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Abstract

Articular cartilage is a specialized connective tissue that provides a smooth and lubricated surface for
joint movement while distributing mechanical loads during locomotion. However, due to its
avascular, aneural, and alymphatic nature, cartilage possesses extremely limited intrinsic healing
capacity. Once damaged by trauma, aging, or disease, the tissue undergoes progressive degeneration
characterized by extracellular matrix breakdown, loss of chondrocyte function, inflammation, and
deterioration of mechanical integrity. If left untreated, such damage can eventually lead to a
debilitating joint disorder known as Osteoarthritis (OA). Current clinical interventions including
microfracture, autologous chondrocyte implantation, and osteochondral grafting often provide only
temporary relief and rarely succeed in restoring the complex structure and functionality of native

cartilage.

In recent years, biomaterial-based strategies have emerged as promising approaches for cartilage
repair. However, many existing scaffold systems fail to achieve long-term regeneration because they
do not adequately replicate three essential characteristics of native cartilage: biomimetic structural
architecture, sufficient mechanical strength to withstand joint loading, and metabolic support
necessary for chondrocyte survival and differentiation. Furthermore, the joint microenvironment in
degenerative conditions is often hypoxic, inflammatory, and metabolically compromised, which
further limits cell viability and extracellular matrix synthesis. These challenges highlight the need for
multifunctional biomaterials capable of actively supporting cellular metabolism, promoting tissue
integration, and sustaining long-term cartilage regeneration. The central objective of this thesis is to
address the major biological and mechanical barriers associated with cartilage regeneration by
designing advanced hydrogel-based biomaterials that integrate biomimetic architecture, mechanical
resilience, and bioenergetic functionality. To achieve this goal, a series of innovative scaffold systems

were developed, each targeting a specific challenge in cartilage tissue engineering.

Chapter 1 provides a comprehensive introduction and literature survey discussing cartilage structure,

degeneration mechanisms, and current regenerative strategies for treating osteoarthritis.



Chapter 2 describes the development of a Janus nanofiber-reinforced biomimetic fibrillar hydrogel,
designed to replicate the hierarchical dual architecture of native cartilage. This system integrates
microporous and nanofibrous features mimicking the structural complexity of natural cartilage tissue

to enhance strength of scaffold and promote cell bioactivity, and chondrogenic differentiation.

Chapter 3 presents BioEnerGel, a robust, self-healable, and tissue-adhesive hydrogel engineered to
provide improved mechanical strength, structural stability, and effective tissue integration under load-
bearing conditions. This multifunctional hydrogel platform incorporates bioenergetic components to
address the metabolically restrictive microenvironment of cartilage by enhancing cellular metabolism

and supporting chondrogenesis under hypoxic conditions.

Chapter 4 presents OxyCartiGel, an oxygen-releasing bioenergetic hydrogel platform developed to
address the severe hypoxic microenvironment associated with cartilage injury and degeneration. By
providing sustained oxygen release, this system aims to meet the oxygen dependent metabolic
demands of chondrocytes and stem cells, thereby improving cell survival, promoting extracellular

matrix synthesis, and supporting effective cartilage regeneration.

Finally, Chapter 5 summarizes the key findings of this work and outlines future perspectives for the
development of next-generation multifunctional biomaterials for cartilage regeneration. Collectively,
this thesis advances the design of bioinspired hydrogel systems that synergistically integrate
structural, mechanical, and metabolic cues, offering a promising strategy for effective cartilage repair

