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THESIS ABSTRACT 

Meniscus is a fibrocartilaginous avascular tissue present in the knee joint between the 

femoral condyles and tibial plateau. The heterogenous cellular composition of fibrogenic, 

chondrogenic and fibrochondrogenic phenotypes and extracellular composition of collagen, 

glycosaminoglycans and adhesion glycoproteins dictates the physiological function of this load-

bearing tissue. Meniscus is prone to tears and injuries due to various trauma, accidents, and 

physiological conditions. These tears are conventionally treated with resection, suturing and 

implants. Most of them have their respective drawbacks related to patient-specificity for size and 

shape, material properties, cellular make-up and mechanical resilience being the major factors. This 

thesis identifies the requisite design considerations for treatment of full and partial thickness 

meniscus tears of both larger and smaller dimensions. 3D printing, injectable hydrogel and 

ultrasound-based strategies have been explored to potentially treat meniscus defects. Silk fibroin 

from mulberry (B. mori) and non-mulberry (A. assama) sources have been blended with various 

other bioactive polymers to formulate shear-thinning and thermo-reversible hydrogel inks for 3D 

printing and injection. 

In the first objective, a silk fibroin/gelatin based bioink was formulated to 3D print 

physiologically relevant meniscus constructs to recapitulate the tri-layered macro-architecture of 

the native meniscus. The seeded fibrochondrocytes were found to be proliferating and maintaining 

their phenotype on these constructs. In the second objective, we formulated a photo-polymerizing 

silk-fibroin methacrylate(silkMA)/gelatin methacrylate (gelMA)/A. assama ink for encapsulation 

of growth factor loaded microspheres. These microspheres were loaded with fibrogenic and 

chondrogenic differentiation factors and used for fabricating constructs that aided in mimicking 

the zonal biochemical and cellular makeup of the red, red-white and white zones of the meniscus. 

In the third objective, we further enhanced the biomaterial-ink composition with polyethylene 

glycol di-methacrylate (PEGDMA) and autologous growth factor rich plasma (GFRP) to 

formulate silkMA/gelMA/PEGDMA/GFRP ink. The constructs 3D printed using this ink 

composition enabled sustained release of growth factors, slowed degradability and significantly 

enhanced mechanical resilience. The printed constructs also aided in fibrochondrogenic 

differentiation of neonatal human stem cells in vitro. This photo-polymerizing ink was further 

improved with polyethylene glycol di-acrylate (PEGDA) to formulate 

silkMA/gelMA/PEGDA/GFRP hydrogel in the fourth objective for minimally invasive injectable 

treatment approach for smaller meniscus tears. This hydrogel composition aided in neonatal stem 

cell proliferation, migration and fibrochondrogenic differentiation in vitro. In vivo evaluation yielded 

healing of full-thickness tears of the meniscus using this hydrogel composition. In the fifth 

objective, the injectable hydrogel composition was further used for 3D printing of constructs that 

were seeded with neonatal human stem cells and stimulated with low intensity pulsed ultrasound 

(LIPUS). This augmented the differentiation towards fibrochondrogenic phenotype and 

extracellular matrix deposition. 

Thus, the biomaterial inks, injectable hydrogel composition and the LIPUS stimulation 

approach evaluated and demonstrated in this thesis could be envisaged for the development of 

holistic patient-specific clinically applicable meniscus tear remediation strategies in the future.  
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release from RAW 264.7 cells through ELISA. Scale bar 

:1000µm (A.i-iv) and 400µm (A.v-viii). *p≤0.05 

Figure 2.5 Real-time PCR results showing transcript levels of fibro-
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of the relative gene expression for fibrochondrogenic genes. *p ≤ 0.05 
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phase, (ii) aqueous phase, (iii) coaxial nozzle and (iv) 405nm 
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spheres, (d) 405nm LED based crosslinking, (e) crosslinked 

gelMA spheres, (f) 23G needle and (g) 30G needle. The flow rate 

of oil phase was set to 2000 µL/min and the aqueous phase was 

set to 20 µL/min. The spheres, post fabrication, were washed with 

5% (v/v) aqueous ethanol solution and centrifuged for collection. 
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Figure 3.2 (A) 3D CAD model for evaluation of printability of various inks. 

(B) 3D CAD model of custom designed PLA construct for 

evaluation of buckling of ink. (C) 3D CAD model of custom 

designed 15mm x 15mm grids with 10, 4 and 2 layers. 
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(ii) Swollen crosslinked gelMA Microspheres. (B) Microsphere 
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ELISA. (E) Cumulative release of CTGF and TGFβ3 from 
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days determined using ELISA. Release profile of (F) TGFβ3 and 

(G) CTGF fitted using Korsmeyer peppas model with (i) curve fit 

and (ii) model equation and fit values. 
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Figure 3.4 (A) Printability matrix of the bioink for obtaining the optimized 

bioink composition. (B) Infrared spectra of silkMA(BMMA), 

gelMA, A. assama SF (AA), crosslinked biomaterial-ink (CBIO) 

and uncrosslinked biomaterial-ink (UBIO). The red region 

denotes amide I, blue region denotes amide II, green region 

denotes amide III and yellow region denotes the methacrylation 

(MA) peaks. Rheological properties of the optimized biomaterial-

ink composition with 4mg/ml microspheres and without 

microspheres obtained through (C) amplitude sweep, (D) 

temperature sweep, (E) 3Interval Thixotropy Test (3ITT) and (F) 

temperature sweep. Gelation, printing resolution and buckling test 

for (F) biomaterial-ink and (G) microsphere loaded biomaterial-
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construct. (B) Representative fluorescent labelled colored dye 
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gradient formation. Scale Bar: 1000µm (C) Representative 

FESEM images of microspheres within the 3D printed constructs 

at (i) lower and (ii) higher magnification. 
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of 3D printed constructs with and without microspheres in the 
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percentage for 3D constructs with and without microspheres 

measured using hexane displacement method. (n=8). (D)  
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microspheres and with microspheres. (n=3). (E) Compressive 

moduli of 3D printed constructs with and without microspheres. 
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printed constructs with and without microspheres. (G) (i) 

Compressive cyclic testing of constructs with microspheres. 

(Made using www.biorender.com) (ii) Compressive moduli of 3D 

printed constructs for first and last 20 cycles of the 100 cycles at 

20% compressive strain with 5mm/s cross head speed. (iii) The 
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(iv) Hydroxyproline (HYP) content deposited by differentiating 

mesenchymal stem cells seeded in the Outer, Middle and Inner 
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regions of growth factor microsphere laden gradient constructs 

post normalization with DNA content. a-k represents p≤0.05. 

Figure 3.9 (A) Heat-map of relative expression profile for the 
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in the Outer, Middle and Inner regions of growth factor 

microsphere laden gradient constructs. a-k represents p≤0.05. 
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CHAPTER 4   
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medium) treated cells were taken as experimental groups. 
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Cumulative GFRP release from crosslinked hydrogel constructs 

calculated for 40 days. 
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higher magnifications. 
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construct. (M) Water uptake test for 3D printed grid constructs. 
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Introduction and review of literature 
This chapter provides a comprehensive overview of the current status of meniscus tissue engineering and the 

application of various treatment modalities applied for the same. The review of literature encompasses the different 

characteristics of meniscus tissue and the mechanical forces borne by the menisci, the various meniscal tears, their 

types, their healing pathways and conventional treatment modalities. Though conventional treatments include 

meniscus implants, they suffer several drawbacks which prompts focus on the design considerations, materials used, 

cell sources and fabrication techniques. This chapter also enlists various advantages of silk fibroin and its blends 

towards fabrication of mechanically resilient tissues.  This chapter provides an overview of the various 3D printing 

techniques, the current state of injectable hydrogels and the mechanical stimulation approaches for meniscus tissue 

engineering.  
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1.1 Introduction 

Meniscus is a glossy-white fibro-cartilaginous tissue present in duplicate between 

femoral condyles and tibial plateau in the knee joint to prevent degeneration of the articular 

cartilage. Meniscus tissue is majorly composed of cells and specialized ECM components such 

as collagen, elastin, sulphated glycosaminoglycans and other adhesion glycoproteins [1, 2].  Its 

semi-lunar wedge-shaped structure confers compressive stress to the inner region and tensile 

hoop stress to the outer edges. A fully functional meniscus is vital for the homeostasis of the 

knee joint, load bearing, load transmission, shock absorption, joint stability and joint 

lubrication [2].  

1.1.1 Complexity of meniscal tissue: cellularity, biochemical composition and 

mechanical properties of meniscus 

The meniscus is considered a mechanically biphasic viscoelastic tissue comprising of a 

porous and permeable phase of collagen and proteoglycan accommodating the other phase of 

water and salts [3-5].  Superficial meniscus layers house oval and fusiform fibroblasts-like 

cells, while the deeper meniscus zones contain rounded chondrocyte-like cells [6-9] (Figure 

1.1 A). This heterogenous population of cells, reported as meniscal fibrochondrocytes [6-12], 

exhibit both fibroblastic and chondrocytic morphology and gene expression patterns. The 

major cellular phenotypes of the knee menisci have been determined to be chondrocytic, 

fibroblastic, fibrochondrocytic and endothelial. Endothelial cells maintain the 

microvasculature towards the outer meniscus [11, 13-16],  inner chondrocytic cells exhibit 

articular cartilage like properties [17-22] and outer cells maintain fibroblastic characteristics 

[7, 17, 19, 21] and aid in cell migration and tissue remodelling post-injury.  

