ensure
conformational stability before docking. Docking studies were
carried out using Autodock Vina.>* A blind docking approach
was employed, in which the entire protein surface was made
available as a potential binding site to avoid bias in ligand
placement. Multiple docking poses were generated, and each
was scored based on binding affinity. The conformation exhi-
biting the lowest binding energy (c-score) was considered the
most favourable and was selected for subsequent validation
and analysis. To evaluate structural reliability and interaction
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specificity, the docked complexes were visualized and analyzed
in PyMOL. Hydrophobic interactions, hydrogen bonding net-
works, and conformational changes at the binding site were
examined in detail. The root-mean-square deviation (RMSD)
values were calculated to compare conformational deviations
between docked structures, ensuring the stability and reprodu-
cibility of the predicted binding mode. The results were further
cross-verified using Discovery Studio Visualizer, which pro-
vided additional insights into the active site geometry, ligand
orientation, and critical non-covalent interactions within the
HRP-H,0,-SF complex. These analyses were similarly extended
to the SF-MT complex to compare enzymatic interaction pro-
files. This multi-step computational pipeline, combining the
strengths of UCSF Chimera (structure preparation and visuali-
zation), AutoDock Vina (molecular docking), PyMOL (inter-
action analysis and RMSD calculations), and Discovery Studio
Visualizer (stereochemical validation), ensured high accuracy
and reproducibility of the docking results. Collectively, this
rigorous in silico approach provided mechanistic insights into
HRP-H,0, mediated crosslinking interactions with SF-G, as
well as SF-MT mediated interactions forming the foundation
for understanding enzymatic tunability in the proposed bioink
system. To enable a direct comparison between the two enzy-
matic systems, the same docking workflow was applied to MT
(MT; PDB ID: 5M6B). The MT structure was pre-processed
identically and docked against SF to evaluate its interaction
pattern. For both HRP-H,0, and MT, we calculated the number
of hydrogen bonds, the C-score (binding affinity), and the
RMSD values to determine docking stability. This allowed us
to directly compare which system exhibited a lower (more
favourable) C-score and a more stable binding conformation.

2.2. Silk fibroin isolation

SF solution was prepared using a combination of degumming,
dissolution, and dialysis as previously discussed.>® Bombyx mori
silk cocoons were cut into small pieces and boiled twice in a
0.02 M sodium carbonate (Na,COj;) solution for 30 min to
remove sericin (degumming). The fibers were then washed
several times with deionized water, dried overnight at 37 °C,
and dissolved in a 9.3 M lithium bromide (LiBr) solution at
60 °C for 4 h (dissolution). After cooling to room temperature,
the solution was dialyzed against deionized water for 48 h to
remove LiBr. Centrifugation is performed at 9000 r.p.m. for
20 min to remove impurities. The purified fibroin solution was
stored at 4 °C. The final concentration of the SF solution was
determined to be 5%.>°

2.3. Preparation and optimization of the HRP-mediated
cross-linked SF-G bioink

The acellular bioink was prepared by incorporating gelatin
(6% w/v, 60 mg) into 5% aqueous SF solution and ultrapure
water, as explicated previously.>” To achieve a clear solution,
the blended materials (SF-G) were incubated in a thermostatic
bath at 37 °C. To initiate enzymatic cross-linking, stock solu-
tions of HRP (10 U puL ") and H,0, (10 U mL ") were prepared
first. H,O,, 30% w/v stock solution was used as the oxidizing
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Table 1 Different concentrations of crosslinker with an equal volume of
HRP and H,O, for 1 mL of the SF-G bioink

Sample HRP concentration (% w/v) HRP (uL) H,O, (uL)
SF-G-5 U HRP 5U 0.5 0.5
SF-G-10 UHRP 10U 1 1
SF-G-15 UHRP 15U 1.5 1.5

agent and diluted to the required working concentration prior
to mixing. Equal volumes of HRP solution (10 U pL™") and
diluted H,0, solution were added to 1 mL of the SF-G bioink to
initiate enzymatic crosslinking. The final HRP concentrations
investigated were 5 U, 10 U, and 15 U as outlined in Table 1.

2.4. Rheological evaluation of bioink properties

The rheological properties of the enzymatically cross-linked SF-
G bioink were analysed by assessing viscosity, flow points, and
gelation profiles. This was done to verify the printability of the
materials and to compare their behavior over time. Measure-
ments were taken in the linear viscoelastic region, where the
viscosity is independent of the applied stress or strain. The
rheological characterization of 5 U, 10 U, and 15 U HRP cross-
linked acellular SF-G bioinks was conducted using an Anton
Paar MCR 302 plate-and- plate rheometer at 25 °C, with a
25 mm plate diameter and a gap of 500 um. The flow behaviour
of the enzymatically cross-linked SF-G bioinks under shear
stress (Pa) was evaluated by measuring viscosity (Pa s) profiles
of the steady-flow solutions against increasing shear rates (s~ )
ranging from 0.1 to 10°, while maintaining environmental
conditions.?” Additionally, an oscillatory amplitude sweep was
performed at a fixed frequency of 5 Hz, with strain (%) varying
from 0.1 to 10", to determine the linear viscoelastic region
(LVR) and identify the flow points of the different bioinks,
based on the storage modulus (G’), loss modulus (G”), and loss
factor. The viscoelastic characteristics of the bioinks were
further assessed using an oscillatory frequency sweep test
conducted within the LVR, ranging from 0.1 to 100 Hz at a
fixed strain of 1%. The gelation kinetics of all cross-linked
bioinks were examined through an oscillatory time sweep
experiment at a shear strain of 1% and a frequency of 1 Hz.
For all formulations, the storage modulus (G’) was higher than
the loss modulus (G”), indicating the transition from the sol-
state to the gel-state.”® Similarly rheological tests such as shear-
thinning behaviour, yield stress analysis, amplitude sweep,
frequency sweep and time sweep analysis were performed on
SF-G bioinks crosslinked using MT at a concentration of
20 U mL™*. MT initiates gelation by oxidizing tyrosine residues
in both SF and gelatin, enabling the formation of dityrosine
and amino-quinone crosslinks.

Rheological measurements for MT-crosslinked bioinks were
carried out on the same rheometer setup described above
(Anton Paar MCR 302, 25 °C, 25 mm plate, 500 pm gap) to
ensure direct comparability with the HRP:H,O, system. The
viscosity and flow behavior were quantified through steady
shear measurements across shear rates ranging from 0.1 to
10® s7', and the materials exhibited shear-thinning behavior

This journal is © The Royal Society of Chemistry 2026
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required for printability. Although apparent viscosity values of
MT and HRP-cross-linked bioinks were comparable, HRP-cross-
linked formulations exhibited superior elastic recovery and
structural stability, whereas the 15 U HRP condition showed
reduced G’ and G” values, indicating compromised network
integrity.

An oscillatory amplitude sweep at 5 Hz with strain increas-
ing from 0.1% to 100% was used to define the LVR and
determine the flow point using G’, G, and tan d. Viscoelastic
profiles were further assessed by a frequency sweep between
0.1 and 100 Hz at 1% strain, providing insight into the elastic
and viscous contributions of the tyrosinase-mediated network.

Gelation behavior was examined through an oscillatory time
sweep at 1% strain and 1 Hz, enabling continuous monitoring
of MT-driven cross-link formation. Similar to HRP:H,0,, MT-
cross-linked SF-G demonstrated a gradual increase in G/,
eventually surpassing G”. This confirmed the formation of a
stable, elastic hydrogel network through tyrosinase-mediated
oxidation and subsequent dityrosine bond formation.

Notably, previously reported tyrosinase-based SF hydrogel
systems often employ different cellular models, culture media
compositions, and growth factor supplementation strategies,
which may significantly influence cellular responses and differ-
entiation outcomes. In the present study, hBMSCs were encap-
sulated within HRP/H,O,-cross-linked SF-G bioinks under
controlled culture conditions. Compared with tyrosinase-
mediated oxidative coupling, the HRP/H,0, enzymatic system
promotes rapid di-tyrosine bond formation, resulting in faster
gelation kinetics and enhanced mechanical stability of the
printed constructs. These differences in the cross-linking
mechanism and scaffold stiffness can substantially influence
the microenvironment experienced by encapsulated stem cells
and their subsequent lineage commitment.

2.5. Mechanical characterization of cross-linked SF-G
hydrogels

The 5 U, 10 U, and 15 U HRP cross-linked SF-G hydrogels
(1.5 cm length x 1 cm thickness) were evaluated using an
Instron 3365 Universal tester equipped with a 1 kN load cell,
operating at a compression rate of 1 mm min~"'. The compres-
sive modulus was determined by calculating the slope of the
linear region on the stress-strain curve. Non-cross-linked SF
and 5 U & 10 U HRP cross-linked SF-G films (4 cm length x
1 cm width) were tested for tensile strength using a Tinius
Oslen H5KL Universal tester (ASTM D 882-12 Plastics Tensile
Properties of Thin Plastic Sheets) with a 1 kN load cell and a test
speed of 20 mm min *. The film thickness, measured with a
digital thickness gauge, was 0.22 mm under a pressure of
39.2 x 10> Nmm .

2.6. Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) analysis of a cross-linked bioink

ATR-FTIR spectra of HRP-cross-linked and non-cross-linked
SF-G bioinks were acquired using a NICOLET IS-50 FTIR
spectrometer (Thermo Fisher Scientific). A total of 74 scans
were recorded per sample at a resolution of 4 cm™' over the
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1500-1700 cm™ " range to evaluate amide I and amide II band
variations associated with enzymatic cross-linking. OriginPro
8.5 (OriginLab Corporation, Northampton, MA, USA) was used
for spectral deconvolution.