and the prevention of osteoarthritis progression.
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Figure 1.1: Schematic illustration of anatomy of articular cartilage illustrating different zones of cartilage with
ECM architecture design in each zones in a healthy knee joint. Figures were created using BioRender.com and
L€ LoTeTed I € 131111 BT PRSP P PSR PPRRRN 3
Figure 1.2: Schematic illustrating the OA-associated changes at molecular level. (A) Hippo signaling shift
from homeostatic to catabolic state in OA. (B) ECM matrix changes and Molecular pathways affected in
chondrocytes during OA influencing its inflammatory and phenotypic drift. Figures were created using
BioRender.com and GOOZLE GEIMINI. .......eccuerierreeriiriieieniisieeste ettt sttt see bt e resressee bt sseeeesreenesreeneens 6
Figure 1.3: Epidemiology of OA. (A) Schematic illustration of prevalence of OA and demographic disparities
in OA (1990-2050 estimated). (B) Treatment strategies for OA (C) Possible treatment strategies based on
different OA symptoms. Figures were created using BioRender.com and Google Gemini. .........c.ccevceereennnnnns 9
Figure 1.4: The effect of microneedle in alleviating cartilage wear. (A) Dermoscopic images and SEM images
of MNs@De patch [44]. (B) Schematic diagram of ACLT-mediated cartilage surgery in Beagle dogs [44]. (C)
Macroscopic appearance of the femoral condyles and tibial plateau cartilage after two months of indicated
treatment [44]. (D) MRI coronal images of the Beagle dogs at one month and two-months post-treatment to
assess cartilage thickness and damage. Red arrows indicate cartilage damage. Scale bar:1 cm [44]. (E)
Penetration ability of a blank MN-patch applied on rat skin visualized using digital camera and H & E stained
rat skin cross-section showing MN piercing Reprinted from [45] Copyright (2024), with permission John
Wiley and Sons. (F) Effect of MN on locomotor activity in MIA-induced OA rats. Reprinted from [45]
Copyright (2024), with permission John Wiley and Sons. (G) Representative H & E-stained images of rat knee
treated with LHP and LHP MNs. Reprinted from [45] Copyright (2024), with permission John Wiley and