Fibrillar collagen protein in meniscus is aligned randomly in the superficial and lamellar 

layers, circumferentially in the deep layer and as radial tie fibers throughout the meniscus 

conferring mechanical integrity and endurance to hoop stresses [23]. Collagen fibers are 

oriented amorphously in superior superficial and lameller layers, radially in the inferior 

superficial layer, circumferentially in deep layer and as short radial fibers in posterior and 

anterior horns and the deep layer [24-27]. Meniscus matrix contains a miniscule amount of 

elastin (<1% of dry weight), hypothesized to confer resilience and high strain recovery cycles 

[28]. Proteoglycans, protein cores decorated with glycosaminoglycans (GAGs), attract water 

and assist in maintaining hydration, lubrication and compressive stiffness during load bearing. 

Inner two-thirds of the menisci show vast synthesis and deposition of GAGs which 

progressively reduces towards the outer regions [29-32]. Minute amounts of adhesion 
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glycoproteins (collagen type VI, fibronectin and thrombospondin) facilitate cell binding via 

Arginine-Glycine-Aspartic acid (RGD) motifs [26].  

Wedge shaped menisci grant surface congruency and stability to the femoral head during 

articulation with the tibial plateau (Figure 1.1 A) and act as spacers between the articulating 

cartilages, reducing their contact to 10% [33]. Their microscopic architectural features impart 

tensile stiffness, resistance to mediolateral splitting [27, 34] and tensile hoop stresses [35], and 

compressive integrity [36]. They are fixed into place by several attachment points, in their 

anterior and posterior horns as well as medial and lateral sides, connecting them to the 

ligaments and stabilizing the knee joint (Figure 1.1 B). Inner meniscus experiences highest 

compressive stress and outer edges undertake tensile hoop stress. Spatially organized 

proteoglycans bear the compressive loading while collagen fibrils withstand tensile stresses 

[37]. Posterior and anterior attachments of menisci on the tibial plate prevent radial 

displacement, enabling radial deformation via hoop stress under femoral load, thus sparing the 

tibial cartilage. Despite varying joint flexion and tissue health, menisci bear 45-75% [33, 36, 

38] of the elevated joint load during daily activities [39] such as walking or ascending stairs. 

Menisci demonstrate anisotropic load bearing at full extension, with the medial meniscus 

bearing only 50% of the medial load. The anisotropic collagen fibers within the menisci absorb 

shocks of varying load frequencies [24]. In the absence of the menisci, the femoral condyles 

are destabilized, concentrating the joint load and 2-3 times the normal stress on the hyaline 

cartilages [38].  

TH-3393_176106019



Introduction   Chapter 1 

5 
 

 

Figure 1.1: (A) Representative image of porcine menisci isolated from adult pig and schematic 

representation of the various regions of the meniscus according to the presence of vasculature 

and the respective cellular phenotype majorly present in these regions. (B) Schematic showing 

the anatomy of native meniscus. ACL: Anterior Cruciate Ligament, PCL: Posterior Cruciate 

Ligament, LM: Lateral Meniscus, MM: Medial Meniscus, AH: Anterior Horn, PH: Posterior 

Horn, LCL: Lateral Collateral Ligament, MCL: Medial Collateral Ligament, LW: Ligament of 

Wrisberg.  

1.1.2 Meniscus Tears  

An estimated 1 million cases of meniscus tear occur in India each year and the United 

States counts for the highest incidence of intra-articular knee damage with a major chunk 

preferring meniscectomy [40-42]. Meniscus injury/tear is known to be responsible for causing 

abnormal stress distribution, instability in the knee joint, reduced lubrication, and articular 

cartilage degeneration. Chronic effects of meniscal injuries are substantial and about 50% of 

all patients develop osteoarthritis (OA)[43, 44]. Commonly occurring meniscus tears and 

injuries due to trauma, sports and age-related degeneration are: radial, vertical, longitudinal, 

oblique and horizontal tears[45, 46]. The risk of these injuries increases in the case of 

frequently occurring development abnormalities of lateral menisci, such as a discoid meniscus 

which consists of an extended inner portion forming a disc like shape [23]. Though healing of 

menisci is possible in the outer vascular regions, injuries at inner regions of meniscus affect 

normal functioning. Poor vascularization of inner meniscus hinders the healing process [2, 47] 
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accompanied by formation of fibrous tissue with impaired mechanical properties [23, 48]. 

Particularly, the larger and complex tears have limited repairing capacity, especially if there is 

any knee instability due to additional ligamentous trauma [49]. Additionally, loss of meniscus 

tissue causes higher peak stresses on the articular cartilage as well as swelling and locking of 

the knee joint, resulting in cartilage degeneration and osteoarthrosis [43, 50-52]. Therefore, 

providing an effective treatment modality is of utmost important to prevent the current scenario. 

1.1.3 Meniscus Pathology 

Though normal meniscus is composed of lateral and medial wedge-shaped semi-circular 

structures (Figure 1.2 A i), many deviations can exist due to abnormalities caused by 

developmental disorders, disease, degenerative conditions or traumatic injuries. The most 

commonly occurring abnormal development in lateral menisci is a discoid meniscus, having 

an extended inner portion forming a disc-like shape (Figure 1.2 A ii). This condition occurs in 

a very small population of 0.4–5% [53]. Though majorly left undetected they might can cause 

occasional locking of the knee and pain and are more susceptible to tears. 

Meniscus may also be inflicted with metabolic diseases such as calcium pyrophosphate 

crystal deposition, hemochromatosis, and ochronosis, resulting in calcification, gross 

discoloration, and interference with the overall consistency of the tissue[4]. Though causes of 

meniscal degeneration are mostly undiscovered, but degeneration of the meniscus makes it 

prone to injuries [4, 54]. Osteoarthritic condition causes degenerative changes in meniscus and 

hyaline cartilage of the knee leading to meniscal injuries. Studies have found that meniscal 

injury is prevalent in around 75% of patients with osteoarthritis [55-57]. Osteoarthritis affects 

the geometry of the menisci and causes thickening of the meniscus horns, in turn compromising 

the biomechanics of the meniscus [58]. Changes in the biochemical content of the meniscus 

can be caused due to osteoarthiritis [59]. Severe osteoarthiritis  may cause the medial joint 

space to become narrow and result in loss of meniscus functionality as well as its degeneration 

[60] can be an important contributor to meniscal injuries.  

Early approaches to (prior to the mid-1960s) meniscal damage were limited to total 

resection of meniscus known as meniscectomy [61]. Later, the surgical interventions were 

modified to partial resection, surgical repair and transplantation of the meniscus due to further 

studies revealing the importance of the meniscus tissue [52, 62-65]. 
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Figure 1.2: (A) (i) Normal meniscus and (ii) Discoid meniscus morphology. Types of meniscus 

tears. (iii) Oblique tears, (iv) radial tears, (v) Horizontal tears, (vi) vertical longitudinal tear 

and (vii) bucket-handle tear (B) Statistics of meniscus tears as described by [66, 67]. (C) Risk 

factors to meniscus injury as described by [66].   
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1.1.4 Types of meniscus tears and their consequences 

The normal meniscus is smooth, wedge-shaped, and semicircular. Complex 

(degenerative) tears result in a jagged edge and combine many different types of tears. The 

major types of meniscal tears that can occur due to degeneration and/or trauma are : vertical 

longitudinal, oblique, radial, and horizontal tears [68]. The various kinds of meniscal tears have 

been shown in Figure 1.2 A iii-vii. Oblique tears and radial tears typically propagate from the 

inner portion of the meniscus to its periphery. Horizontal tears split the tissue into superior and 

inferior parts and also typically propagate outward. Vertical longitudinal tears, split the 

meniscus along the direction of collagen orientation. When a vertical longitudinal tear passes 

through the tissue’s thickness it is called a bucket-handle tear. 

Due to its inhomogeneity, meniscus self-repair is a difficult process. Though lesions or 

tears on the outer periphery can regenerate by the virtue of the higher extent of vascularization, 

but any damage to the inner avascular region is unable to heal on its own [2, 4, 48].  

Injury of the vascular sites leads to proinflammatory healing pathway to form a fibrous 

scar tissue which further matures into a tissue with inferior mechanical properties after a few 

months[2, 16]. For injuries in the avascular region, only matrix reorganization may occur but 

it is not followed by a healing response [2, 69]. Moreover, torn menisci are most often calcified 

and followed by osteoarthiritis [56].  

Even if the damaged regions undergo some repair, the regenerated tissue mostly lacks in 

quantity or has insufficient strength due to the avascular inhibitory environment. This 

necessitates the development of tissue engineering based technologies for meniscus healing 

and regeneration without calcification and apoptosis. 

1.1.5 Epidemiology of meniscus tears and associated risk factors 

Meniscal tears are known to compromise the structural integrity of the joint and lead to 

symptoms such as locking and catching of the knee, asensation and joint pain [48, 69]. 

According to a previously published survey, meniscus tears are more prevalent in the right knee 

(56.5%) [70]. They have been known to affect more men (70-80%) than women [69]. 