2.7. Swelling behaviour assessment of hydrogels

The dynamic swelling profile of enzymatically crosslinked SF-
G-HRP hydrogels (formulated with 5 U, 10 U, and 15 U HRP per
400 pL of bioink) was systematically evaluated under physiolo-
gically relevant isothermal conditions (37 °C) in phosphate-
buffered saline (PBS, pH 7.4) over a 15-day period. Initial dry
masses (mpg) of the constructs were recorded prior to immer-
sion, and the PBS medium was routinely refreshed to ensure
ionic stability and minimize osmotic interference. Swelling
kinetics were quantified by gravimetric analysis at predeter-
mined intervals (days 1, 3, 5, 7, 10, and 15) across triplicate
samples. The swelling ratio (Qy) over time was calculated using
the following formula:*® Q¢ = (ms — mpg)/mps x 100, where my
represents the hydrated mass at each time point. This assess-
ment aimed to elucidate the influence of cross-linking density
on the construct’s fluid uptake capacity and structural stability
in aqueous environments.

2.8. Printability and structural fidelity

Acellular SF-G bioinks were extruded through a 260 pm micro-
capillary nozzle using a direct write assembly system (Fiber
Align, Aerotech Inc., USA) equipped with a pneumatic dispensing
unit. Bioinks were loaded into 3 mL syringes, and rheological
parameters—including viscosity, yield stress, viscoelasticity, and
shear-thinning behavior—were characterized under ambient con-
ditions (21-25 °C) to fine-tune printability.***' Using HRP-H,0, (5
U, 10 U) for in situ cross-linking, 1 mL of the bioink was printed
(acellular) into single-layered 4 x 4 mm square grids (1.5 mm pore
spacing, 6 mm width/height). Printing was performed using a
pneumatic extrusion pressure of 20-22 psi, with a printing speed
of 1 mm s~ and a layer height of 200 um. The strand spacing was
maintained at 1.5 mm and constructs were allowed to cross-link
for approximately 5 min post-printing to achieve structural stabili-
zation. Preliminary constructs enabled comparative evaluation of
cross-linked versus non-cross-linked SF-G formulations in terms of
structural fidelity and extrusion performance using parameters
outlined in Table 2. The spreading ratio was calculated as spread-
ing ratio = D¢/D,,, where D, is the nozzle diameter and D is the
measured diameter of the extruded filament obtained from optical
microscopy images.*”
The spreading ratio is defined by eqn (1):

Spreading ratio = extruded filament diameter/nozzle’s diameter

1)

We also examined the printability index (Pr) and printing
accuracy using following eqn (2) and (3):

PR = 1*/164 (2)

Printing accuracy (%) = [1 — (A — 4;)/4; x 100]  (3)
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Table 2 Optimized printing parameters for acellular non-crosslinked and
crosslinked SF—G bioinks

Printing Printing Printing No. of
Sample temperature pressure speed layers
SF-G 25 °C 15 PSI imms ' 2
SF-G-5 U HRP 25 °C 20 PSI 1mms* 2
SF-G-10 U HRP 25 °C 22 PSI 1mms ! 2

where L is the average perimeter of the pore, A is the average
area of the pore and 4; is the designed area of the pore. If Pr =1
corresponds to perfectly squared pore geometry, Pr < 0026 > 1
corresponds to circular and irregular pore geometry respec-
tively. Values greater than 1 indicate lateral spreading after
extrusion.

2.9. Chemiluminescence analysis

Chemiluminescence signal detection was performed using the
Bio-Rad ChemiDoc XRS+ gel documentation system. SF-G-10 U
HRP-H,0, and SF-G-1000 U HRP-H,O, cross-linked gel
matrices were prepared in the presence of luminol, and the
resulting chemiluminescence intensity was analyzed to com-
paratively evaluate the oxidative activity generated during HRP/
H,0,-mediated enzymatic cross-linking of the SF-G bioink
formulations.** The assay was specifically performed to assess
the relative oxidative environment associated with the gelation
process. The imaging system was equipped with a supercooled
CCD detector (1392 x 1024 resolution, 4.65 x 4.65 pum pixel
size), 16-bit depth (65535 gray levels), and a dynamic range
exceeding 4.0 orders of magnitude. Imaging was conducted in
chemiluminescence mode using a special amber emission filter
with a spectral range of 548-630 nm. The maximum usable
image area was 26 x 35 cm under controlled environmental
conditions (21 °C and <70% non-condensing humidity).
Following image acquisition, chemiluminescence intensity
was quantified using Image]J software for comparative analysis.

2.10. Formulation of the cell-laden SF-G bioink using
hBMSCs

Human bone marrow-derived mesenchymal stem cells (male,
18 years), obtained in accordance with the local ethical com-
mittee approval (University Hospital Basel. Prof. Dr Kummer;
approval date: 26/03/2007; ref. no. 78/07), were initially
expanded up to passage 2. The cells were cultured and
expanded up to passage 3 in low-glucose Dulbecco’s modified
Eagle medium (DMEM), supplemented with 10% fetal bovine
serum (FBS), 1% antibiotic-antimycotic solution, and 5 ng mL "
fibroblast growth factor-2 (FGF-2; ProSpec), maintaining cultures
at ~80% confluency. Incubation was carried out under standard
physiological conditions (37 °C, 5% CO,, humidified atmosphere),
with medium replenished every 48 hours. Before chondrogenic
induction, hBMSCs previously expanded to passage 2 were cryo-
preserved in FBS containing 10% dimethyl sulfoxide (DMSO).
We further expanded to passage 3 for all subsequent experiments.
To prepare the bioink formulation, 36 mg of sterilized gelatin

J. Mater. Chem. B

View Article Online

Journal of Materials Chemistry B

(6% wi/v) was blended with 480 puL of SF solution (5% w/v) to
obtain a total volume of 600 pL. The mixture was incubated in a
thermostatically controlled water bath at 37 °C for 30 min to
ensure homogenous blending and to achieve a clear solution.
Following incubation, 60 pL of 10x Dulbecco’s modified Eagle
medium (DMEM) and 60 pL of 10% fetal bovine serum (FBS)
were incorporated into the SF-G solution.** Enzymatic cross-
linking was initiated by adding HRP and H,O, at a concen-
tration of 10 U per 600 pL of bioink in a 1:1 volume ratio.*®
Subsequently, hBMSCs were suspended within the bioink at a
density of 1 x 10 cells at passage 3 per construct prior to
bioprinting. hBMSCs were gently resuspended into the pre-
warmed SF-G solution prior to enzymatic activation to avoid
premature gelation. HRP and H,O, were added immediately
before bioprinting at low concentrations (10 U total), enabling
in situ cross-linking during and immediately after extrusion,
thereby minimizing cellular exposure to reactive intermediates.
The total mixing time did not exceed 60 s, and bioprinting was
completed within the working window of the bioink.

2.11. Determination of total collagen content

The total collagen content of the cartilage sample was deter-
mined by the hydroxyproline assay. Proteinase K-treated sam-
ples experienced 18 h of hydrolysis at 120 °C in 12 M HCL
Under a chemical safety cabinet, the construct was then dried
for 48 h at 55 °C. The dried mass was reconstituted in H,O.
100 pl of chloramine T/oxidation buffer mixture was added to
each sample and standard, and then incubated at room tem-
perature for 20 min. 100 pl of the diluted dimethylaminoben-
zaldehyde reagent were added to each sample and standard,
and then incubated for 20 min at 60 °C. The absorbance was
measured at 560 nm. The readings were corrected by subtract-
ing the blank value. The concentration of hydroxyproline in the
samples was determined using the standard curve. The data
were modified to represent the dry weight of the cartilage
specimens prior to digestion. Reports indicate that collagen
comprises 13% hydroxyproline, establishing a ratio of 1:7.69
between hydroxyproline and collagen, which served as the basis
for estimating collagen concentration.” The quantified collagen
contents were normalized to DNA content measured using a
PicoGreen assay to account for differences in cell number
among constructs. Since gelatin is a collagen-derived
biomaterial containing hydroxyproline residues, all hydroxy-
proline analyses in the present study were interpreted
as relative comparisons between experimental groups contain-
ing identical SF-G compositions and equivalent gelatin con-
centrations. Therefore, the baseline contribution originating
from gelatin-derived hydroxyproline remained consistent
across all groups. The comparative analysis was performed
between SF-G constructs cultured under matched differentia-
tion conditions, including chondrogenic differentiation med-
ium (CDM) versus CDM supplemented with transforming
growth factor-beta 3 (TGF-B3), as well as osteogenic differentia-
tion medium (ODM) versus ODM supplemented with triio-
dothyronine (T3).%°
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2.12. Evaluation of osteogenic and chondrogenic
differentiation of hBMSC laden 3D bioprinted constructs

To assess lineage-specific differentiation within the 3D micro-
environment, hBMSC-laden bioprinted constructs were cultured
for 28 days under controlled incubator conditions (37 °C, 5% CO,,
and >95% humidity). Four distinct media formulations were
used to induce or maintain chondrogenic and osteogenic pheno-
types. Chondrogenic differentiation was evaluated using two
groups. The first chondrogenic group (control-2) was maintained
in standard chondrogenic medium (CDM), consisting of high-
glucose DMEM supplemented with insulin-transferrin-selenium
(ITS) premix (6.25 pg mL~" insulin, 6.25 pg mL™" transferrin,
6.25 ng mL ™" selenium), 5.33 pg mL ™" linoleic acid, 1.25 mg mL "
bovine serum albumin (BSA), 0.1 uM dexamethasone, 37.5 pg mL ™"
ascorbic acid, 1 mM sodium pyruvate, and antibiotics (100 U mL ™"
penicillin and 100 pg mL ™' streptomycin). The second chon-
drogenic group received the same CDM supplemented with
10 ng mL™' transforming growth factor-B3 (TGF-B3; Sigma-
Aldrich) to induce and enhance chondrogenic differentiation.
Also the osteogenic differentiation was evaluated in parallel
using two additional groups. The first osteogenic group
(control-1) was cultured in standard osteogenic differentiation
medium (ODM), composed of high-glucose DMEM supplemen-
ted with 10 nM dexamethasone (Dex), 50 ug mL ™" ascorbic acid,
10 mM B-glycerophosphate (B-GP), 10% fetal bovine serum
(FBS), and 1% penicillin-streptomycin. The second osteogenic
group (osteogenic group) received the same ODM supplemented
with 1 nM triiodothyronine (T3) to promote enhanced osteo-
genic differentiation.*"*> Cells between passages 2 and 4 were
used for all experiments to ensure phenotypic stability and
reproducibility.