Figure 1.5: Interaction of Nanoparticle-Cartilage. (A) Uptake pathways and therapeutic mechanisms of
nanoparticles in OA [50]. (B) Penetration of different sizes of nanoparticles into the cartilage matrix [50]..19
Figure 1.6: Smart-responsive nanoparticle systems for osteoarthritis therapy. (A) Synthesis of WPV-CuO
nanoparticles [55]. (B) Therapeutic efficacy of dual-targeted WPV-CuO nanoparticles in an ACLT-induced
OA rat model, shown by representative Safranin O-Fast Green staining, H&E staining, and
immunofluorescent analysis of COL-II and MMP-13 expression [55]. (C) Physicochemical characterization
and in vitro release kinetics of AG@MSNs-PAA nanoparticles [57]. (D) Histological assessment (H&E and
Safranin O—Fast Green staining) demonstrating that AG@MSNs-PAA attenuates cartilage degeneration in
ACLT-induced OA rats [57]. (E) Synthesis of TKCP@DEX nanoparticles [58]. (F) In-vivo ROS-responsive
imaging following intra-articular injection of TKCP@DEX nanoparticles. Elevated ROS activity in OA joints
was visualized by fluorescence imaging (Ex: 630 nm; Em: 700 nm), confirming stimulus-responsive activation
within the diseased MicroenViroNMENt [S8].......cccviiiieiriiieeiieeiieeeiie e e esee e ste e rte e e saee e sre e e sreesteeesneeesreeesnees 22
Figure 1.7: Restoration strategies for cartilage repair. (A) Clinical strategies used for cartilage repair according
to KL grading. (B) Tissue engineering (T.E) triad. (C) Schematic illustration of Cell-based, cell-free and cells
on scaffold approach for cartilage repair. (D) Novocart 3D represents a third generation ACI using collagen-
based biomaterial of bovine origin. During the surgery it is cut into the appropriate shape for implantation in
the cartilage defect. Reprint from [89] copyright (2022) from Elsevier. (E) Biphasic Structure of the Novocart
3D membrane with an occlusive side which is directed towards the joint during ACI procedure, while the
rough side (lower part of the image) is directed to the subchondral bone Reprint from [89] copyright (2022)
from Elsevier. (F) Knee MRI, with three measuring points of cartilage thickness in the NOVOCART 3D
implant and in the surrounding healthy cartilage. Reprinted from [90] copyright (2013) from John Wiley and
Sons. (G) Development of NOVOCART 3D implants: (a) after 6 months without graft hypertrophy, (b) after
1 year with graft hypertrophy grade 2 and (c) after 2 years with a persistent graft hypertrophy grade. Reprinted
from [90] copyright (2013) from John Wiley and Sons. (H) Macroscopic appearance of cartilage healing by
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microfracture, microfracture + PRP gel, microfracture + liquid PRP. Black arrows show repaired cartilage.
Reprinted from [91] copyright (2010) with permission from Elsevier. (I) Histological images of cartilage
healing by microfracture + liquid PRP. Black arrows show repaired tissue and asterisk shows healthy tissue
(Original magnification left to right 12.5x (H-E), 100x (Safranin-O), 40x (Safranin-O)). Reprinted from [91]
copyright (2010) with permission from EISEVIET. ........cccvevueririeiirinieninceseeeereee et 29
Figure 1.8: Stimuli-responsive hydrogels for cartilage repair. (A) Schematic illustration of different stimuli-
responsive polymers used in cartilage repair. (B) SEM images of the microstructure of a) PNIPAM and b)
NHPCH3 hydrogels. Reprinted from [135] copyright (2019), with permission from Elsevier. (C) MTT assay
histogram for WJ-MSCs on 2D, NHPCH3+, and NHPCH3- groups after 1, 3 and 5 days post cell seeding,
Values represent the mean=+SD, n=3, *p<0.05, **p<0.01, and ***p<0.001. SD: standard deviation.
Reprinted from [135] copyright (2019), with permission from Elsevier. (D) Hematoxylin and eosin of (a)
NHPCH3- (b) NHPCH3+, Toluidine blue staining of (¢c) NHPCH3- (d) NHPCH3+. Reprinted from [135]
copyright (2019), with permission from Elsevier. (E) In-vivo bioimaging of Cy5.5-labeled TGF -3 and FITC-
labeled ascorbate. Top row for Cy5.5-labeled TGF -3, bottom row for FITC-labeled ascorbate. Reprint from
[138] copyright (2007), permission from John Wiley and Sons. (F) Collagen type Il staining, Alcian (Blue)
and Safranin (Orange) of the chondrocytes embedded in the thermo-reversible hydrogels after 8-weeks
incubation. Scale: 100 um. Reprint from [138] copyright (2007), permission from John Wiley and Sons. G)
In-vitro test setup showing chondrocytes and BMSCs cultured on collagen-based scaffold and placed between
electrodes and well bottom with distribution of electric potential simulated by finite element method. The color
coding of the scale bar identifies the range of values for either electric potential (V) or field norm (V/m) [139].
(H) Relative Col-II gene expression of CH, BM-MSCs and co-culture of the two (CH+BM-MSCs) following
ES for seven days under either normoxia (21% O,) or hypoxia (5%) Data of ES were normalized to
unstimulated control and shown as box plots (CH, n=7; BM-MSCs, n=9; CH+BM-MSCs, n=3). *P<0.05 and
**pP<(.01, as indicated. CH, human chondrocytes; BM-MSCs, bone marrow-mesenchymal stem cells; ES,
electric stimulation [139]. (I) Immunofluorescent staining (green) and Alcian blue staining (blue) of micromass
cultures after culture in maintenance medium (control; CT) or maintenance medium with ES (5 V/em, 8 ms,
5 Hz) for 3 days (ES). Nuclei were stained blue using Hoechst 33342; Scale bars, 500 um [140]. (J) Schematic
illustration of the formation mechanism of the PVA—PANa Gel. Reprinted from [143] copyright (2021), with
permission from American Chemical Society. (K) Conductive property and the strain sensing performance.
Reprinted from [143] copyright (2021), with permission from American Chemical Society. ........c.cccevrnenee. 43
Figure 1.9: Dual-stimuli responsive hydrogels. (A) Schematic illustration of synthesis of WDLKG hydrogel
microsphere. Reprinted from [148] copyright (2025) with permission from Elsevier. (B) Schematic of intra-
articular injection of WDLKG hydrogel microspheres in mice and KGN release in response to acidic pH
(pH < 7.0), promoting chondrogenesis Reprint from [148] copyright (2025) with permission from Elsevier.
(C) In-vivo imaging was performed to detect fluorescence intensity at 0, 3, 7, and 10 days following intra-
articular injection of WDLKG and WDLK into the left and right knee joints of mice Reprint from [148]
copyright (2025) with permission from Elsevier. (D) Immunofluorescence staining of collagen II (anabolic
marker) and aggrecan in knee joint sections from different treatment groups (Control, DMM, WDLG, and
WDLKG) (scale bar: 100 um). Reprint from [148] copyright (2025) with permission from Elsevier. (E)
Synthesis of mPEG -TK-MTX. Reprint from [153] copyright (2024) with permission from John Wiley and
Sons. (F) Schematic of the ROS response of PTM micelles. Reprint from [153] copyright (2024) with
permission from John Wiley and Sons. (G) Schematic representation of the ROS scavenging capacity of the
test samples at the cellular level. Reprint from [153] copyright (2024) with permission from John Wiley and
Sons. (H) Quantitative spectrum of intracellular ROS levels detected by DCFH-DA fluorescent probe. Reprint