Moreover, men in the age group of 21–30 years  and women in the age group of 11-20 suffer 

the most number of meniscal tears [69]. Traumatic tears are more common in younger patients 

while degenerative tears occur more often in old patients. In a recent study conducted in the 

Indian scenario, Chaudhary et al. [67] (Figure 1.2 B) reported in their meniscus repair study 

that among the total incidences of meniscus tears 84% occured in men while 16% in women. 
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Additionally, they observed the frequency of injury was higher for the right leg (60%) as 

compared to left leg (40%) and sports related injuries accounted for 57% while domestic 

fall/road accident accounted for 43% of the meniscus tears. As recently reported in the review 

of Gee et al. [66], ratio of medial:lateral meniscus tears is 3:1, with the exceptions of ACL tears 

which lead to a 1:1 ratio and occupations requiring kneeling which lead to a 20:1 ratio (Figure 

1.2 B). Jackson et al. [71], reported that higher fraction of surgeries of their 16 years single 

center study consisted of meniscus repair (53%) as compared to meniscectomy (47%) (Figure 

1.2 B). The various risk factors associated with the occurrence of meniscus tears (Figure 1.2 

C) include several modifiable factors such as activity level and body mass index of the 

individual and non-modifiable factors such as the age, gender and anatomical characteristics 

of the knee joint (posterior tibial slope, medial meniscus slope, biconcave medial tibial plateau 

and meniscal-extrusion-causing knee malalignment) of the individual [66]. 

1.1.6 Current Treatment approaches 

To address the meniscus tears, the strategy currently being employed as a gold standard 

treatment includes removal of total or partial meniscal tissue i.e., total/partial meniscectomy 

and sutures [43, 63, 72]. Though the above strategy delays the immediate onset of degeneration 

of articular cartilage; however, they increase the risk of osteoarthritis in the long run [50-52, 

64, 68, 73].  

Cadaveric meniscus allograft transplantation (MAT) is the primal graft in clinical practice 

till recent times for partial or total meniscectomy [74, 75]. They are sutured into meniscal root 

arthroscopically, which upon rehabilitation [76] aids in restoring knee mechanics for 

irreparable pathologies [77]. In certain cases of severe degeneration, meniscal allograft 

transplantations (MAT) have been used to replace the entire meniscus tissue [74, 77-80]. MATs 

are limited by lack of healthy cadaveric donors, processing and storage difficulties [65], 

implant method variations [78], loss of fixture [81], graft failure [82], extrusion [83], infection, 

arthrofibrosis, septic synovitis, hematoma, joint effusion, lack of proper sizing [76]. Current 

3D implants, both natural and synthetic, are more compatible and tuneable but require 

additional procedures such as anterior cruciate ligament reconstruction (ACLR) or high tibial 

osteotomy (HTO) for better clinical outcomes [84]. CMI (Collagen Meniscus Implant) is the 

most frequently used FDA approved 3D fabricated natural material implant that has many 

reported long term clinical studies [85-88] with satisfactory performance and limited serious 

complications. Actifit [89-91] and NUsurface are the synthetic acellular implants with similar 

clinical outcomes to CMI [84, 92]. Actifit implants, composed of polyurethane and 
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polycaprolactone [93], are hypothesized to degrade over 5 years [94].  Despite their mechanical 

durability, both CMI and Actifit have significantly lower stiffness and lack viscoelasticity 

compared to the native menisci [95]. NUsurface, a non-anatomically shaped discoid implant 

designed with ultra high molecular weight polyethylene (UHMWPE) fibers reinforced with 

polycarbonate-urethane (PCU) [96, 97], is still under long term surgical evaluation. Moreover, 

Actifit and NUsurface do not replicate the microarchitecture of native menisci including the 

special orientation of the circumferential and radial collagen fibres. Despite the high failure 

rates due to shrinkage of implants and insufficient degradation along with uncertain long-term 

effects, current meniscal scaffolds endow chondroprotection and prevent secondary 

osteoarthritis as compared to non-surgical treatment strategies [65, 92, 98-100].  

1.1.7 Tissue Engineering Approaches 

Recently, the emergence of tissue-engineering approaches has become suitable 

alternative to the above-mentioned clinical strategies and mainstream choices in meniscus 

regenerative field [101-104]. Fabricating an ideal tissue-engineered meniscus requires specific 

biological and mechanical considerations such as cell types, biomaterial-based scaffolds, 

growth factors, bioreactor design, and environmental conditions to be addressed (Figure 1.3) 

in order to mimic the mechanical anisotropy of native tissues which can functionally replace 

the meniscus within short span of time while promoting the regeneration and repair of damaged 

tissues [102-105]. To date, a wide range of tissue-engineering techniques have been used for 

biomimetic applications including silk-collagen scaffold prepared by freeze-drying 

method[106, 107], BMSCs-laden extracellular matrix based injectable hydrogel [108], PLA 

(polylactic acid) based electrospun scaffolds with human meniscus cells encapsulated in ECM 

hydrogels [109, 110] and so on. Previous studies have highly explored on the mesenchymal 

stem cells (MSCs) augmented scaffolds owing to their tissue regeneration potential, multi-

directional differentiation, mechanical strength, self-renewal, chondroprotection and 

immunomodulatory properties [111-113]. 
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Figure 1.3: Schematic showing the components of tissue engineering required for meniscus 

tissue engineering. (Made using www.biorender.com) 

Among several additive processing technologies in the field of tissue engineering, three-

dimensional (3D) printing is one of the most promising ways to fabricate meniscal scaffold 

with controlled size, pores and microstructures [114] with optimal mechanical properties. In 

general, 3D printing manufactures the scaffolds in a layer-by-layer fashion based on 3D model 

data resulting in zone-specific cell differentiation to rejuvenate tissues mimicking the native 

menisci with patient’s specificity [115]. 3D printer delivers the biomaterial-based hydrogel 

(e.g., biomaterial ink) with cells/without cells and other molecules to engineer the meniscal 

tissue [116]. Previously, many attempts have already been done to fabricate 3D printed 

meniscal scaffold using synthetic polymers such as poly(ε-caprolactone) (PCL), poly (lactic-

co-glycolic acid) (PLGA), polylactic acid (PLA), Natural polymers such as collagen, gelatin, 

silk, and dECM bioink, as well as the blend of natural and synthetic polymers. 
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1.2 Review of Literature 

1.2.1 Delineating the Design Considerations for 3D Printing of Meniscus 

Meniscal tears and resection both can be partial thickness and full thickness which leads 

to the varying types of treatment strategies that need to be adapted for the irregularly shaped 

defects in an already structurally complex load bearing tissue. Early meniscus repair 

approaches were restricted to either total or partial resection/meniscectomy which yielded 

better short-term results than the non-surgical and conservative management [117-119] but 

these are reported to have severe degenerative changes in the long run [50-52, 62-64]. Later, 

following the realization of the importance of meniscus in the knee joint, surgical interventions 

such as repair and transplantation followed by rehabilitation were stressed upon [120, 121].  

Due to the complex non-coherence of the meniscus ECM, cellular phenotypes and the 

specialized mechanical properties shown by the menisci, their self-repair as well as 

interventional repair is a truly difficult task. Outer region lesions and tears could be regenerated 

by the vascularization prevalent in the region but inner regions are scanty in terms of their 

healing capacity[48, 122-124] sometimes leading to calcification[125] and mostly leading to a 

mechanically compromised regenerative tissue. This necessitates the development of tissue 

engineering based approaches for meniscus healing and regeneration without calcification and 

apoptosis while maintaining the mechanical load-bearing capacity of the knee joint. 

To our understanding and pre-knowledge, the foremost design consideration of any 

meniscal tissue engineering modality is the fabrication of constructs that mimic the internal 

layered collagenous fibrillar microarchitecture and the macroscopic semi-lunar wedge shape 

(Figure 1.4). These in-turn should also give providence to the mechanical resilience of the 

tissue (tensile, compressive and shear strength) under static as well as dynamic loading 

conditions. The higher tensile loading capacity of menisci along the circumferential direction 

as compared to the radial direction and the higher compressive load bearing properties of the 

inner portions of the menisci as compared to the outer portions is a remarkable feat which is 

yet to be achieved by artificially fabricated meniscal implants. The mechanical stability of the 

meniscal implants also entails its ability to bear surgical implantations such as suturing and 

screwing procedures for affixation and withstanding the stresses generated by the attachment 

points along the tibial horns. Further, implants and treatment modalities need to be synthetic or 

natural or blended biocompatible and non-immunogenic implantable materials that possess cell 

attachment domains, support the proliferation of the diverse meniscal/progenitor cells, mimic 
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the biochemical make-up of the menisci, promote and support vascularization and be 

sustainably degradable with non-cytotoxic degradation products. The knee joint is a very 

susceptible region towards the development of inflammatory osteoarthritis pertaining to caused 

by abrasion[126] and biochemical changes[127]. Hence, non-inflammatory and immuno-

compatible materials are of prime importance for meniscal treatment.  

According to the literature, Rongen et al. [128] have defined the basic metrics for success 

a meniscal substitute, that aids in the prevention of articular cartilage damage and osteoarthritis. 

(1) Implants should match initial mechanical properties to native meniscus (compressive 

modulus range: 75–150 kPa, tensile modulus range: 75-150 MPa) as high-stiffness materials 

would prevent tissue ingrowth and damage the cartilage while soft and pliable materials would 

be insufficient for transfer of load and accumulate peak stress. (2) Fabricated implants should 

match the initial tribological properties (COF≤0.05) for smooth articulation. (3) The implants 

need to mimic the shape and size of the patient’s meniscus with only an allowed variation of 

±10% and a preference towards the slightly larger implants. (4) Implant materials need to be 

non-cytotoxic/non-carcinogenic along with its degradation products. (5) Cellular adhesion, 

migration, vascularization, and matrix deposition should be supported by the implant. (6) 

Tissue in-growth via highly interconnected and anisotropic macroporous (±200–300 μm) and 

microporous (±10–50 μm) architectures and optimal porosity (±70% or higher) is desired for 

the implant. (7) Optimal degradation profile for allowing tissue ingrowth, organization, 

maturation, and integration is essential for the implant. (8) Optimized of surgical fixation to 

enable the constructs bear the hoop stress, resist movements, and conform to the knee dynamics 

during flexion. (9) Inclusion of relevant bioactive moieties such as cell seeding, growth factor 

encapsulation and mechanical stimulation for accelerating the tissue organization and reducing 

the healing timeline. 