2.13. Gene expression

For quantitative gene expression profiling, hBMSC-laden HRP-
crosslinked 3D bioprinted constructs were cultured under
chondrogenic (control-2 and CDM + TGF-B3) and osteogenic
(control-1 and ODM + T3).

Constructs (n = 3 per group per time point) were collected in
1.5 mL microcentrifuge tubes containing 1 mL of EuroGold
RNA Pure reagent (EuroClone, Milano) and immediately snap-
frozen in liquid nitrogen, followed by storage at —80 °C until
further processing. Prior to RNA isolation, the constructs were
enzymatically dissolved using protease treatment to facilitate
matrix degradation and release of encapsulated cells, followed
by centrifugation to obtain a cell pellet. Total RNA was then
extracted from the recovered cell pellet using the Qiagen
RNeasy Mini Kit according to the manufacturer’s instructions.
The concentration and purity of the isolated RNA were assessed
spectrophotometrically using a NanoDrop 2000C system (Ther-
moScientific, USA). Subsequently, 1 pg of total RNA was reverse
transcribed into complementary DNA (cDNA) using the Super-
Script VILO cDNA Synthesis Kit (Invitrogen, USA) following the
supplier’s protocol. Quantitative real-time polymerase chain
reaction (QRT-PCR) was performed using SYBR Green Master
Mix (Qiagen, India) on a Rotor-Gene Q thermocycler (Qiagen,
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Table 3 List of analysed genes using RT-PCR

Gene Full gene name

SOX9 SRY-box transcription factor 9
COL2A1 Collagen type II alpha 1 chain
NOG Noggin

ACAN Aggrecan

RUNX2 Runt-related transcription factor 2

COL10A1 Collagen type X
MMP13 Matrix metallopeptidase 13
GAPDH Glyceraldehyde-3-phosphate dehydrogenase

(housekeeping)

India). Each reaction was run in triplicate in a 25 pL total
volume comprising 1 pL cDNA template, 2.5 pL gene-specific
primers, and nuclease-free water. Primer sequences for SOX9,
COL2A1, NOG, ACAN, RUNX2, COL10A1, MMP13 were
designed using Qiagen’s QuantiTect Primer Assays or custom-
designed and validated prior to use. GAPDH served as the
endogenous housekeeping gene for normalization, and 2D
monolayer- cultured hBMSCs (day 0) (one is cultured in the
absence of osteogenic factors and another is cultured in the
absence of chondrogenic factors) were used as the calibrator
control for AACt calculations.®*

Relative fold changes in gene expression levels were analyzed
using the 2~ (429 method, and data processing was carried out
using Rotor-Gene Q software (Qiagen). All results were expressed
as mean =+ standard deviation (SD) from biological triplicates
(n = 3). These expression profiles were used to evaluate the
temporal progression of osteogenic and chondrogenic markers
in different differentiation microenvironments.*® The list of
analyzed genes using is mentioned in Table 3. Primer efficiency
was determined using standard curve analysis and ranged
between 90% and 110%. Melt-curve analysis was performed
following amplification to confirm the presence of a single
specific PCR product. Relative gene expression levels were calcu-
lated using the 2744 method.

2.14. Statistical analysis

Quantitative data are expressed as mean + standard deviation
(SD). Experiments were performed using three independent
biological samples (n = 3), with each measurement conducted
in technical triplicate. Statistical analyses were analyzed using
one-way ANOVA with GraphPad Prism 8 (GraphPad Software,
San Diego, CA, USA). Statistical significance was considered
atp < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

3. Results

3.1. Docking-based evidence of HRP-H,0, mediated SF
stabilization in enzymatic cross-linking

The molecular docking analysis was performed to examine the
structural compatibility and potential interaction interfaces
between SF and the enzymatic components involved in the
cross-linking reaction. The computational docking study
of the SF-H,0,-HRP complex revealed a highly favorable
binding configuration, with a predicted binding affinity of
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—3.46 kecal mol " and an exceptionally low RMSD value of 0.01
A, underscoring both the binding strength and structural
reproducibility of the docked model (Fig. 2). The negative
binding affinity indicates a strong binding affinity, while the
near-zero RMSD value highlights that the conformations
obtained are consistent, stable, and energetically favorable.
The docking orientation demonstrated that H,O, was precisely
localized within the active site pocket of HRP, occupying a
catalytically relevant position that is critical for peroxidase
activity. The surrounding hydrophobic cavity stabilized the
ligand by creating a non-polar environment, while additional
polar interactions further reinforced its position. The close
packing of H,0, within this cavity ensures accessibility to the
catalytic residues of HRP, thereby supporting efficient enzy-
matic catalysis. SF contributed significantly to the stabilization
of the docked complex. The B-sheet domains of SF aligned
effectively with HRP’s secondary structural elements, promot-
ing van der Waals interactions and structural compatibility.
These interactions not only strengthened the binding orienta-
tion but also facilitated favourable conformational adjustments
that allowed SF to act as a scaffold for H,0, positioning. The
visualization confirmed the presence of hydrophobic inter-
action networks (represented in black in Fig. 2B), which pro-
vided additional reinforcement by minimizing solvent exposure
of the ligand and stabilizing the binding interface. Importantly,
the structural flexibility of SF allowed it to adapt around the
HRP-H,0, interface without compromising stability, thereby
supporting the formation of a stable enzyme-substrate-sub-
strate complex. This adaptability suggests that the HRP-H,0,
system can efficiently induce cross-linking in SF through stable
intermediate formation. Collectively, these results validate the
molecular compatibility and structural feasibility of the HRP-
H,0,-SF complex. The favourable docking score, robust inter-
action network, and negligible RMSD deviation confirm that
this enzymatic system is well-suited for mediating cross-linking
reactions in SF-G bioinks. The computational evidence thus
provides a strong mechanistic basis for the observed tunability
and stability of HRP-H,0, mediated crosslinking, supporting
its application in developing clinically translatable, structurally
robust bioinks. The docking analysis presented here is
intended only as a supportive interaction analysis, providing
structural insight into possible binding orientations between
SF segments and the enzymatic complex. The RMSD value
reported by AutoDock Vina corresponds to the lower-bound
RMSD between predicted docking poses relative to the best-
scoring conformation.

3.2. Gelation and the enzymatic cross-linking mechanism

Controlled gelation kinetics are essential for ensuring optimal
printability and stable network formation in SF constructs.
HRP-H,0,-mediated di-tyrosine cross-linking drives the sol-
gel transition; however, excessively rapid gelation can obstruct
extrusion, while delayed gelation impairs structural fidelity due
to insufficient viscoelastic stabilization.

For the molecular dynamics simulations, the SF sequence
used in the model was derived from the repetitive hydrophobic

J. Mater. Chem. B

View Article Online

Journal of Materials Chemistry B

domains of the Bombyx mori SF heavy chain. Specifically, the
simulation focused on representative segments containing the
characteristic glycine-alanine-rich motifs (GAGAGS), which are
known to play a critical role in B-sheet formation and structural
stability of SF materials. These repetitive sequences are primar-
ily responsible for the mechanical strength and self-assembly
behavior of SF. The selected peptide segment therefore serves
as a representative model to investigate the intermolecular
interactions and structural dynamics relevant to the enzymatic
crosslinking process.

To fine-tune enzymatic cross-linking efficiency and ensure
irreversible network stabilization, SF-G bioinks were formu-
lated with escalating concentrations of HRP: 5 U, 10 U, and
15 U per mL), while maintaining a stoichiometric ratio of H,0,
across all formulations (Fig. 1). The HRP-concentration gradi-
ent revealed a dose-dependent acceleration in gelation rate,
confirming enhanced cross-linking kinetics with increasing
enzyme units. Notably, a comparable study reported gelation
within 5 min using 0.2 U HRP per 1 mg of BMSF, reinforcing
the role of HRP loading in modulating gelation dynamics.*®

3.3. Evaluation of SF-G bioinks rheologically

3.3.1. Flow behavior of HRP crosslinked SF-G bioinks.
To assess the impact of varying shear rates (ranging from
0.1 to 10 s™') on the viscosity of SF-G bioinks with different
concentrations of HRP during the 3D bioprinting process, their
rheological behaviour was systematically analysed at 25 °C.
This investigation aimed to elucidate the role of enzymatic
cross-linking in modulating the flow properties of the bioink
formulations. It is well established that a bioink lacking a cross-
linker was unsuitable for real-time applications due to the
thermo-responsive nature of gelatin, which transitioned to
an aqueous phase at physiological temperatures (~37 °C).
Specifically, in the case of the SF-G bioink, gelatin began to
liquefy at temperatures exceeding 30 °C. The degumming
process significantly affects the molecular weight of regener-
ated SF as it introduces degradation of the silk polymer
chain.?’*” The steady-state viscosity behaviour of HRP-cross-
linked SF-G bioinks as a function of shear rate is illustrated in
Fig. 3A. A characteristic shear-thinning response, indicative of
non-Newtonian fluid behaviour, was observed across all HRP-
crosslinked 5SF-6G bioinks (5 U, 10 U, and 15 U HRP/H,0,).
As the HRP/H,0, concentration increased (from 5 U to 15 U),
the viscosity at lower shear rates was found to increase. For
instance, at a shear rate of 10 s, the viscosity for the 15 U
HRP-cross-linked bioink was recorded as 33 189 mPa s, whereas
the 10 U and 5 U formulations exhibited viscosities of
31623 mPa s and 18571 mPa s, respectively. This trend
indicated that greater enzymatic cross-linking, associated with
increased B-sheet content, enhanced viscosity at low shear rates
(Fig. 3A). Fig. 3] further compared the viscosity of SF-G bioinks
cross-linked using MT at a concentration of 20 U mL ™" versus
HRP. MT-cross-linked bioinks demonstrated only moderate
viscosity enhancement—higher than uncross linked SF but subs-
tantially lower than HRP-crosslinked systems—reflecting weaker
network formation. In contrast, HRP-mediated cross-linking
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Fig. 1 Schematic overview illustrating the experimental workflow.