from [153] copyright (2024) with permission from John Wiley and Sons. (I) A cell in a 3D matrix initially
exerts strains on the matrix, resulting in forces/stresses resisting this strain, as determined by the initial elastic
modulus of the matrix. In an elastic matrix, these forces are never relaxed so that there is no remodeling of the
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matrix microenvironment. In a viscoelastic matrix, forces in the matrix can be relaxed over time due to
mechanical yielding and remodeling of the matrix. The rate of stress relaxation determines the degree of this
mechanical remodeling of the matrix. (J) Representative images of 3T3 cells encapsulated within alginate gels
with the indicated 11/2 for stress relaxation and two RGD concentrations (average initial modulus of 9 kPa).
Green color represents actin staining and blue represents nucleus. Images were taken after 7 days in culture.
Scale bar is 100 um for the larger image and 20 um for the inset [154].....cociiviiniiniiniiineeeeeeee e 50
Figure 1.10: Self-healing hydrogels. (A) Schematic representation of different types of self-healing
mechanisms. (B) Photographs of fast self-healing of 2%AHA+3%CHA hydrogel. Reprinted from [170]
copyright (2024), with permission with Elsevier. (C) G’ and G” of AHA/CHA hydrogels under alternative step
strains of 1% and 350%. Reprinted from [170] copyright (2024), with permission with Elsevier. (D) Schematic
representation of the self-healing mechanism. Reprinted from [174] copyright (2016), with permission with
John Wiley and Sons. (E) The tensile test specimen was cut at a distance of 2 mm from the polystyrene plates.
Reprinted from [174] copyright (2016), with permission with John Wiley and Sons. (F) Representative
nominal stress—stretch curve of a healed specimen together with the curves of two pristine specimens.
Reprinted from [174] copyright (2016), with permission with John Wiley and Sons. (G) The breaking point of
the HG gel with different molar ratio of host to guest and its associated self-healing mechanism. Reprinted
from [177] copyright (2023), with permission with American Chemical Society. (H) Photographs of self-
healing Gel-CEKT hydrogels. Reprinted from [178] copyright (2025), with permission with Elsevier......... 58
Figure 1.11: Self-healing hydrogels. (A) Compressive stress—strain curve of the hydrogels. Reprinted from
[185] copyright (2021), with permission from Elsevier. (B) Live/dead analysis using acridine
orange/propidium iodide (AO/PI) staining for cell-laden hydrogels at different time points (Scale bar: 200 um).
Reprinted from [185] copyright (2021), with permission from Elsevier. (C) Macroscopic appearance and (D)
CT scan of the rabbit knee joints from different groups at 12 weeks’ post-surgery. Reprinted from [185]
copyright (2021), with permission from Elsevier. (E) Self-healing properties of AHA/Cys hydrogels. Reprinted
from [191] copyright (2020), permission from Elsevier. (F) Self-healing properties of AMD + UV-2 hydrogel.
Reprinted from [192] copyright (2023), permission from EISEVIeT. ........ccccceveiiiiriiiiieniienicnecrceeeee e 63
Figure 1.12: Bioadhesive hydrogels for cartilage repair. (A) Mechanism of Bioadhesive hydrogels. (B) Images
of the osteochondral constructs and hydrogels after adhesion tests; green arrows indicate hydrogel—cartilage
integration. (C) Osteochondral defects creation by biopsy punch (diameter: 10 mm), hydrogel precursor
solution application and cross-linking (Ru/SPS: 5 min; LAP: 3 min at 405 nm), hydrogels in osteochondral
defects after manual joint movement, India Ink staining of Ru/SPS cross-linked (I-IV) and LAP cross-linked
(V=VIII) GelMA and GeIMA-GC hydrogels. Integration of hydrogels with native cartilage after joint
movement study (good integration marked as green arrows; weak integration marked as yellow arrows), areas
with dislodged hydrogels are marked with yellow contour lines. Hydrogels were stained with India Ink for
visualization purposes [226]. (D) The design of osteochondral tissue-inspired hydrogel-scaffold di-block patch
for rapid repair of focal load-bearing cartilage lesions. Reprinted from [228] copyright (2025), with permission
from John Wiley and Sons. (E) Schematic illustration for canine knee model, including the osteochondral
defect (5.0 mm diameter and 8.0 mm depth) creation and the patch implantation in MFC. Reprinted from [228]
copyright (2025), with permission from John Wiley and Sons. (F) Integration of the osteochondral tissue-
mimicking gel-Ti patch with host native cartilage through bone ingrowth in canine knee model. Reprinted
from [228] copyright (2025), with permission from John Wiley and Sons.........cccceeceeveneenieniensieninieenenennee. 75
Figure 1.13: Biomimetic architecture of hydrogels. (A) Preparation scheme of PLGA-collagen hybrid
scaffolds with controlled pore structures. Reprinted from [249] copyright (2020), with permissions from
Elsevier. (B) SEM images of surfaces, horizontal and vertical cross-sections of IC scaffolds. Left columns
are SEM images at low magnification and right columns are images at high magnification. The green squares,
blue arrows, red circles and yellow circles indicate magnification regions, PLGA mesh, large spherical pores
and interconnecting pores, respectively. Scale bar at low magnification = 500 um. Scale bar at high
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magnification = 100 um. Reprinted from [249] copyright (2020), with permissions from Elsevier. (C) Optical
images of PLCL scaffolds [250]. (D) Morphology of chondrocytes under optical microscope (10x). (a) P1, day
6; (b) P1, day 10; (c) P2, day 11. (d1—d4) The results of toluidine blue staining of rabbit articular chondrocytes
(P2) [250]. (E) FE-SEM images of rabbit chondrocytes on PLCL and PLCL-COLI [250].....ccccccovvverirnnennee. 81
Figure 1.14: Bioenergetic hydrogels for OA treatment. (A) Metabolic differences in healthy cartilage vs OA
cartilage. Figures were created using BioRender.com. (B) Western blot analysis was performed to evaluate
HSP70 and B-actin expressions. Reprinted from [257] copyright (2006), with permission from Elsevier. (C)
Chondrocytes were treated with 0OmM or 20mM of Gln, followed by culturing with SNP dehydrate and Ten
hours later, cells were subjected to Hoechst 33342 or TUNEL staining. Reprinted from [257] copyright (2006),
with permission from FElsevier. (D) JC-1 probe staining of chondrocytes co-incubated with GelMA and
GelMA-AG degradation solution for 24 h, and another group added additional CCCP. Reprinted from [258]
copyright (2022), with permission from Elsevier. (E) Schematics of BAH driving extracellular matrix synthesis
for cartilage repair [259]. (F) Hematoxylin and Eosin (H&E, top), Safranin O (SF, middle), Alcian Blue (AB,
bottom) staining of chondrocytes microspheres treated with different conditions for 14 days [259]. (G)
Preparation of Gel@Lipo@AICAR and therapeutic efficacy in ACLT osteoarticular model mice [263]. (H)
Representative images of Immunofluorescence staining images for F4/80 and SIK1 proteins. Scale bar: 50 pm