TH-3393_176106019



Review of Literature   Chapter 1 

14 
 

 

 

Figure 1.4: Schematic showing the essential design considerations for meniscus construct 

fabrication. 

1.2.1.1 3D designing and computer aided modelling of knee menisci 

There are various modes of computer aided designing a 3D printable tissue construct 

documented in the present literature which take into account the orientation of collagen fibrils 

within the menisci, their wedge-shaped macro-structure as well as their mechanical resilience. 

Reconstructing the meniscus using laser scanning and visual scanning methods (Figure 1.5) 

has been a common practice [129, 130]. Concomitantly, there have been customized designs 
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produced using CAD designing softwares for the fabrication of whole menisci as well [72, 131-

133]. The most precise meniscus models from the patient could be achieved with the aid of 

MRI/ CT scan images and reconstructing the same using segmentation [72, 113, 114, 134-144]. 

In our study we adopted a hybrid approach where a reconstructed MRI model was used in 

conjunction with a 3D CAD designed model for fabrication of meniscus constructs [46]. The 

mechanical properties of menisci are dictated by the macro as well as micro architecture of the 

constructs. 3D printed models demonstrate design and material specific differences in their 

mechanical properties w.r.t. the changes in the infill pattern and densities. These can be refined 

based on the native meniscal strength characteristics and applied for fabrication. The discretion 

of selection of meniscal design should however rest with the opinion of medical professionals 

take the native micro-architecture of the menisci into consideration to optimize the load 

bearing, long term stability and the minimization of size and shape mismatch in the clinical 

setting. 

 

 

Figure 1.5: Schematic showing the conversion of human meniscus MRI into 3D model where 

the MRI DICOM images are segmented manually and reconstructed using Slicer3D and 

exported as STL file post smoothing to generate patient specific model. 

1.2.1.2 Cell sources  

The choice of cell source depends upon various underlying factors such as the 

regenerative potential of the cells, the ECM production potential, ease of availability, facile in 

vitro growing conditions and many more. The native meniscal fibrochondrocytes have been 

well characterized and employed extensively in the past for tissue engineering applications 

including their origin, biochemical secretion, response to growth factors and utilization in 

various meniscal tissue constructs [9, 11, 12, 30, 145-148]. While these cells could be chosen 

as optimal for meniscus tissue constructs but their relative scarcity and slower rate of 

proliferation inhibits their large-scale tissue engineering application. Henceforth, other 

progenitor and somatic cell types such as chondrocytes, mesenchymal stem cells, synovial cells 

TH-3393_176106019



Review of Literature   Chapter 1 

16 
 

and embryonic stem cells have been used for various studies over the past decades [149-162]. 

However, in the present scenario the plethora of cell sources for meniscal regeneration using 

3D scaffolds are listed in the Table 1.1.  

Table 1.1: Major cell sources used for meniscus tissue engineering and regeneration 

Cell 

classification 
Cell Tissue source Ref. 

Mature cells 
Fibrochondrocytes Meniscus 

[46, 134, 149, 

163-171] 

Chondrocytes Cartilage [107, 172-176] 

Stem/ 

progenitor/ 

multipotent cells 

Bone marrow‐derived mesenchymal 

stem cells (BM‐MSCs) 
Marrow [177-182] 

Synovium‐derived mesenchymal stem 

cells (SMSCs) 
Synovium [183-188] 

Adipose‐derived stem cells (ASCs) Fat [189-192] 

Meniscus‐derived mesenchymal stem 

cells (MMSCs) 
Meniscus [193-195] 

 

An ideal progenitor cell source for meniscus tissue engineering and regeneration 

applications should be resistant to cellular hypertrophy and terminal differentiation while also 

maintaining multi-potency. BM-MSCs, despite being relatively easy to collect and 

demonstrating strong chondrogenic differentiation potential, are a scarce population amongst 

other bone marrow cells [196] and are known to show propensity towards hypertrophic 

differentiation [197]. ADSCs can be derived as multi-potent cells from fat tissues [198] in large 

quantities but they are inferior to BM-MSCs in their chondrogenic potential [199]. SMSCs are 

a small population of colony forming progenitor cells that can be derived from the synovium 

by arthroscopic surgery [200] and are known to increase in number during meniscus injuries 

[183]. Though SMSCs possess a higher chondrogenic potential [201] as compared to BM-

MSCs, but their high osteogenic potential [202] might prove detrimental in the long run. 

MMSCs are a very sparse population of multi-lineage differentiating cells on the menisci [203] 

that are very difficult to isolate. Hence their use has been limited for meniscal tissue 

engineering applications.   
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1.2.1.3 Material sources  

As we have discussed in the previous section, materials used for the meniscus tissue 

engineering inclusive of the grafts, scaffolds, hydrogels and others could have significant 

effects on the homing, survivability, proliferation and synthetic profile of cells and profoundly 

influence the knee micro-environment. As the tissue is debrided and implants are sutured in 

place, materials dictate their integration with the host tissue. Meniscus ameliorative materials 

could be synthetic, natural and composites which uphold the ability of cell encapsulation, 

growth factor reservoir and sustained release, excellent compressive strain bearing, regulated 

degradation, generating non-cytotoxic degradation products and causing no inflammatory 

response. Micro-extrusion printing necessitates selection of a shear thinning polymer that can 

maintain its stability post extrusion to enable layer-by-layer fabrication of the implants, while 

low viscosity materials can be used for inkjet and nozzle-free 3D printing modalities [204]. 

Conventionally, synthetic materials such as PLLA [205-208], PGA and PGA/PLA composites 

[209-213], polyurethane and its composites [99, 214-218], polycarbonate based composites 

[219] and PCL and its composites [72, 134, 135, 138, 220-224] have been used for the micro-

extrusion-based fabrication of meniscus scaffolds. Additionally, synthetic photocrosslinking 

polymers [225-227] undergo facile crosslinking and high-resolution printing using nozzle-free 

photocuring printers. They are known for their excellent mechanical strength and porosity. But 

they are limited by their inability to encapsulate cells and biologics (high temperature 

fabrication or use of organic solvents), poor cellular attachment without chemical 

modifications or coating with natural polymers, non-degradability and shrinkage and tensile 

and compressive non-congruence with the native meniscus. The lack of bioactivity has 

prompted the application of natural polymers for 3D printing of meniscus both in a standalone 

fashion and in conjunction with synthetic polymers for nozzle-based and nozzle-free printing. 

Natural material derived scaffolds have the advantage of enabling cellular and growth factor 

encapsulation, enhanced cell proliferation and biochemical synthesis. The major natural 

scaffolding materials that have been used for meniscal tissue engineering are collagen and its 

composites [85, 228-236], hyaluronic acid [237-243], agarose [224, 241, 244, 245], 

decellularized ECM from various tissues [109, 113, 138, 246-256], gelatin and its derivatives 

[220, 224, 257-262] and silk fibroin [46, 72, 106, 107, 208, 220, 223, 263-265]. The natural 

materials mimic the ECM as they are laced with enhanced cytocompatibility, cellular 

attachment domains in most cases, regulated degradability and non-cytotoxic degradation 

products, and immuno-compatibility. But these natural materials also suffer from mechanical 

instability, higher degradation to regeneration rate and the hazard of residual immunogenic 
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components. Natural polymers/polymer blends (as shown in Table 4) need to be biologically 

tuned to mimic the natural ECM and optimized for viscosity and crosslinking to realise intricate 

3D models into standalone structures that mimic native meniscus physico-chemically and 

mechanically as well via nozzle-based and nozzle-free 3D printing.  Recently the facile and 

versatile photo-polymerizing natural and synthetic polymers are on the rise in the field of tissue 

engineering due to their ease of applicability for fabrication of 3D architecture and inherent 

mechanical stability while being biologically active and compatible [266]. Jeencham et al. 

demonstrated the use of an injectable hydrogel composed of cellulose nanofibers, gelatin 

methacrylate (gelMA) and PEO-PPO-PEO-DA for meniscus tissue engineering applications 

[267]. Hao et al. integrated synovial aptamers within gelMA for the recruitment of endogenous 

cells for the repair of avascular meniscus lesions [268]. Prendergast et al. encapsulated 

meniscal fibrochondrocytes and norborene modified hyaluronic acid within gelMA hydrogels 

for fabrication of constructs that could be used for alignment of cells and ECM [269]. 

Bahcecioglu et al. fabricated zone-specific PCL scaffolds loaded with wither gelMA or agarose 

for mimicking meniscus specific biochemical composition [224]. Andress et al. used 

compositions of polyethylene glycol diacrylate (PEGDA) and gelMA for the fabrication of 

meniscal constructs embedded with cells for potential reversal of dedifferentiation of long-term 

meniscal cell culture [258]. Zihna et al. encapsulated meniscus decellularized ECM within 

various compositions involving gelMA, polyethylene glycol dimethacrylate (PEGDMA) and 

hyaluronic acid methacrylate (HAMA) for meniscal tissue engineering applications [270]. 