= Silk Fibroin
ww Horseradish peroxidase
wmmmm Hydrogen peroxide
mmmmm Mushroom Tyrosinase
mmmmm Hydrophobic Interaction
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SF-MT

SF-H,0,-HRP
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Fig. 2 Computational modelling analysis of the interaction between SF, H,O,, HRP and MT. (A) Predicted binding conformation showing SF (magenta),
HRP (green), and H,O, (red) at the interface, with black mesh representing hydrophobic interactions. (B) Enlarged view of the binding pocket highlighting
the spatial orientation and molecular interactions between H,O, and surrounding residues of SF and HRP. (C) Docking output illustrating the binding
conformation of SF with MT, demonstrating favourable interaction stability. (D) Comparative C-score and RMSD values for SF-MT and SF-H,O,—-HRP

complexes, indicating strong binding affinity and high structural reliability for both systems.

produced a significantly stronger and denser polymer network,
resulting in higher viscosity retention and more pronounced
shear-thinning behaviour across all tested shear rates. There-
fore, HRP provided superior rheological performance for

This journal is © The Royal Society of Chemistry 2026

extrusion-based bioprinting compared to MT, which generated
only partial crosslinking.

The minimum stress required to disrupt the covalently
cross-linked network and initiate flow, known as the yield
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Fig. 3 Rheological characterization of HRP-crosslinked SF—G bioinks, (A) shear-thinning behaviour; (B) yield stress values; (C) amplitude sweep; (D) and
(E) frequency sweep; (F) gelation time comparison; (G)—(l) time sweep showing gelation kinetics for 5 U, 10 U, and 15 U HRP—H,O, crosslinked bioinks;
(J) viscosity comparison of SF, SF-G-MT, and SF-G-10 U HRP formulations; (K) shear-rate-dependent storage (G’) and loss (G”) moduli for MT- and
HRP-mediated SF-G bioinks. Data are presented as mean + standard deviation (SD) from three independent experiments (n = 3). Statistical significance
for compressive modulus (B) and strain at break (D) was determined using one-way ANOVA followed by Tukey’s multiple comparison test, with p < 0.05

considered statistically significant.

point,**3° was determined from the viscosity versus shear stress

graph (Fig. 3B). The results indicate that yield stress values
decrease with a reduction in HRP concentration. Specifically,
the yield stress for the highly cross-linked bioink (15 U HRP)
was measured at 236.28 Pa, whereas the bioink with the lowest
cross-linker concentration (5 U HRP) exhibited a yield stress of
148.76 Pa.

3.3.2. Analysis of oscillatory amplitude and oscillatory
frequency sweeps. In oscillatory rheology, gels were subjected

J. Mater. Chem. B

to either a frequency sweep, where the oscillation frequency
decreased at a constant strain within the linear viscoelastic
region (LVR), or a strain sweep, where the oscillatory strain
increased at a fixed frequency. The storage modulus (G')
represented the energy stored and recovered during each
deformation cycle, characterizing the material’s solid-like or
elastic properties. In contrast, the loss modulus (G”) quantified
the dissipated energy, corresponding to the viscous or liquid-
like behaviour of the material. The intersection point of G’ and
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G", where G” exceeded G’, was defined as the flow point. The
interaction between these rheological parameters, particularly
within the LVR, provided crucial insights into the sol-gel
transition and the viscoelastic characteristics of HRP-cross-
linked SF-G bioinks with varying cross-linker concentrations.
As depicted in Fig. 3C, the flow point for the highly crosslinked
(15 U HRP) acellular bioink occurred at a significantly higher
strain (12.7%), whereas bioinks containing 10 U and 5 U HRP
exhibited flow points at 10% and 4.66% shear strain, respec-
tively. Higher shear strain was required to disrupt the network
structure of highly crosslinked polymer chains, facilitating
material flow.*

Consequently, optimizing enzymatic cross-linking concen-
tration is essential for fabricating mechanically stable biofab-
ricated tissue-mimicking 3D constructs. A reduction in HRP
concentration results in weaker enzymatic cross-linking within
the composite hydrogel, leading to the formation of mechani-
cally fragile gels that require minimal shear strain to disrupt
their structural integrity.

To prevent sample breakage during testing, a constant shear
strain of 1% was applied in subsequent oscillatory frequency
sweep experiments. The storage modulus (G’) of all cross-linked
bioinks exhibited a linear dependence on angular frequency
(), with a decrease in G’ observed as HRP/H,0, concentration
was reduced, indicating increased gel softness (Fig. 3D). At an
angular frequency of 35.3 rad s~ ', the storage moduli of SF-G
bioinks containing 5 U, 10 U, and 15 U HRP were 37.25 Pa,
174.61 Pa, and 236.09 Pa, respectively. Softer hydrogels, such as
those formed with 5 U HRP, exhibit reduced resistance to
deformation and less efficient energy dissipation, resulting in
a lower loss modulus (Fig. 3E). Additionally, Fig. 3K evaluates
shear-rate-dependent storage (G’) and loss (G”) moduli for MT
and HRP-crosslinked SF-G systems. MT crosslinking proceeds
via enzymatic oxidation of phenolic residues into reactive
o-quinones, which slowly undergo Michael-type addition and
Schiff-base reactions, producing a moderately cross-linked net-
work that is highly dependent on dissolved oxygen. This
mechanism facilitates smoother extrusion and allows the
bioink to tolerate a wider shear range, as reflected in stable
G’ and G” across increasing shear rates, but the absolute G’
remains relatively low, indicating softer, less densely intercon-
nected hydrogels with limited post-printing stiffness. In contrast,
the HRP-H,0, system rapidly generates covalent dityrosine
bonds through peroxidase-mediated free radical reactions, form-
ing a highly interconnected and mechanically robust network.
Oscillatory strain and frequency sweeps (Fig. 3C-E) show that
HRP-crosslinked SF-G bioinks achieve significantly higher G,
faster gelation kinetics, and pronounced elastic dominance,
while increasing HRP concentration further elevates G’ and
delays the flow point, demonstrating stronger resistance to
deformation. Moreover, HRP-mediated gels maintain higher
viscosity and stiffness under increasing shear, enabling super-
ior shape retention immediately after extrusion. Collectively,
rheological assessment indicates that while MT provides
smoother extrusion and broad shear adaptability, HRP-H,0,
produces stiffer, structurally stable constructs with superior
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post-printing fidelity, making it the technically preferred cross-
linking strategy for high-stiffness, durable 3D bioprinted
architectures.

3.3.3. Effect of cross-linkers on gelation kinetics of SF-G
bioinks. A popular method for monitoring structural evolution
and stability as a function of these parameters over a
predetermined period of time is time sweep rheology. As a
crucial indicator of the gelation kinetics, the gelation point
(viscoelastic crossover point) is established when the storage
modulus (G') equals the loss modulus (G”).'"® As seen in
Fig. 3G-1, G’ and G” increased quickly at first during time
sweep studies before stabilizing over longer time scales. The
viscoelastic crossover point (G’ = G”) indicates the transition
from liquid-like to solid-like behavior of the bioink. The
observed sudden decrease in storage modulus (G’) accom-
panied by a transient increase in loss modulus (G”) around
6 min during the time sweep experiment likely corresponds to a
temporary network rearrangement occurring during the
enzymatic cross-linking process. At this stage, the developing
hydrogel network undergoes structural reorganization as newly
generated phenoxy radicals form additional dityrosine bonds.
This dynamic restructuring temporarily reduces the elastic
dominance of the network, resulting in a momentary decrease in
G’ and a relative increase in viscous dissipation (G”).

Following this transient rearrangement phase, the contin-
ued formation of covalent cross-links stabilizes the polymer
network, leading to a subsequent increase in storage modulus
and the establishment of a mechanically stable hydrogel.
Similar rheological transitions have been reported in enzymatically
crosslinked protein hydrogels, where network maturation and
crosslink redistribution produce temporary fluctuations in viscoe-
lastic parameters during gelation. As shown in Fig. 3F, the bioink
crosslinked with 5 U HRP, for instance, had the prolonged gelation
time (6.5 £+ 0.4 minutes), while those cross-linked with 15 U and
10 U HRP had shorter gelation times (4.2 + 0.4 min and
6 + 0.3 min, respectively). MT-crosslinked samples are included
for direct comparison of yield stress behavior across different
cross-linking strategies.

3.4. Mechanical stiffness and recovery characteristics under
unconfined compression

HRP-incorporated hydrogels were soft and transparent and
exhibited significant elasticity. Even when subjected to a 1 kN
load during the compression test, these covalently cross-linked
SF-G hydrogels showed exceptional elastic recovery and fatigue
resistance without any rupture. Under the same stress circum-
stances, hydrogels with a higher HRP concentration (15 U)
showed lower strain percentages than those with lower con-
centrations (5 U, 10 U), according to the stress-strain analysis
(Fig. 4A). By evaluating the tangent of the stress-strain curve at
20% and 40% strain, the compressive modulus was
ascertained.”” As shown in Fig. 4B, the mechanical properties
of the hydrogels exhibited a clear quantitative dependence on
HRP concentration, indicating that enzymatic cross-link den-
sity directly governs network stiffness. As the HRP concen-
tration increased from 5 U to 15 U, the compressive modulus
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increased from 1529 + 31.89 Pa to 2665 + 4.25 Pa, representing
approximately a 74% enhancement in mechanical stiffness.
This trend indicates that increasing HRP concentration
enhances the formation of dityrosine cross-links, thereby
increasing the effective cross-linking density within the SF-G
polymer network.