Figure 1.15: Recapitulating articular cartilage zonal stratification. (A) Schematic representation of zonal
chondrocyte pellets (left) and scaffolds seeded with chondrocytes (center and right); white, superficial zone
cell pellets; black, deep zone cell pellets; grey, pellets composed of superficial and deep zone cells (combined
pellet). On the right, PEGT—PBT scaffold seeded with cell pellets of the superficial and deep zones are shown.
The scaffold in the center is loaded with combined pellets. Reprinted from [265] copyright (2013), with
permission from John Wiley and Sons. (B) Histology and immunohistochemistry for collagen type Il and I for
the separately cultured chondrocyte pellets for the superficial (top row) and deep zone cells (middle row) and
a combination of the two cell types (bottom row) at day 31. Reprinted from [265] copyright (2013), with
permission from John Wiley and Sons. (C) A schematic of a tri-layered construct fabrication with zonal
CH/MSC co-culture (SZ: red, MZ: purple, DZ: green and MSC: blue). Reprinted from [271] copyright (2017),
with permission from Elsevier. (D) A cross-sectional view of a tri-layered construct showing distinct zonal
sub-layers visualized by Cell Tracker at 16 weeks (SZ CH: red, MZ: purple, DZ: green and MSC: blue; Top
layer: SZ-MSC, Middle: MZ-MSC and Bottom: DZ-MSC; scale bar = 1 mm). Reprinted from [271] copyright
(2017), with permission from Elsevier. (E) A schematic representation of the fabrication methodology and the
in vitro setup of the study. A PCL-reinforced alginate-based scaffold containing human chondrocytes was 3D
bioprinted with different cell densities mimicking the cell gradient of the human articular cartilage zones. The
scaffold was ionically crosslinked post bioprinting before supplementing with chondrogenic medium for 4
weeks. After in vitro culture, the samples were analyzed for cell viability and for matrix deposition through
histological staining [272]. (F) Fluorescent microscopic images indicate cell viability based on live/dead
staining (green: alive; red: dead) and bright-field microscopy images of the H&E staining (matrix: violet;
nuclei: dark purple) showing the cell distribution for the three different zones, bottom, middle, and top, of the
zonal and homogeneous bioprinted scaffolds at day 25 [272]. (G) Col II MA ink DLP 3D printing of various