Bernal et al. demonstrated gelMA based volumetric printing of cell laden meniscal tissue 

constructs with very short times [271]. The use of ECM-based and natural polymer-based 

(gelatin, hyaluronic acid, collagen and silk fibroin) inks have been reported to trigger the 

intrinsic regenerative tendency of the residual tissue following vascularization, resorption and 

integration of fabricated 3D constructs leading to better healing possibilities. Furthermore, 

photo-polymerizable forms of natural materials enable room temperature printing, visible light 

polymerization and high throughput fabrication [266]. This would tremendously enhance the 

ease of fabrication, speed of treatment modalities and provide functional bioactive tissue 

constructs with preserved cells and biologics. Hence, a combinatorial approach for designing 

a biomaterial blend would usher better meniscus regeneration. 
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1.2.1.4 Silk : Biomaterial for Meniscus Tissue Engineering 

Silk is a structural protein that represents a distinct class of biocompatible and green 

polymers. It has been valued in biomedical research for its biodegradability, low 

immunogenicity and facile processability [272]. Its use dates back to 131-211 A.D. when it was 

used as medical sutures by Greek physician Aelius Galenus [273]. The US pharmacopeia (USP) 

classifies conventional wax coated Bombyx mori silk fibroin (SF) sutures as non-degradable, 

non-adsorbent and resistant to proteolytic digestion in vivo [274]. Biocompatibility, 

biodegradability and green processing (from cocoons and glands) of SF earned it the status of 

bioresorbable material, as it is physiologically acceptable by the body and can be broken down 

to get assimilated or safely eliminated from the body without eliciting any adverse reaction.  

Commercial silk production has exploited Lepidopterans larvae belonging to 

Bombycidae (mulberry silk) and Saturniidae (non-mulberry silk), classified based on their 

feeding habitat. The diversity of silk and silkworms, their lifecycle, feeding habitat have been 

exhaustively reviewed elsewhere  [275, 276].  Silkworm silk protein biopolymer comprises 

two components. A central core silk fibroin (SF) that provides toughness and load bearing 

attributes [276], and surrounding water soluble glue silk sericin (SS) protein accounting for 25-

30% (w/w) [272]. The functional diversity observed of silk spun by silkworms is influenced 

by feeding habitat, nutritional indices and environmental factors like temperature and humidity 

[277], affecting the amino-acid composition of SF and the presence of flavonoids or carotenoid 

in SS.  

Mulberry silk cocoons can undergo aqueous processing, a significant advantage over 

biopolymers like collagen and chitosan that require acidic conditions which is a major concern 

when dealing with delivery of bioactive molecules or cells for therapeutic applications. 

Regeneration of silk fibroin from mulberry silk cocoons involves degumming for  removal of 

silk sericin from raw silk using sodium carbonate and dissolution of obtained silk fibroin fibres 

in lithium bromide (chaotropic agent) to obtain regenerated silk fibroin solution after thorough 

dialysis in water to remove LiBr [272]. The obtained aqueous regenerated silk fibroin solution 

can be concentrated, and stored in liquid form in cold storage (1 month or lesser) or as 

lyophilized powder at 25 °C for longer durations.  

Non-mulberry silk fibroins possess unique physico-chemical properties such as poly(A) 

stretches which confer superior mechanical resilience [278, 279] and RGD tripeptide which 

confer cell adhesion features [280], making them suitable for tissue engineering applications. 

Silk fibroin from the silk glands of 5th instar silk worms (A. mylitta [281-283], A. assama [278, 
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279, 284-286], P. ricini [287-289]) is directly dissolved in anionic surfactant, sodium dodecyl 

sulphate (SDS) (1% w/v) to disrupt the hydrogen bonding in the native silk fibroin, and dialysed 

to remove SDS and finally obtain the aqueous regenerated silk fibroin solution. This process 

preserves the biomechanical properties of SF (unlike with chaotropic agents which shear the 

protein during isolation) and enables high yields (1 – 1.5 g protein per silk gland), making it 

amenable for scaling up in biomedical research [281]. 

Silk structure is well explored for chemical modifications for more precise applications 

[290]. SF has been used for coupling reaction (cyanuric chloride activated or carbodiimide) 

based addition of polyethylene glycol or oligosaccharides or specific peptide chains (RGD 

tripeptide) [291, 292]. SF has been grafted with chemical moieties such as poly-methacrylate 

for photo-crosslinking based 3D printing applications [293]. Silk matrices are also endowed 

with thermal stability, which allows them to be autoclaved for sterilization post fabrication (β-

sheet induced matrices) [294]. Unlike other polymers such as PCL and PLGA, silk matrices 

can withstand sterilization using ethylene oxide treatment, 70 % ethanol disinfection, γ-

irradiation or UV-irradiation without drastic alteration of mechanical properties [295].  

The antigenicity and cytocompatibility of SF based scaffolds (in different forms such as 

3D porous matrices, 2D electrospun mats and films, gels, micro/nano particles) have been 

extensively studied over the years [296, 297], affirming their compatibility for use in vitro and 

in vivo within animal models. The non-mulberry SF additionally benefits from the intrinsic 

arginine-glycine-aspartate, i.e., RGD tri-peptide in the N and C termini of GC motifs of H-chain 

[280]. RGD enhance the cell adhesion and proliferation via integrin mediated pathway [278] 

and hence non-mulberry SF finds immense potential in designing smart biomaterials for tissue 

engineering. 

Silk being a protein polymer is prone to undergo proteolytic digestion owing to the 

presence of proteolytic cleavage sites [298]. The intrinsic physico-chemical attributes 

possessed by SF such as ß-crystal polymorphism, strong intermolecular and hydrophobic 

interactions govern the rate of degradation of silk [297]. The self-assembled regenerated SF 

based matrices also exhibit similar biodegradation kinetics. Unlike other FDA approved 

synthetic polymers such as PLGA and PLA which undergo rapid dissolution in vivo and whose 

degraded products increases local pH, the degraded products of silk include soluble amino-

acids and shorter peptide fragments which are resorbed by the system. High content of ß-sheet 

results in slow degradation and vice versa [299]. This degree of crystallinity of regenerated SF 

based matrices can be used to fine-tune the requisite degradation rate. Hence, SF can endow 
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the necessary mechanical strength, durability, degradability, biocompatibility and immuno-

compatibility for applications in meniscus tissue engineering. 

1.2.1.5 Growth Factors  

In the past, delivery of growth factors in various forms such as those loaded in macro-

/micro-/nano-carries, application of extracellular vesicles and platelet enriched plasma for 

meniscal tissue regeneration has been a common endeavour. Already deficient in healing 

potential, the avascular regions of meniscus are further reprimanded by the various 

inflammatory factors released during meniscal lesions [300]. Delivery of relevant growth 

factors is hence known to accentuate the healing process by aiding in the production of collagen 

and glycoproteins. Most of the reported growth factors reported in literature (Table 1.2) for 

meniscus healing contribute to the anabolic pathways of the resident fibrochondrocytes and 

nearby synovial progenitors [301, 302] to induce cellular proliferation, deposition of meniscus 

ECM and the migration of cells onto the delivery vehicles that have been employed to release 

them. Platelet rich plasma is a complex pool of growth factors and provides an apt source of 

meniscal tissue regenerative factors for meniscus healing. Similarly precise delivery of specific 

growth factors via vesicles and other delivery vehicles has been known to influence the 

regeneration of meniscus. Some of the significant studies have been listed in Table 1.2 below. 

The encapsulation of growth factors is majorly dictated by the encapsulation and release profile 

of the materials. Various micro-carriers, hydrogels and scaffolds have been used for the 

encapsulation of growth factors for an efficient delivery at the site of meniscus healing (Table 

1.2). These materials, of both synthetic and natural origin, need to be optimized for their release 

characteristics to match the slow regenerative and remodelling nature of the meniscus [69] that 

spans from weeks to years in vivo as observed for current clinical implants.  

The set of materials, cell source and growth factors best suited for meniscus regeneration 

is a topic of extensive evaluations in vivo and can be optimized with a preference towards 

autologous sources for either. Since patient-derived treatment approaches with natural 

biomaterial scaffolds and grafts are on the rise, due to their better integration, host-tissue 

compatibility and least chances of immune rejection, it would be highly imperative to develop 

natural biomaterial constructs loaded with autologous growth factors and autologous cell 

sources for repair and regeneration of menisci. 
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Table 1.2: Various growth factor delivery mechanisms for meniscus regeneration 

Growth Factors/ 

Source 

Delivery and conditions Effect Ref. 

Platelet rich plasma 

(PRP) 

Ultrasound guided 

injection in the knee of 

patients with intramural 

meniscal lesions post 

trauma 

Improvement of daily 

activities, pain, sports and 

recreational activities and 

knee related quality of life 4 

months after treatment in 

patients. 

[303] 

PDGF-BB, TGF-β1 

and CTGF conjugated 

to heparin 

Collagen nanofibrous 

scaffolds functionalized 

with the growth factors 

Enhanced human meniscal 

and synovial cell viability, 

proliferation and infiltration 

of cells ex vivo, upregulated 

key meniscus ECM synthetic 

genes. 