HRP mediated enzymatic cross-linking in the bioink plays a
pivotal role in modulating the mechanical integrity of the
casted films. This study underscores the intrinsic mechanical
limitations of pure SF materials, which present challenges in
surgical handling and scaffold implantation. To address these
constraints, HRP/H,0,-mediated cross-linking of SF-G was
employed to enhance the mechanical properties for fabricating
mechanically stable biofabricated tissue-mimicking constructs.
Tensile strength evaluations revealed that the pure SF film
exhibits a lower fracture stress (7.69 + 1.2 MPa) compared to
the HRP-crosslinked variants.

Similarly, tensile testing demonstrated a progressive increase in
failure stress with increasing enzymatic cross-linking. As illu-
strated in Fig. 4C, the tensile strength increased from 15.6 +
1.1 MPa for SF-G-5 U HRP films to 26.01 & 0.7 MPa for SF-G-10 U
HRP films, corresponding to an approximately 67% increase in
tensile load-bearing capacity. This improvement in mechanical
performance can be attributed to enhanced intermolecular cou-
pling between tyrosine residues within the SF matrix, leading to

J. Mater. Chem. B

improved load transfer across the hydrogel network. These results
confirm that HRP concentration serves as a tunable parameter to
modulate mechanical stiffness and structural integrity of the
printed constructs, which is essential for tailoring bioink proper-
ties for specific tissue engineering applications.

Notably, an increase in cross-linker concentration correlates
with an improvement in tensile strength, thereby augmenting
the material’s ability to endure higher mechanical loads.*?
Furthermore, pure SF films fracture at a strain of 2.74 +
0.979%. In contrast, the SF-G-5 U HRP film, characterized by
greater extensibility, exhibits a higher strain at break (12.066 =+
0.8%) compared to the SF-G-10 U HRP film, which breaks at a
strain of 7.923 £ 0.9%, as depicted in Fig. 4D. MT-cross-linked
bioinks exhibited a moderate increase in viscosity relative to
non-cross-linked SF-G; however, HRP-cross-linked systems
demonstrated enhanced elastic dominance and network integ-
rity, as reflected in the rheological trends own (Fig. 3]).

The enhanced compressive modulus and tensile properties
observed in the HRP-cross-linked SF-G hydrogels, together with
the favorable rheological behavior, excellent filament fidelity,
and post-printing shape retention, collectively demonstrate the
mechanical robustness of the developed printed constructs.
The increase in HRP concentration promoted the formation
of a more stable cross-linked network, resulting in improved
resistance to compressive deformation and enhanced structural
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integrity. Furthermore, the shear-thinning and rapid recovery
characteristics of the bioink facilitated uniform filament extrusion
and maintenance of the printed architecture following deposition.
This indicates that the HRP-mediated enzymatic cross-linking
contributes significantly to both the mechanical stability as well
as the printability of the SF-G bioink system.

3.5. ATR-FTIR analysis of the cross-linked bioink

A reduced peak intensity at 803 cm ' in the SF-G control

indicates a lower aromatic content compared to the cross-
linked variants. The C-O stretching band, originally at
1060 cm ™', shifted progressively to 1068 cm™ " and 1072 cm ™"
in the 5 U and 10 U HRP-crosslinked samples, respectively
(Fig. 5A), suggesting increased molecular ordering and network
formation. The FTIR absorption bands in the range of
1637-1616 cm™ " correspond to B-sheet structures, while those
between 1655-1638 cm™ " indicate random coil conformations.*>**
In the amide I region, a downshift to ~1620 cm ™" and an increase
in peak area in the cross-linked samples indicated conformational
transitions toward B-sheet enrichment. This enrichment was
quantified by deconvolution of the amide I region, showing an
approximate increase of 25-30% in B-sheet content for 5 U HRP
and 35-40% for 10 U HRP-cross-linked samples compared to the

View Article Online
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uncross-linked control (Fig. 5C and D). A concurrent shift in the
amide IT band to 1531 cm™ " further confirmed this structural
reorganization, while minor shifts in the amide III region to
1230 em ' (5 U) and 1238 cm™* (10 U) were observed, consistent
with a more ordered secondary structure within the hydrogel
matrix. These results demonstrate that HRP-H,0, cross-linking
provides rapid and tunable formation of SF-G hydrogels, where
B-sheet enhancement directly contributes to improved mechanical
stability and post-printing structural fidelity. The B-sheet enrich-
ment in HRP-crosslinked hydrogels was quantified by decon-
voluting the amide I FTIR region (1600-1700 cm ™). Peaks corres-
ponding to B-sheets (1616-1637 cm™ ') were separated from ran-
dom coils and other structures using Gaussian fitting, and the area
under the B-sheet peaks was expressed as a percentage of the total
amide I area. This analysis showed a 25-30% increase for 5 U HRP
and 35-40% for 10 U HRP, correlating directly with enhanced gel
stiffness, faster gelation, and improved structural fidelity.

The increase in B-sheet content observed following HRP-
H,0,-mediated enzymatic cross-linking may be attributed to
enzymatically induced molecular stabilization and conforma-
tional rearrangement of SF chains. In the presence of H,O,,
HRP catalyzes the oxidation of tyrosine residues present in
SF-G, generating phenoxy radicals that subsequently form
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A) —SFosuHRP B) | Hydrogels
—— SF-G-10 U HRP! 10
SF-G-5U HRP
e
. e SF-G-10U HRA
é 3 SF-G-15U HRP
) a7 2026 2314 A —_—
o 1620 1531 128 as °\°
c ~
3 E 6 -
C £ o) -
E . 214 1020 %, 120 1068 03 684 Tj
I ; =
3
% (7]
h 3721 888
|_ . 2926 2314 1640 1520 Toso 003684 o 24
1240
. : ; L ; ' : 0+ T
4000 3500 3000 2500 2000 1500 1000 500 0 1 3 5 7 10 15
Wavenumber (cm?) o Time (Day)

C) =

SFG (Non-Crosslinked)

&

T T T 1
1550 1600 1650 1700

Wavenumber (cm?)

g

SFG+HRP+H,0,

T T T J
1500 1550 1600 1650 1700

Wavenumber (cm?)

Fig. 5 (A) ATR-FTIR spectra of non-crosslinked and HRP-crosslinked SF-G hydrogels; (B) swelling behavior (%) over 15 days; (C) and (D) amide | region
deconvolution (1590-1710 cm™?) illustrating secondary structural transitions of noncrosslinked and HRP crosslinked SF-G samples. Data are presented
as mean =+ SD. Statistical significance for swelling behaviour (B) was determined using one-way ANOVA with Tukey’s multiple comparison test (p < 0.05).
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intermolecular dityrosine covalent cross-links within the hydro-
gel network. The formation of these covalent cross-links
restricts polymer chain mobility and promotes closer molecular
packing, intermolecular hydrogen bonding, and alignment of
SF chains. Such molecular rearrangement facilitates the transi-
tion from random coil/silk I conformations toward more
thermodynamically stable B-sheet-rich silk II structures. The
enhanced B-sheet formation increases the crystalline character
of the hydrogel network, thereby contributing to improved
structural rigidity, mechanical stability, and resistance to
dissolution.

3.6. Enzymatic stability of crosslinked SF-G hydrogels

SF-G hydrogels exhibit substantial swelling over a 15-day period in
PBS solution (Fig. 5B). Over time, the swelling gradually slows until
the hydrogels reach saturation. In hydrogel systems with higher
HRP concentrations, the swelling progression (Qy) is slower due to
the formation of denser and more robust physical networks,
resulting in markedly lower swelling values. For instance, the
hydrogels cross-linked with 5, 10, and 15 U HRP demonstrate
swelling percentages of 9.17%, 7.23%, and 5.63%, respectively,
over 15 days. These differences highlight the impact of HRP
concentration on the cross-link density and network integrity.
However, hydrogels with higher swelling ratios are less stable, as
excessive water uptake can weaken the hydrogel structure, redu-
cing its mechanical integrity and longevity.

3.7. Optimization of filament formation and shape fidelity

The printability of bioinks was evaluated in terms of shape
fidelity within the x-y plane by quantifying key parameters such
as the spreading ratio, printability index (Pr), and printing
accuracy.* Consequently, the utilization of low-concentration
cross-linkers is recommended to enhance bioink performance.
In this study, we sought to achieve optimal printability of
hydrogels by employing minimal concentrations of HRP as a
cross-linking agent. Extrusion-based bioprinting bioinks gen-
erally exhibit shear-thinning behaviour, wherein elevated noz-
zle velocities reduce viscosity and subsequently increase surface
tension.”” The ideal spreading ratio, indicated by the ratio
between the nozzle diameter and extruded filament diameter
should approximate unity (1.0) to ensure accurate construct
formation. To mitigate fluctuations across experimental trials,
various strategies were implemented to enhance printability
and minimize bioink spreading. Specifically, extrusion pres-
sure should be maintained at a nearly constant level to ensure
uniform filament deposition.*® A 260 pm nozzle was utilized
for all print trials. Optical images of bioprinted constructs
were analyzed via Image] software to quantify filament dia-
meter, perimeter, and the area of interconnected channels,
(Fig. 6B and D).

Quantitative assessment revealed that the spreading ratio of
non-crosslinked SF-G bioink was 2.52 + 0.047, whereas SF-G
bioinks cross-linked with 5 U and 15 U HRP/H,0, exhibited
spreading ratios of 2.03 + 0.055 and 1.57 + 0.042, respectively
(Fig. 6A). For an ideal gelation state or near-perfect printability,
the interconnected pores should exhibit a square morphology.