shapes. Reprinted from [274] copyright (2025), with permissions from Elsevier...........ccccceveeneinnniieniennen. 89
Figure 1.16: Schematic illustration of importance of Al in making personalized better hydrogel design for
improved OA treatment. Figures were created using Google Gemini..........cceeeveerersieneneenienienneeneneeneeneenees 95

Figure 2.1: Synthesis and characterization of dual drug loaded PVP/PCL JNF. (A) Schematic and optical
photograph of home-built spinneret. (B) Schematic of side-by-side electrospinning setup for fabrication of
INF. (C) FE-SEM micrograph of INF (Scale bar: 200 nm). (D) Size distribution of Janus nanofiber (Scale bar:
300 nm). (E) TEM micrograph of JNF (Scale bar: 150 nm). (F) XRD of pristine PVP, PCL, MgO and PVP/PCL
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IJNF. (G) FTIR spectra of PVP, PCL, and PVP/PCL JNF. (H) TGA of control PVP/PCL INF, MgO
nanoparticles, and PVP-MEO/PCL JNF. .......coiiiiiiiiiiieeeese ettt sttt e 136
Figure 2.2. Synthesis and characterization of GeIMA-CMCh hydrogel encapsulating JNF. (A)(i) Schematic
illustration of synthesis of GelMA; (ii) Schematic illustration of synthesis of CMCh; (iii) Double cross-linked
network formed between GelMA and CMCh. (B) FTIR spectra of Gelatin, MA, and GelMA. (C) FTIR spectra
of chitosan and CMCh. (D) Schematic illustration of synthesis process of photo-crosslinked hydrogel
encapsulating JNF. (E) SEM micrograph of GelMA-CMCh (Scale: 50 um). (F) SEM micrograph of GelMA -
CMCh-JNF (Scale: 50 um & 1 um). (G) FTIR spectra of GeIMA, CMCh, PVP/PCL JNF, and GeIMA-CMCh-