[230] 

Leucocyte enriched 

platelet rich plasma 

(L-PRP) 

Intrarticular injection with 

low molecular weight 

hyaluronic acid for 

traumatic meniscus 

injuries in human patients 

Follow-up from 3 months to 3 

years yielded a significant 

reduction of joint pain, 

improvement of joint function 

after 3 years as compared to 

NSAID treatment group 

[304] 

Wnt5a/PRP Wnt5a/PRP in vitro and 

Wnt5a/PRP gel in vivo in 

rabbit major meniscus 

excision model 

Reduced IL-1β induced 

inflammation and improve 

chondrogenic differentiation 

of meniscus cells and 

promoted meniscus 

regeneration 

[305] 

IGF-1, PDGF, VEGF, 

TGF-β1, FGF, PL, 

VEGF binding 

peptide and PRP 

IGF-1, PDGF, VEGF, 

TGF-β1, FGF and PL 

supplied via media to 

mesenchymal stromal cells 

and meniscus cells; 

Collagen Meniscus 

Implant (CMI) 

functionalized with VEGF 

binding peptide and PRP 

as proof-of-concept 

In vitro observation of 

mesenchymal stromal and 

meniscus cells cellular 

proliferation and migration 

with the growth factors in 

culture medium and enhanced 

cellular infiltration within the 

CMI  

[306] 

Clotted autologous 

PRP or Bone Marrow 

Aspirate Concentrate 

(BMAC) 

Direct healing using 

autologous clotted PRP or 

BMAC with suture in 

rabbit meniscus incision 

BMAC rendered better 

healing than PRP healing 

groups 

[180] 

CTGF and TGF-β3 PLGA microspheres 

loaded with growth factors 

in explant-based meniscus 

tear models  

High CTGF and slow TGF-β3 

release showed the most 

effective healing of inner 

avascular meniscus with 

better collagen fibre 

alignment, ECM secretion 

and mechanical properties 

[302] 

CTGF and TGF-β3 PLGA microspheres 

loaded with growth factors 

on PCL printed constructs 

Regeneration of total 

meniscus in sheep with zonal 

[115] 
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in sheep total 

meniscectomy implants 

biochemical and cellular 

characteristics 

FGF, IGF-1, VEGF 

and TGF-β 

Growth factors directly 

added to cells from various 

vascular and avascular 

regions of the meniscus 

Synovial area showed 

sensitivity to bFGF, TGF-β or 

IGF and resulted in 

fibroblastic functions. 

VEGF stimulates Col 2A and 

MMP-2 in  from synovial area 

cells, Col 2A in vascular area 

cells and Col 1 in avascular 

area cells. 

[307] 

 

FGF PLGA microsphere 

containing growth factors 

embedded in electrospun 

PCL fibers 

Growth factor release 

promoted cell proliferation in 

vitro and in vivo subcutaneous 

pockets. 

[308] 

TGF-β1 and C-ABC 

(chondroitinase-

ABC)  

Cocultures of self-

assembled fibrocartilages 

formed by seeding 

meniscal 

fibrochondrocytes and 

articular chondrocytes in 

agarose wells with growth 

factors in culture medium 

Increased collagen synthesis, 

Young’s modulus and 

ultimate tensile strength of the 

developed fibrocartilage. 

[309] 

TGF-β1 transduction 

using retroviral vector 

Retroviral vector 

transduced human 

synovial MSCs turned into 

aggregates and compared 

with non-transduced cell 

aggregates in presence of 

chondrogenic medium 

without exogenous TGF-β 

Higher cellular proliferation 

and chondrogenesis potential 

[310] 

TGF-β3 In vitro: Meniscal explants 

punches treated with 

collagenase, applied with 

tissue glue, placed in 

explant cavity and 

supplied with TGF-β3 

Healing potential is improved 

and the cells migrated towards 

the gap. 

[311] 

BMP-7 In vitro: Applied directly 

to cells in vitro  

In vivo: Blended in 

cellulose glue carrier for 

delivery into meniscus 

defects in sheep 

Increased collagen and 

inhibited MMP expression in 

vitro and fibrous tissue 

formation within 12 weeks in 

vivo 

[312] 

BMP-7 BMP-7 injected in situ into 

achilles tendon of rats and 

transplanted into meniscal 

defects thereafter. 

Induced ectopic cartilage 

formation in rat tendons and 

its transplantation resulted in 

meniscal regeneration and 

prevented cartilage 

degradation 

[313] 

bFGF and TGF-β3 Juvenile and adult 

meniscus explants were 

cultured with growth 

Short term bFGF and 

sustained TGF-β3 delivery 

enhanced the integration 

[314] 
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factors while the defects 

were either filled with the 

excised tissue or 

nanofibrous PCL mats 

strength of both kinds of 

meniscus 

IGF-1 Growth factor in culture 

medium of alginate 

constructs seeded with 

meniscus 

fibrochondrocytes 

Significantly improved 

mechanical properties and 

biochemical deposition of 

collagen and sGAG 

[315] 

CTGF CTGF/fibrin glue used to 

treat rabbit meniscus 

defects 

Enhanced in vivo meniscus 

tear regeneration 

[316] 

 

1.2.1.6 Fixation and Lubrication strategies  

Mechanical and tribological properties of the knee joint are crucial for determining joint 

health and they are dependent upon the anatomical fixation of the meniscus implant and the 

lubrication present between the implant and articular cartilage. Meniscus allograft transplants 

need to be debrided appropriately by the surgeons to prevent undersizing [76] and typically 

placed into position relative to femoral condyles by few cycles of flexion and extension and 

then sutured into place by inside-out [74, 76] or all inside [75, 76] suturing of the body and 

outside-in [74, 75] suturing of the meniscus horns. The attachment points of MATs are 

traditionally tailored for attachment in different ways: (1) direct attachment of horns to 

ligamentous soft tissue points, (2) via bone plugs at horns and accompanied by body sutures 

and (3) via a complete bone bridge/trough at the horns of the meniscus [77, 317]. The meniscus 

allograft failures have been shown to occur frequently with suture-only fixation as compared 

to bone block fixation [82]. On the other hand, the implantation of Actifit polyurethane 

scaffolds has been traditionally done by debriding the residual meniscus portions to the 

vascular region to obtain a bleeding edge followed by measurement and cutting of the implant 

to exact size and suturing it in place using specialized ultra fast-fix sutures and outside-in 

sutures [84, 92]. Similarly, CMI implantation is carried out by obtain a bleeding edge by either 

reaching the red zone via debridement of damaged tissue or by microfracture awl along the 

peripheral rim, followed by trimming implant to the requisite size (Teflon measuring device is 

used for size measurement) and thereafter suturing the implant to the remnant meniscus using 

standard inside-out technique [84, 92].  

In various studies, 3D printed meniscus implants have been sutured to residual debrided 

meniscus using outside-in suturing [115], affixed to synovial capsule and ligamentous 

structures after  total meniscectomy [135, 226, 318], affixed vertically to joint capsule and 
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circumferentially to residual meniscus after partial posterior meniscectomy [319], sutured by 

the implant body to the capsule of the original meniscus rim and by the anterior and posterior 

horns to tibial bony tunnel [72] or to the residual rim [134] after total medial meniscectomy. In 

another study, suturing tabs for soft tissue suturing have been placed in implant design during 

modelling [46, 129]. Loosening of implants can pose a major threat to the efficacy of meniscus 

repair and regeneration process by detaching the implant from the surface of the synovial 

capsule and the tibial surface, consequently resulting in extrusion of the implants, debridement 

of the implant, actuation of the femoral condyles upon the articular cartilages and the 

significant increase in the coefficient of friction within the joint. These might lead to further 

pain, patient discomfort, repetitive surgeries and onset of inflammation and osteoarthritis. 

Hence, the inclusion of suturing points along the anterior and posterior horns and the 

body of the 3D implants while designing them would significantly aid in the fixation of the 

implants without compromising the mechanical stability created by these suturing points. Also, 

these suturing points can be designed and strengthened for the different suturing techniques 

that would be recommended for the specific patient. 

Coefficient of friction (COF) in the native cartilage-meniscus interface has been found 

to be significantly lower than PU and PCL implants than the cartilage-implant interface [320]. 

This is a result of the deficiency posed by synthetic implants in adsorbing the major 

components of synovial fluid, i.e., water, hyaluronic acid (HA), albumin, proteoglycan 4 (PRG-

4 also known as lubricin) and surface-active phospholipids (SAPL) [321]. The unique native 

ultra-low COF of knee joint is provided by the meniscus, cartilage and the synovial fluid via 

various lubrication mechanisms such as IFPW, hydrodynamic, boundary, elasto-

hydrodynamic, boosted, squeeze-film and biphasic lubrication [322].  The issue of reduced 

COF and lubrication have been approached by designing surface properties that are 

tribologically compatible, possess the ability to adsorb the components of the synovial fluid 

[323] and can behave in a hydrophilic [324] or hydrophobic [320] or zwitterionic manner [325]. 

Non-porous PCU materials have been tested for their efficacy as low friction meniscus implants 

and it was found that during the swing-phase the COF rises drastically suggesting the 

importance of porosity and surface modification required for meniscus implants [320]. In 

accordance to this, several material modifications have been proposed for reduced COF. Hu et 

al. [325] developed PU with sulfobetaine content (PU-SBs) that are zwitterionic in nature, aid 

in the adsorption of HA and were shown to perform at par with the native menisci under in 

vitro conditions. Morgese at al. [326] developed brush-forming polyoxazoline grafted 
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polyglutamic acid (PGA) co-polymers that can be injected onto joint surfaces and possess 

tissue-reactive reparative effects while enhancing lubrication. Tan et al. [327] fabricated 

mechanised silica nanoparticles functionalized with betaine for the reduction of joint friction 

by forming tenacious hydration layers to enhance lubrication. Liu et al. [328] formulated a 

gelatin based nano-liposomal friction responsive hydrogel formulation loaded with anti-

inflammatory molecules that demonstrates self-lubrication by the nano-liposomes forming 

hydration layers to improve joint performance in vivo. Fan et al. [329] formulated a 

HA/curcumin nanomicelle formulation that demonstrated enhanced knee joint lubrication and 

prevented arthritis induced damages. Following its synthesis and low COF demonstration by 

Moro et al. [330], 2-methacryloyloxyethyl phosphorylcholine (MPC) has been reported widely 

for potential joint lubrication applications. This stems from the observed similarity of MPC 

polyzwitterioinic brushes to that of the native molecular brushes present in articulating joints 

[331, 332]. MPC has been used as a surface initiated polymer brush on mica[332], polystyrene 

microspheres and silicon wafer [333], poly(ether-ether-ketone) (PEEK) [334] and HA (forming 

HAMPC) [335]. These form tenacious water hydration shells, effectively reducing friction and 

resist being squeezed out during loading. In another approach, Das et al. [336] demonstrated 

that chemical adsorption of HA reduced friction in the presence of lubricin as compared to 

physically adsorbed HA. 