J. Mater. Chem. B
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Deviations from this geometry indicate suboptimal gelation,
often attributed to low viscosity or nonideal cross-linking
conditions, which can cause filament coalescence and reduced
shape fidelity. The printability index (Pr), which provides a
relative evaluation of pore geometry, further substantiated
these findings. Non-crosslinked SF-G bioink exhibited a Pr
value of 0.8 (< 1), indicative of a circular pore architecture,
whereas cross-linked SF-G bioinks (5 U and 10 U HRP) demon-
strated Pr values of 1.096 and 1.066, respectively, suggesting the
formation of near-square geometries (Fig. 6C). Furthermore,
printing accuracy assessments revealed that the non-cross-
linked SF-G bioink achieved an accuracy of 75.17 + 4.61%,
while the cross-linked SF-G bioinks with 5 U and 10 U HRP
exhibited improved accuracies of 77.52 + 2.14% and 82.97 +
4.04%, respectively (Fig. 6E). These findings underscore the
significance of enzymatic cross-linking in augmenting filament
stability during extrusion, as the viscosity of SF-G bioink was
observed to increase proportionally with cross-linker concen-
tration. Based on the printability optimization results, the SF-G
bioink cross-linked with 10 U HRP exhibited superior shape
fidelity, printing accuracy, and pore geometry compared to 5 U
and 15 U HRP crosslinker concentrations. Therefore, this
optimized formulation (10 U HRP) was selected for further
biological evaluation. For the cellular compatibility and func-
tional performance, cells were subsequently embedded within
the SF-G-10 U HRP bioprinted constructs. Fig. 6F illustrates the
distribution and spreading of cells within the printed con-
structs, indicating that the bioink matrix supports cell attach-
ment and maintenance of cell morphology. These observations
confirm that the optimized SF-G-10 U HRP bioink not only
provides enhanced printability but also supports a favorable
microenvironment for cell encapsulation and post-printing
differentiation.

3.8. Chemiluminescence analysis

The chemiluminescence response observed in the SF-HRP-
luminol system demonstrates a substantial enhancement upon
the inclusion of hydrogen peroxide (H,0,), a crucial oxidizing
agent that drives the luminescent reaction. The HRP enzyme
catalyzes the oxidation of luminol in the presence of H,O,,
leading to the formation of an excited-state 3-aminophthalate
ion.*” Upon returning to its ground state, this ion emits visible
light, with peak emission typically centered around 548-
630 nm as shown in Fig. 7. The HRP-mediated cross-linking
reaction exhibited pronounced H,O, sensitivity, as evidenced
by a luminescence enhancement exceeding two orders of
magnitude in the 1000 U HRP-H,0, formulation compared to
the 10 U counterpart, underscoring the catalytic amplification
effect of elevated H,O, concentrations. The lower concentration
of H,0, and HRP (10 U) cannot sustain the oxidative conditions
required for efficient luminol excitation, leading to signifi-
cantly diminished signal output. This is consistent with prior
studies, which establish the essential role of H,O, in enabling
the chemiluminescent reaction and in stabilizing the luminescent
output, particularly in HRP-luminol systems without additional
enhancers. The reduced chemiluminescence intensity observed in
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the HRP/H,0,-cross-linked system suggests a lower level of oxida-
tive reaction during the crosslinking process. The results, quanti-
fied using Image] from Bio-Rad ChemiDoc XRS+ gel images,
confirm that the luminol-HRP-H,O, interaction embedded
within a SF matrix exhibits robust light emission and underscores
the viability of this configuration for bioanalytical applications,
particularly where enzymatically triggered chemiluminescence is
desired.

3.9. Gene expression analysis

The RT-qPCR analysis was performed on 3D bioprinted SF-G
bioprinted constructs encapsulating hBMSCs to investigate the
temporal dynamics of lineage-specific gene expression in two
defined differentiation microenvironments: chondrogenic dif-
ferentiation medium supplemented with transforming growth
factor-p3 (CDM + TGF-B3) and osteogenic differentiation

This journal is © The Royal Society of Chemistry 2026

medium supplemented with triiodothyronine (ODM + T3).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as the housekeeping reference gene to normalize expression
values across all time points. Gene expression was monitored
over a 28-day period at four critical stages—days 7, 14, 21,
and 28—corresponding to early lineage induction, mid-
phase progression, late differentiation, and prolonged matrix
maturation.

3.10. Chondrogenic differentiation (CDM + TGF-B3)

Under chondrogenic conditions, the transcriptional profile
revealed a progressive and coordinated upregulation of key
cartilage-specific genes, confirming effective chondrogenic
induction and maintenance of a non-hypertrophic phenotype.
SOX9, the central transcription factor driving chondrocyte line-
age commitment and regulating extracellular matrix synthesis,
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demonstrated a steady increase across all time points. Expres-
sion rose from ~2.76-fold on day 7 (1.49 in CDM vs. 0.54 in
control), increased to ~ 6.6-fold by day 14 (2.704/0.41), peaked
at ~6.7-fold on day 21 (3.35/0.50), and remained elevated at
~7.4-fold on day 28 (3.7/0.5). This persistent activation under-
scores the essential role of SOX9 in maintaining chondrocyte
identity during matrix deposition and maturation. COL2A1,
encoding type II collagen, showed a pronounced and sustained
upregulation. It was induced by ~ 4.64-fold at day 7 (1.81/0.39),
increased to ~7.22-fold at day 14 (3.61/0.50), reached a dra-
matic peak of ~22-fold at day 21 (13/0.59), and maintained
high expression at ~20-fold by day 28 (12/0.6). This robust
induction indicates active synthesis of a cartilage-specific
collagen matrix, characteristic of a maturing chondrogenic
phenotype. NOG (Noggin), a known antagonist of bone mor-
phogenetic protein (BMP) signaling that prevents hypertrophic
differentiation and ossification, showed early activation and
sustained expression throughout the culture period. It was
upregulated by ~2.93-fold at day 7 (3.51/1.2), remained
moderately expressed at day 14 (~1.23-fold), surged again to
~5.58-fold at day 21 (2.79/0.5), and was maintained at ~5.2-
fold on day 28 (2.6/0.5). The persistent upregulation of NOG
highlights its critical role in suppressing hypertrophy and
preserving the articular cartilage phenotype. ACAN (aggrecan),
the major cartilage proteoglycan responsible for osmotic swel-
ling and compressive strength, exhibited substantial early
induction with a ~21.8-fold increase at day 7 (3.49/0.16),
followed by ~7.24-fold at day 14 (7.1/0.98), and stabilized at
~3.79-fold and ~ 3.6-fold at days 21 and 28, respectively (3.79/
1; 3.6/1). This temporal expression pattern reflects active ECM
accumulation during early differentiation and gradual stabili-
zation during later stages. Collectively, the upregulation of
SOX9, COL2A1, ACAN, and NOG under chondrogenic condi-
tions demonstrates a coordinated transcriptional program
favoring stable hyaline cartilage formation, characterized by
robust ECM deposition and persistent anti-hypertrophic signal-
ing. These results indicate that CDM + TGF-B3 creates a

J. Mater. Chem. B

View Article Online

Journal of Materials Chemistry B

microenvironment that supports the development of a func-
tional articular cartilage-like tissue (see Fig. 8A).

3.11. Osteogenic differentiation (ODM + T3)

The hBMSCs cultured in ODM + T3 exhibited a transcriptional
profile consistent with osteoblast differentiation, matrix miner-
alization, and hypertrophic remodeling. RUNX2, the master
transcription factor for osteogenesis, displayed an early and
pronounced ~11.9-fold induction at day 7 (4.75/0.4), which
declined progressively to ~10-fold at day 14 (2/0.2), ~4.74-fold
at day 21 (1.185/0.25), and ~2.83-fold at day 28 (0.85/0.3). This
temporal decline indicates a transient yet strong activation of
osteogenic programming during the initial phase, followed by
attenuation as the matrix matured. ALPL (alkaline phospha-
tase), essential for mineral deposition, showed the highest
expression at day 7 (~12.2-fold; 4.76/0.39), which declined to
~4.5-fold at day 14 (1.89/0.42) and further reduced to ~ 2-fold
and ~1.37-fold at days 21 and 28, respectively (1.8/0.9; 1.1/0.8).
COL10A1, encoding type X collagen—the main structural pro-
tein in bone—was highly expressed early (~9.46-fold at day 7;
4.73/0.5), maintained at ~ 3.75-fold at day 14 (3/0.8), reduced to
~1.5-fold at day 21 (1.5/1), and approached baseline (~1.25-
fold) by day 28 (1/0.8). BGLAP (Osteocalcin), a late-stage osteo-
blast marker associated with mineralization, demonstrated a
gradual increase, starting with ~1.5-fold induction at day 7
(1.2/0.8), rising to ~2.67-fold at day 14 (2.4/0.9), peaking at
~3.75-fold at day 21 (3/0.8) and stabilizing at ~ 3.1-fold at day
28 (3.1/1).

This gene expression cascade indicates that ODM + T3
promotes early osteogenic activation via RUNX2 and ALPL,
followed by a transition toward osteoblast maturation and
mineralized matrix formation.

3.12. Total collagen quantification in hBMSC-laden
constructs

The total collagen content was quantified to assess the extra-
cellular matrix deposition in hBMSC-laden constructs cultured
under chondrogenic (CDM, CDM + TGF-B3) and osteogenic
(ODM, ODM + T3) conditions over a period of seven days
(Fig. 9A and B). Under chondrogenic conditions (Fig. 9A)
collagen content showed a progressive increase from day 1 to
day 7 in both the groups, with a consistently higher accumula-
tion in the presence of TGF-3. On day 1, collagen levels were
relatively low, with CDM + TGF-$3 showing slightly higher
content (~300 ng) compared to CDM (~250 ng). By day 3, a
significant increase was observed in both groups, with CDM +
TGF-B3 reaching approximately 680 ng, surpassing CDM
(~500 ng). On day 5, collagen content in both groups contin-
ued to rise, showing similar levels (~940 ng in CDM + TGF-$33
vs. ~900 ng in CDM). However, by day 7, the difference became
more evident, with CDM + TGF-f33 achieving a markedly higher
collagen deposition (~ 1350 ng) compared to CDM (~ 1100 ng),
highlighting the pronounced effect of TGF-f3 in sustaining
collagen synthesis during chondrogenesis. A similar trend was
observed under osteogenic conditions (Fig. 6B), where collagen
content increased gradually over time, with ODM + T3

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 gRT-PCR analysis of gene expression in h(BMSC-laden 3D bioprinted constructs, showing the relative expression of SOX9, COL2A1, NOG, ACAN,
RUNX2, COL10A1, and MMP13 under chondrogenic conditions (CDM and CDM + TGF-B3) and osteogenic conditions (ODM and ODM + T3) over a
method, with monolayer hBMSCs at day 0 used as the control. Data are
presented as mean + SD (n = 3). Statistical significance was determined using two-way ANOVA with Tukey's multiple comparison test (p < 0.05).