Figure 2.3: Physio-chemical characterization of hydrogel encapsulating Janus nanofibers. (A) Angular sweep
rheology showing storage moduli (G') and loss moduli (G"”) of GelMA-CMCh and GelMA-CMCh-JNF. (B)
Viscosity as a function of shear rate of GelMA-CMCh and GeIMA-CMCh-JNF. (C) Mechanical compressive
stress strain curve of GelMA-CMCh and GeIMA-CMCh-JNF. (D) Hydrolytic degradation of GelMA-CMCh
and GeIMA-CMCh-JNF in PBS. (E) Cumulative release of Mg?* from JNF and GelMA-CMCh-JNF, (F)
Release of oxygen from JNF and GeIMA-CMCh-JNF. (G) Cumulative release of PGA from JNF and GelMA-
CMCh-JNF. (H) Quantification of DPPH assay of GelMA-CMCh and GelMA-CMCh-JNF at 517 nm F. (I)
Schematic showing DPPH scavenging color changing from violet to yellow by GeIMA-CMCh-JN. ......... 145
Figure 2.4: In-vitro biological response of released lysate from day 30 of HJ-M, HJ-P and HJ-MP. (A) MTT
metabolic assay of hBMSC:s, statistically significant differences (p < 0.05) compared to CON, HJ-M and HJ-
P are denoted by symbol *, @ and # respectively. (B) Live/Dead imaging of hBMSCs cultured on lysates of
HIJ-M, HJ-P and HJ-MP (Scale bar: 150 um). (C) Schematic representation of A¥Ym evaluation using released
lysate collected from HJ-M, HJ-P and HI-MP. (D) Cellular bioenergetics visualized using JC-1 dye upon
treatment with lysates released from HJ-M, HJ-P and HJ-MP on day 30 (Scale bar: 150 pm). (E) Quantification
of JC-1 assay using Image J software, statistically significant differences (p < 0.05) compared to CON and HJ-
M are indicated by *, and e respectively. (F) Schematic representation of antioxidant evaluation using released
lysate collected HJ-M, HJ-P and HJ-MP. (G) In-vitro intracellular ROS-scavenging ability of lysate released
from HJ-M,HJ-P and HJ-MP on day 30 (Scale bar: 150 um). (H) Quantification of DCF-DA dye using Image
J software, statistically significant differences (p < 0.05) compared to CON and, HJ-P are indicated by *, and
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Figure 2.5: In-vitro chondrogenic analysis of the composite. (A) Schematic showing ELISA anti-
inflammatory assay. (B-C) ELISA assay of IL-6 and TNF-a on lysate of HI-M, HJ-P and HJ-MP respectively,
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Figure 3.8: Mechanistic schematic of cartilage healing by the multifunctional BioEnerGel hydrogel. The
system provides sustained metabolic support, restores mitochondrial bioenergetics, suppresses excessive ROS
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