Hence, a high-throughput approach for endowing meniscal implants with native-like 

lubrication could be to design highly porous implants which encompass a friction-responsive 

nano-liposomal formulation or a surface functionalized with poly-zwitterionic moieties. Such 

implants would be able to mimic multi-factorial native-like lubrication mechanisms.  

1.2.2 Physical stimulation strategies for meniscal tissue maturation  

Menisci are mechanically loaded tissues that act a cushion for the femoral head by 

providing a compatible interface with the tibial plateau. The menisci are known to undergo cell 

and matrix specialization based upon the mechanical stress being borne by the menisci [337]. 

Meniscal cells can be influenced by various mechanical cues both static as well as dynamic. 

Mechanical stimuli influence the synthesis of protein and alter cellular processes in the menisci 

both in the vascular as well as avascular region [338]. Mechano-stimulation that mimics the 

natural weight bearing phenomena acts as an impetus for the cells to assess the need to 

synthesize or degrade the surrounding matrix [339]. So it is pertinent to note that tissue 

engineered meniscal replacements need to be mechanically stimulated to produce favourable 
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results in terms of matrix production [224, 340] as well as minimizing the inflammatory 

cytokine production [341]. In this regard, many different bioreactors have been developed and 

modified for their application in meniscus tissue engineering. The major bioreactors or 

stimulation devices developed fall into five categories: direct compression, hydrostatic 

pressure, shear-based reactors, ultrasound-based and composite reactors. Various studies based 

on the application of bioreactors and stimulation for meniscus tissue engineering have been 

listed in Table 1.3 below. Upon careful observation it can be implied that the compression, 

tensile and hydrological stimuli could be used for in vitro maturation of the cell laden constructs 

and in vivo implantation of these matured constructs would aid in the regeneration. While the 

ultrasound-based modality could be used both in vitro as well as in vivo in conjunction with 

other biomaterial-based treatment modalities. Additionally, ultrasound can be used under non-

motile conditions following the surgery in a minimally invasive manner, enforcing its 

suitability for meniscal regeneration. 

Table 1.3: Effects of Mechanical Loading on Meniscus cells, explants and tissue engineering 

constructs 

Stimulus 
Platform/ 

Device 

Stimulation

Details 

Cells/ 

Tissue/ 

Constructs 

Effect Ref. 

Dynamic 

compression 

Biopress 

Flexcell 

0-0.1 MPa, 

0.5Hz square 

wave, 24h 

Porcine 

meniscal 

explants 

Increased NO levels, 

significantly 

increased protein and 

proteoglycan 

synthesis, 

downregulation of 

decorin, collagen 

type I, II, 

upregulation of 

MMP-1 

[342-

344] 

Static 

compression 

Custom 

designed 

polycarbonate 

static 

compression 

chambers 

0%, 25%, or 

50% strain, 4 

days 

Bovine 

Meniscal 

Explants 

Static compression 

inhibited the effect of 

growth factors 

[345] 

Hydro-static 

Custom 

designed 

hydrostatic 

pressure 

chambers 

4MPa 

pressure, 4h, 

Static or 

cyclic (1Hz) 

Human 

Meniscal 

cells in 

alginate 

beads 

Static: 

Downregulated MMP 

1 and 13 

Dynamic: 

Upregulated 

Collagen I, TIMP 1 

and 2 

[346] 
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Custom 

designed 

hydrostatic 

pressure 

system 

4 h/day 

loading, 1 Hz, 

0.55-5.03 

MPa 

Human 

fibro-

chondro-

cytes in 

aggregates 

form 

Enhanced 

chondrogenesis, 

higher and early 

potential for 

chondrogenesis in 

outer zone cells  

[347] 

Computer 

controlled 

pressure 

chamber, OTS 

Static 150kPa 

hydrostatic 

compress, 

12h 

Rat fibro-

chondro-

cytes on 

culture 

dishes 

Apoptosis and 

consequent 

degeneration is 

caused 

[348] 

Hydro-

dynamic 

Rotatoy Cell 

Culture System 

(RCCS) 

Rotation, 4 

weeks 

Bovine 

articular 

chondro-

cytes seeded 

on 

Hyaluronan 

scaffolds 

Outer region: 

Deposition of 

collagen I 

Inner region: 

Deposition of 

collagen I, collagen 

II and GAG 

[349] 

Uniaxial 

compression 

Customized 

direct 

compression 

stimulator 

2% cyclic 

strain, 1Hz, 

4h 

Bovine 

meniscus 

explants 

(medial and 

lateral) 

Upregulation of 

aggrecan, no effect 

on collagen type II 

expression 

[350] 

Customized 

compression 

reactor 

0%, 5%, 

10%, 15% or 

20% strain, 

0.05MPa/0.1

MPa stress, 

2h, 1Hz 

Porcine 

meniscal 

explants 

20% compression : 

Increased iNOS and 

IL-1 gene expression 

and NO release 

[341] 

Custom built 

compression 

reactor 

0%, 10% or 

20% strain, 

2h, 1Hz 

Porcine 

meniscal 

explants 

20% strain: 

upregulated MMP-1, 

MMP-3, MMP-13 

and ADAMTS4  

10% strain: 

upregulated 

Aggrecan, COX-2, 

and ADAMTS5 

TIMP-1, and TGFβ 

unaffected by 

strain% 

[53] 

Custom 

designed 

compression 

reactor 

7% and 15% 

strain, 1 h 

loading/1 h 

unloading, 3 

days/week, 6 

weeks 

Bovine 

meniscal 

fibro-

chondro-

cytes seeded 

on alginate 

Loading for 2 Weeks: 

higher ECM 

production 

Loading for 6 Weeks: 

decreased GAG and 

increased collagen 

deposition 

[351] 

Custom 

designed 

compression 

reactor 

10% strain, 

1Hz, 1h/day, 

30cyles of 

1min 

compression 

Bovine 

meniscal 

fibro-

chondro-

cytes in 

Anatomic meniscus 

constructs, contains 

collagen and GAG 

content mimicking 

native tissue 

[352] 
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and 1min 

uncompressed 

rest 

agarose 

constructs 

Custom 

designed 

compression 

reactor 

1h loading, 3 

days/week, 

1/2/4 weeks 

Bovine 

meniscal 

fibro-

chondro-

cytes seeded 

on alginate 

No change in 

continuous 2/4 week 

stimulation 

2 week dynamic 

followed by 4 week 

static culture yields 

best collagen and 

GAG deposition 

[353] 

Custom 

designed 

bioreactor 

Cyclic 1Hz, 

1h/day, 5 

days/week, 4 

weeks 

Bone 

marrow 

derived 

MSCs from 

rabbits 

seeded on 

PCL 

scaffolds 

Upregulation of 

collagen I and 

collagen II, aggrecan 

and sox9, fibronectin 

and TNC 

[340] 

Customized 

polysulfone 

loading platten 

Static 4 

weeks, 

Dynamic 4 

weeks,1Hz, 

1h/day, 5 

days/week, 

10% strain 

superimposed 

over 5% static 

strain 

Porcine 

fibro-

chondro-

cytes within 

Agarose/Gel

MA, seeded 

on PCL 

Enhanced production 

of GAG and collagen 

II in the inner region 

and collagen I in the 

outer region. 

[224, 

354] 

Biodynamic 

5210, Texas 

Instruments 

Static 30% 

Static 

30%+Cyclic 

10% 1Hz, 

5min 

Human 

meniscal 

fibro-

chondro-

cytes seeded 

in Collagen 

type I 

scaffolds 

Supported hyaline 

cartilage like matrix 

when coupled with 

hypoxia 

[355] 

Biodynamic 

5210, Texas 

Instruments 

Cyclic, 10% 

strain, 1Hz, 

1h per day, 2-

6 weeks 

Human 

meniscal 

cells seeded 

on Collagen 

I scaffolds 

No inner cartilage-

like matrix formation 

without TGFβ3 

[339] 

Customized 

compression 

reactor 

1h of 5% 

strain, ± 25°sh

ear at 1Hz 

followed by 

1h rest, 

alternate days 

Rabbit 

chondro-

cytes seeded 

into de-

cellularized 

rabbit 

meniscus 

scaffolds 

Upregulation of 

collagen I, collagen 

II, aggrecan and 

MMP3, enhanced 

GAG deposition 

[356] 
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Biaxial 

Cellular 

Strain 

Bioflex II 

plates, Flexcell 

Cyclic, 5%, 

0.5Hz, 24h 

Porcine 

meniscal 

cells from 

different 

regions 

Increased protein 

synthesis (larger for 

outer cells than for 

inner cells), increased 

NO levels 

[357] 