28-day culture period. Relative fold changes were calculated using the

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Total collagen content in hBMSC-laden constructs cultured under chondrogenic and osteogenic conditions over 7 days. (A) Collagen deposition
under chondrogenic medium (CDM) and CDM supplemented with TGF-f3, showing a progressive increase with enhanced accumulation in the TGF-$3
group. (B) Collagen deposition under osteogenic medium (ODM) and ODM supplemented with T3, indicating a time-dependent increase with higher
collagen levels in the T3-treated group. Data are presented as mean + SD (n = 3). Statistical significance for (A) and (B) was determined using two-way

ANOVA with Tukey's multiple comparison test (p < 0.05).

consistently demonstrating higher levels than ODM alone.
On day 1, the ODM + T3 group exhibited significantly greater
collagen content (~300 ng) compared to ODM (~100 ng),
indicating an early stimulatory influence of T3 on collagen
synthesis. This difference persisted through day 3 (~420 ng vs.
~200 ng) and day 5 (~600 ng vs. ~450 ng) and became more
pronounced by day 7, where ODM + T3 reached nearly
~900 ng, while ODM remained lower at ~520 ng. The results
demonstrated a clear time-dependent increase in collagen
deposition in both chondrogenic and osteogenic lineages, with
growth factor supplementation (TGF-f3 in CDM and T3 in
ODM) significantly enhancing collagen synthesis compared to
their respective controls. By the end of the culture period,
chondrogenic constructs, particularly those treated with TGF-
B3, exhibited a higher absolute collagen content than osteo-
genic constructs, reflecting their superior matrix synthesis
potential under these conditions. The observed differences in
hydroxyproline content between the SF-G + CDM and SF-G +
CDM + TGF-B3 groups, as well as between the SF-G + ODM and
SF-G + ODM + T3 groups, are primarily attributed to differences
in cell-mediated extracellular matrix synthesis under the
respective differentiation conditions. Since all experimental
groups were prepared using identical SF-G bioink compositions
containing equivalent gelatin concentrations, the baseline con-
tribution originating from gelatin-derived hydroxyproline
remained constant within each comparative group.

3.13. Comparative pathway regulation and differentiation
outcomes

The 28-day temporal gene expression analysis conducted on
the 3D bioprinted SF-G hydrogel constructs revealed two dis-
tinctly regulated lineage trajectories under different inductive
conditions, highlighting the platform’s versatility in directing

J. Mater. Chem. B

mesenchymal stem cell fate. Under osteogenic induction med-
ium supplemented with triiodothyronine (ODM + T3), the Wnt/
B-catenin signalling pathway was notably activated, initiating
a cascade of molecular events that drive transient cartilage
formation, chondrocyte hypertrophy, and subsequent endo-
chondral ossification. This lineage commitment was character-
ized by an early upregulation of RUNX2, a master transcription
factor for osteogenic differentiation, followed by increased
expression of matrix remodeling enzymes such as MMP13,
which facilitate extracellular matrix degradation and remodel-
ing. Over the course of the culture period, this early molecular
profile transitioned toward the expression of key osteogenic
markers, including COL10A1 and BGLAP, along with elevated
ALPL activity, collectively indicative of osteoblast maturation
and matrix mineralization, making this pathway particularly
relevant for engineering osteochondral interfaces or bone-
cartilage transitional zones.

Chondrogenic induction using medium supplemented with
TGF-f3 (CDM + TGF-B3) engaged an entirely different signaling
axis, wherein Wnt/B-catenin activity was actively suppressed
while the autotaxin-lysophosphatidic acid (ATX-LPA) pathway
was prominently activated. This regulatory mechanism played a
crucial role in maintaining a stable chondrogenic phenotype by
sustaining SOX9 expression, a pivotal transcription factor for
chondrocyte lineage commitment and cartilage-specific ECM
production. Moreover, this pathway promoted the upregulation
of NOG, a known antagonist of BMP signalling, thereby inhibit-
ing hypertrophic progression and preventing premature miner-
alization. The chondrogenic lineage was further characterized
by robust and sustained synthesis of articular cartilage-specific
ECM components, including COL2A1 (type II collagen)
and ACAN (aggrecan), alongside persistent NOG-mediated sup-
pression of hypertrophic markers, ultimately supporting the
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formation of a stable, non-hypertrophic articular cartilage-like
tissue suitable for long-term cartilage repair and regeneration.

4. Discussion

The development of clinically translatable, mechanically
robust, and biologically instructive bioinks is a critical chal-
lenge in cartilage and osteochondral tissue engineering. In this
study, we investigated the performance of HRP-H,0O,-cross-
linked SF-G bioinks for supporting lineage-specific differentia-
tion of hBMSCs. Previous work in our lab involved encapsulation
of the SF-G bioink with immortalized cell lines, TVA-BMSC,
or human turbinate tissue derived MSC, which were engineered
to express specifically targeted transcription factors or different
differential kinetics, as reported by Chawla et al. ” and Das et al.*°
MT has also been shown to effectively cross-link SF-G when
combined with Fe;O, magnetic nanoparticles as reported by
Chakraborty et al.*® Even in the presence of 50 mg mL '
of MNPs, MT provided efficient crosslinking and supported
chondrogenesis and cell viability for up to 21 days in culture.
In the present study, we emphasize the need to transition from
MT to HRP-H,0, as a crosslinking agent, reflecting a broader
advancement in enzymatic biofabrication toward faster, tunable,
and clinically scalable cross-linking mechanisms suitable for cell-
laden bioprinting.

In the earlier work, MT served as an oxidative biocatalyst to
promote dityrosine bond formation within SF-G hydrogels
under mild, cytocompatible conditions, providing an alterna-
tive to UV or chemical cross-linking that preserved cell viability
during 3D bioprinting. Despite its biocompatibility and its
ability to activate osteogenic differentiation, the MT-based system
presented several limitations. Gelation kinetics were slow and
inconsistent (typically 15-30 min under physiological conditions),
resulting in delayed construct stabilization and reduced layer
fidelity during deposition. Moreover, high enzyme concentra-
tions (>300-500 U) were required to achieve adequate cross-
link density, which not only increased cost but also introduced
batch-to-batch variability in mechanical and rheological prop-
erties. MT-crosslinked scaffolds exhibited excessive swelling
(>10%) and premature relaxation of the polymeric network,
leading to reduced shape retention and early degradation—
factors detrimental to load-bearing or long-term in vitro culture.
Additionally, the limited commercial availability and rising
cost of MT further compromise its feasibility for large-scale or
GMP-compliant biofabrication.*’

In contrast, the HRP-H,0, cross-linking strategy developed
in this study achieved rapid and controllable gelation (4-6 min)
with a significantly lower enzyme concentration (10 U HRP),
representing a ~30-50-fold reduction in enzymatic load com-
pared to MT. The tunable oxidative kinetics of HRP enabled
precise regulation of gelation and superior print fidelity
(printability index ~ 1.06; accuracy ~ 82.9%), ensuring stable
layer-by-layer deposition without pore collapse. Rheologically, HRP-
cross-linked SF-G bioinks exhibited pronounced shear-thinning
behavior and an optimal viscosity (~31600 mPa s at 10 s '),

This journal is © The Royal Society of Chemistry 2026
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conducive to smooth extrusion and structural maintenance.
The 10 U HRP formulation displayed a compressive modulus of
~2.29 kPa and fracture stress of ~26 MPa—both significantly
higher than MT-cross-linked analogs—indicating improved
network uniformity and B-sheet ordering, corroborated by the
amide I band shift (~1620 cm™") in ATR-FTIR spectra. Con-
trolled swelling (5.6-7.2%) and enhanced resistance to hydro-
Iytic degradation further highlight the structural stability of
HRP-H,0, networks, whereas MT-cross-linked scaffolds from
earlier studies exhibited higher swelling and loss of integrity
over comparable time frames. HRP-H,0, enables rapid and
controllable gelation (4-6 min) at low enzyme concentration (10
U) as compared to MT which requires the gelation times of (15-
30 min) and much higher enzyme loading, leading to variability
in print fidelity and mechanical stability. The HRP-H,O,
system operates under controlled and transient oxidative con-
ditions, where H,0, is rapidly consumed during cross-linking
minimizes prolonged ROS exposure preserving cell viability and
supporting stable lineage-specific differentiation. Beyond the
biomaterial advantages, the biological comparison between the
present HRP-H,0, system and the previously published MT-
based work by Chawla et al.” highlights fundamental differ-
ences in cellular responses, lineage stability, and growth factor
dependency. Chawla et al.” employed TVA-BMSCs, a genetically
engineered mouse mesenchymal cell line modified to express
the TVA receptor for viral transduction. These cells were
encapsulated in MT-crosslinked SF-G scaffolds, where MT
served as the oxidative enzyme enabling dityrosine bond
formation. Their study focused on examining how TGF-f1
regulates cartilage phenotype within this MT-based microenvir-
onment. In the absence of TGF-f1, TVA-BMSCs displayed an
articular cartilage-like gene expression profile, characterized by
elevated ACAN, PRG4, and ATX, along with suppression of
hypertrophic markers such as COL-II (embryonic/transient
form), IHH, and COL-X. This indicated a stable hyaline-like
state when MT constructs were cultured without exogenous
growth factors. However, upon addition of TGF-Bf1, Chawla
et al” observed a clear hypertrophic shift. RT-PCR results
showed significant upregulation of COL-II, IHH, and COL-X,
coupled with downregulation of articular markers
(ACAN, PRG4). Their conclusion was clear: TGF-B1 drives
TVA-BMSCs toward a hypertrophic, transient-cartilage pheno-
type, and avoiding hypertrophy in their system required com-
plete withdrawal of TGF-B1. The primary hBMSCs represent the
most clinically relevant and translationally appropriate
cell source as compared to TVA-BMSCs which are genetically
engineered murine cells optimized for mechanistic
studies, while turbinate-derived MSCs show tissue-specific
and donor-dependent variability. In contrast, hBMSCs
possess well-defined differentiation trajectories and are widely
accepted for cartilage and bone tissue engineering
applications.

The present study utilizes hBMSCs—a clinically relevant,
non-engineered human cell population with well-defined
differentiation trajectories. These cells were encapsulated in
HRP-H,0,-cross-linked SF-G constructs, which provide a
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mechanically uniform, oxidation-controlled, low-ROS microen-
vironment fundamentally different from MT-crosslinked gels.
While TVA-BMSCs became hypertrophic in response to TGF-f1,
hBMSCs continued normal chondrogenic differentiation under
TGF-B3 without signs of hypertrophy. RT-PCR analyses in our
system revealed strong and progressive upregulation of SOX9,
ACAN, COL2A1, and NOG, with minimal expression of hyper-
trophic markers such as COL-X and MMP13, even at later time
points. This indicates that TGF-B3 in HRP-cross-linked con-
structs promotes a stable hyaline phenotype without triggering
the hypertrophic cascade commonly associated with TGF-$1.
Moreover, the combination of higher mechanical integrity,
faster and more homogeneous crosslinking, lower swelling,
and improved B-sheet stabilization in HRP-H,0, hydrogels
likely contributes to enhanced cartilage-specific lineage stabili-
zation by improving cell-matrix mechanotransduction and
reducing oxidative stress. Altogether, these findings demon-
strate that the HRP-H,0, + TGF-f3 environment is biologically
superior to the MT + TGF-B1 system for maintaining non-
hypertrophic hyaline cartilage in hBMSCs.

In addition to differences with the MT-based TVA-BMSC
model, it is also necessary to compare our osteogenic findings
using MT as the cross-linker for the SF-G bioink but with an
entirely different biological design.** Majumder et al.’s** objec-
tive was to chemically conjugate small-molecule regulators
(LDN193189, IL-1Ra) and TGF-B3 to the silk backbone using
CyCl and diazonium chemistries, enabling sustained release
and high local bioavailability to maintain a stable chondro-
genic phenotype and suppress hypertrophic maturation in
hBMSCs under OA-mimicking conditions. Their gene expres-
sion analysis therefore focused on chondrogenic markers
(SOX9, PRG-4, and COL2A1) and hypertrophic/catabolic mar-
kers (COL10A1, MMP13, NOG, and SMAD4). As expected, the
IL-1Ra group showed the lowest MMP-13 and COL10A1, while
the LDN and TGF-B3 groups showed donor-dependent hyper-
trophic gene upregulation. This confirmed that their system
was engineered to inhibit MMP-13, limit hypertrophic progres-
sion, and stabilize the cartilage matrix. Importantly, their
constructs did not induce osteogenic markers such as RUNX2
(osteogenic form) or COL10A1, because their design goal was
chondrogenic stability, not osteogenesis.>*

Our HRP-H,0,-cross-linked SF-G constructs supplemented
with T3 were specifically designed to promote endochondral
osteogenesis and therefore exhibited a fundamentally different
transcriptional profile. In our study, hBMSCs demonstrated a
clear temporal induction of RUNX2 beginning at day 14 and
increasing through day 28, indicating osteoprogenitor activa-
tion, whereas Majumdar et al>®> maintained low RUNX2 to
avoid hypertrophic drift. COL10A1 expressions in our system
increased sharply from day 7 onward, confirming active osteo-
blast-mediated extracellular matrix deposition, a behaviour not
observed in Majumder’s et al’s MT-based cartilage-stabili-
zation system. Moreover, MMP13 in our constructs increased
under T3 conditions, particularly at days 14 and 21, consistent
with physiological matrix remodelling during osteoblast
maturation. This contrasts directly with Majumdar et al.,*
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where MMP-13 was intentionally suppressed (especially in the
IL-1Ra group) to prevent hypertrophy and maintain a stable
cartilage phenotype. TGF-B3 promotes stable chondrogenesis
in HRP-crosslinked constructs, while T3 specifically drives
controlled osteogenic progression, enabling stage-dependent
lineage control.

Taken together, the gene-specific comparison shows that
Majumdar et al.’s** MT- cross-linked, inhibitor-functionalized
system is optimized to reduce MMP-13, restrain COL10A1, and
avoid RUNX2/COL10A1 induction, thereby stabilizing chondro-
genesis under OA-like conditions. Conversely, our HRP-H,O, +
T3 system is optimized to increase RUNX2, elevate COL10A1,
and permit controlled MMP-13 activity, driving a stepwise
osteogenic differentiation pathway. These contrasting tran-
scriptional outcomes arise from both the distinct biological
objectives (hypertrophy inhibition vs. osteogenesis) and the
differences in cross-linking chemistry (slow MT-based gelation
vs. rapid, uniform HRP-H,0, network formation). Therefore,
while Majumdar et al.*> successfully established a strategy for
stabilizing hyaline cartilage phenotype, our system supports
full early-to-intermediate osteogenic progression, representing
a fundamentally different regenerative pathway. Another study
by Kotani et al.*® primarily evaluated the cytocompatibility of
HRP-mediated extrusion bioprinting at the cellular level by
assessing post-printing cell viability, morphology, and prolif-
eration. Their study demonstrated high survival (>90%) of
mouse fibroblasts (10T1/2) and sustained growth and spheroid
formation of HepG2 cells within HRP-crosslinked constructs,
confirming that the HRP-H,0, system supports basic cell
maintenance and proliferation in low-viscosity bioinks. However,
the cellular analysis in their work was limited to viability and
growth behavior, without investigation of lineage commitment
or differentiation-associated gene expression. In contrast, our
study extends the cellular evaluation to lineage-specific differ-
entiation of hBMSCs within HRP-H,0,-crosslinked SF-G con-
structs. Beyond maintaining high cell viability, we demonstrate
controlled regulation of transcriptional programs, including
stable chondrogenic gene expression (SOX9, ACAN, COL2A1,
and NOG) under TGF-B3 stimulation and temporally regulated
induction of osteogenic markers (RUNX2, COL10A1, and
MMP13) under T3 treatment. This highlights the ability of
the HRP-H,0, microenvironment to support not only cell
survival but also programmed stem cell fate decisions, which
were not addressed in the earlier study. HRP-H,O,-cross-
linked constructs under TGF-B3 exhibited cartilage-specific
gene expression with dominance of COL2A1 and stable ECM
accumulation. Under T3 stimulation, hBMSCs showed tempo-
rally regulated induction of RUNX2, increased COL10A1 expres-
sion, and controlled MMP13 activity, resulting in enhanced
total collagen deposition associated with osteoblast-mediated
matrix formation. Overall, the HRP-H,0, enzymatic system
addresses the critical biochemical, mechanical, and transla-
tional shortcomings inherent in MT-based crosslinking.
It enables rapid gelation, lower enzyme dependence, superior
mechanical robustness, enhanced B-sheet stabilization, con-
trolled swelling, and higher biological performance, all while
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offering better reproducibility and scalability. Importantly,
given the increasing scarcity and cost of MT, HRP-H,0, repre-
sents a more sustainable and clinically translatable alternative.
The enhanced chondrogenic performance observed in the HRP-
crosslinked SF-G constructs is likely associated with the com-
bined effects of enzymatic network stabilization, B-sheet
enrichment, and improved cell-material interactions. HRP-
mediated dityrosine crosslinking increased the structural integ-
rity and mechanical stability of the hydrogel network, as
evidenced by the enhanced compressive modulus, tensile
behavior, and post-printing shape retention. Simultaneously,
the increased B-sheet content contributed to a more stable and
organized microenvironment that supported prolonged struc-
tural maintenance during in vitro culture. Such mechanically
stable matrices are known to influence stem cell behavior by
regulating cell-matrix interactions and cytoskeletal organization,
thereby promoting lineage-specific differentiation. Furthermore,
the gelatin component within the SF-G bioink provided bioactive
adhesive domains that facilitated cellular attachment and extra-
cellular matrix deposition. The synergistic effects of improved
matrix stability, favorable viscoelastic properties, and enhanced
cell-material interactions may therefore have contributed to the
increased collagen deposition, and upregulated chondrogenic
differentiation observed in the HRP-crosslinked constructs. Thus,
the present findings establish HRP-H,0,-mediated cross-linking
as a next-generation enzymatic approach that overcomes the
limitations of the MT system, marking a significant step toward
reproducible, functional, and clinically relevant 3D bioprinted
constructs for cartilage, bone, and osteochondral tissue
engineering.

5. Conclusion

This study highlights the critical role of HRP-H,0, enzymatic
cross-linking in fine- tuning the printability, mechanics,
and biological performance of SF-G bioinks. Among tested
concentrations, 10 U HRP emerged as the optimal cross-
linker, balancing rapid yet controlled gelation, enhanced
viscoelasticity, and superior mechanical strength without
excessive stiffness seen at 15 U. ATR-FTIR confirmed favour-
able B-sheet structuring at 10 U, while swelling tests demon-
strated reduced network degradation, supporting long-term
stability. Importantly, 10 U HRP bioinks exhibited improved
filament fidelity and print accuracy, coupled with significantly
lower ROS generation compared to higher enzyme levels,
ensuring a non-cytotoxic environment ideal for stem cell
viability. Gene expression analysis further confirmed that
SF-G constructs cross-linked at 10 U robustly support hBMSC
differentiation, promoting stable chondrogenic and osteo-
genic lineage commitment depending on induction cues.
Overall, the SF-G-10 U HRP-H,O, system offers a precisely
tuned, biocompatible platform that synergizes mechanical
robustness with controlled cellular microenvironments,
positioning it as a versatile biomaterial for advanced 3D
bioprinting and tissue engineering applications.
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