Tensile 

PDMS stretch 

chambers, 

STREX 

Cyclic 

5%/10%, 2-

4h 

Human 

meniscal 

root/horn 

cells seeded 

on Collagen 

type I gel 

Cellular 

morphologies were 

evaluated and sox-9, 

collagen II 

expression enhanced 

after tensile strain 

[358] 

Biaxial strain 

system, 

Flexcell 

Cyclic 

5%/10%, 

0.5Hz, 4h 

Porcine 

fibro-

chondro-

cytes seeded 

on collagen 

type I 

coated 

flexible 

silicone 

membrane 

Regulation of 

TRPV4, NOS2 and 

Collagen I genes 

[359] 

Customized 

clamps 

Static 

clamping 

Bovine 

fibro-

chondro-

cytes in high 

density 

collagen gel 

Better tensile 

properties, aligned 

collagen fibers 

induced by 

fibrillogenesis, 

significantly higher 

GAG production 

[360] 

Ultrasound 

Low-intensity 

pulsed 

ultrasound 

stimulations 

(LIPUS) 

100-300 

mW/cm2, 20 

min/day 

Chondro-

cytes seeded 

on Poly-

urethance 

scaffolds 

dip coated 

with gellan 

gum, 

hyaluronic 

acid and 

glucosamine 

Upregulation of 

aggrecan and 

collagen II 

[361] 

Low-intensity 

pulsed 

ultrasound 

stimulations 

(LIPUS) 

In vitro: 60 

mW/cm2, 20 

min/day, 3 

MHz 

In vivo: 60 

mW/cm2, 20 

min/day, 1.5 

MHz  

In vitro cells 

were 

stimulated 

and in vivo 

injured 

menisci 

were 

stimulated 

In vitro cell 

proliferation, 

migration, CCN2 and 

sox9 expression were 

enhanced and led to 

meniscal healing in 5 

weeks via migration 

and VEGF secretion 

in vivo in rat model. 

[362] 
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1.2.3 3D Printing and bioprinting of meniscus tissue constructs for implantation and 

regeneration 

1.2.3.1 Nozzle-based printing method 

The technique involves dispensing the biomaterial ink/bioink through its printer nozzle 

onto a printing surface for developing biologically functional constructs mimicking the native 

tissues/organs. Ink can be ejected through nozzle orifice via various mechanism, based on 

which the given printing methods is classified into (a) inkjet printing, and (b) micro-extrusion 

printing. 

1.2.3.1.1 Inkjet printing/bioprinting 

Inkjet printing have been moulded from a slightly modified commercial inkjet printers; 

however, a moving platform is present instead of a paper. It has a cartridge that can hold 

biomaterial ink/bioink which can be ejected from the nozzle onto printing surface via a 

piezoelectric actuator that creates enough pressure to expel the ink, and the second method 

being the thermal approach, has a heating element to increase the temperature of ink at nozzle 

surface to raise more than 300oC for a microseconds, resulting in air bubbles formation that 

ultimately collapse to eject out in the form of biomaterial ink/bioink from the nozzle head onto 

print bed[363]. The ink viscosity, comprising of cell density and material concentration, that is 

required for inkjet printing is usually very low and there are chances of nozzle-clogging at 

higher ink viscosities. Filardo et al.[364] fabricated a custom-made human cell-laden collagen 

type Ⅰ meniscus using an inkjet dispensing technique (RegenHU) in order to mimic the native 

menisci morphology. Cell friendly technology used the lifeink-200 bioink consisting of highly 

purified concentrated collagen type Ⅰ with embedded human derived MSCs into a cartridge in 

order to mimic the natural one. The instrument had multiple printheads to eject out different 

types of polymers (thermoplastic based) and cell-encapsulated hydrogels. Additionally, it had 

a tri-axis motion system to fabricate custom-made tissues into various shapes and sizes, a 

pressure controller to manage precise ejection of hydrogels, and separate temperature control 

unit regulating the collector and cartridge temperature to be set. 

1.2.3.1.2 Micro-extrusion printing/bioprinting 

Extrusion based printing technique has been the most commonly used and feasible 

technique for fabrication of tissue/organ constructs, especially in the domain of meniscus tissue 

fabrication (Table 1.4). It works based on the principle involving layer-by-layer deposition of 
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biomaterial ink/bioink in a continuous manner through a dispensing nozzle/printing head via a 

screw/piston/ pneumatic dispensing system.  Discrete volumes of ink in the range of microlitres 

can be deposited on print bed through the nozzle orifice which relies on pneumatic actuator 

and stepper motors for the motion along tri-axis (X, Y, and Z axis). Deposition of the 

biomaterial ink/bioink via nozzle is followed by their immediate polymerization leading to a 

self-standing assembly in each layer. Various biopolymers such as natural polymers, synthetic 

polymers and combination of both along with cells or without cells can be used to via extrusion-

based technique for fabrication of meniscus constructs.  

Both inkjet and micro-extrusion-based printing modalities are endowed with the 

flexibility of using cell laden biomaterial composites and acellular biomaterials. Though, 

superior in material deposition fidelity, inkjet printing suffers from the drawbacks of nozzle 

clogging, requisites of low material viscosity and cellular density and volumetric printing rate 

[204]. Micro-extrusion printing qualifies on all of these fronts and could be a versatile and 

facile method for the fabrication of larger meniscal implants with high-viscosity high strength 

materials with or without cells. Crosslinkers pose a major threat to cellular viability and the 

inclusion of crosslinker-free approaches and the development of non-cytotoxic crosslinker 

based approaches needs to be adapted for fabrication of implants for in vivo applications [365]. 

Table 1.4: Microextrusion based 3D printing approaches for meniscus implantation and tissue 

engineering 

Bio-

polymers 

Cells used/Printing 

parameters and technique/ 

Additives 

Scaffold dimension 

and properties 

In vivo Ref. 

3D printed synthetic polymer-based meniscus scaffolds and implants 

Liquid 

silicone 

rubbers 

(silicone 

elastomers) 

Cells:  NA 

3D extrusion printer, double-

barrel-syringe; 

Printing area: 25 cm × 25 cm; 

extrusion rate: 0.5mL/min; 

Nozzle size: 21G; 

Nozzle-Platform distance: 

15mm; 

Print speed: 4800mm/min 

Additives: NA 

Meniscus like, 4cm × 

2cm × 1cm; 

Swelling/Aqueous 

Weight Gain: Nil 

Compressive 

Modulus: 0.16-0.241 

MPa 

 

NA [366] 

Poly-

carbonate-

urethane 

(PCU) and 

ultra-high-

molecular 

weight 

poly-

Cells: NA 

3D Fused deposition model-

based extrusion printing 

(Lulzbot TAZ 6 with 

FlexuDually V2 print head); 

Nozzle size: 0.25mm; 

Square shape; 

CF0 (PCU: UHMWPE 

wt. %) - 100:0; CF10 

(PCU:UHMWPE wt. 

%) - 90:10, 32mm × 

32mm × 3mm; porosity 

%: 13.61% 

NA [367] 
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ethylene 

(UHMWPE

) 

Nozzle & print bed temp: 

225-235oC & 50oC 

respectively; 

Layer height: 0.125mm; 

Print speed: 15mm/s 

Additives: NA 

Swelling/Aqueous 

Weight Gain: ~1.25% 

Compressive 

Modulus: NA 

 

PCL 

(~65,000 

g/mol) 

Cells: In vitro evaluation with 

human synovium MSCs 

3D extrusion printing, layer-by-

layer deposition; 

Melting temp: 120oC 

Nozzle size: 100 µm forming 

100-200 µm channels 

Additives: PLGA µsphere 

carrying rhCTGF and rhTGFβ3 

growth factors 

For human meniscus 

shape material scaffold: 

interlaid stands and 

interconnecting 

microchannels had 

diameter of 100 µm, 

15mm (40% human 

size); For sheep 

meniscus scaffold: 300 

µm microstands & 100 

µm microchannels 

Swelling/Aqueous 

Weight Gain: NA 

Dynamic Compressive 

Modulus: >2 MPa 

 

In sheep 

meniscus 

model 

[115] 

PCL (43-

50kDa) 
Cells: NA 

3D Bioplotter 

(EnvisionTec)printing; 

Layers spacing: 200 µm, 90o 

grid pattern; Material temp: 

110oC; Platform temp: 20oC; 

Extrusion pressure: 6 bar; 

Extrusion speed: 1.4mm/s; 

Needle gauge: 24G; Needle 

cannula length: 3mm 

Additives: NA 

Meniscus-like, 40 × 40 

× 3mm3; 

Swelling/Aqueous 

Weight Gain: NA 

Compressive 

Modulus: 5-40 MPa 

 

NA [129] 

Poly-

urethane 

(PU) 

Cells: hMSCs 

3D extrusion cryo-printing 

method 

Additives: Surface 

modification with fibronectin 

and collagen Ⅰ 

Meniscus-like (~5 mm 

× 5mm × 2mm); 

Porosity percentage and 

diameter: 20-60% & 

0.25mm-0.7mm 

respectively 

Swelling/Aqueous 

Weight Gain: NA 

Compressive 

Modulus: ~0.26MPa 

 

In rat sub-

cutaneous 

model 

[368] 

PLA 

filament 

(1.75mm) 

Cells: hMSCs 

3D extrusion printing; 

Extrusion temperature: 

200oC; Nozzle speed: 20mm/s; 

Fibre diameter and spacing: 

200 µm & 400 µm 

Square sheet like (10 × 

10 × 3 mm); scaffold 

dimension was made up 

of 0.2mm diameter fibre 

with 0.4mm pore size 

In rat sub-

cutaneous 

model 

[369] 
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respectively; Layer thickness: 

0.3mm 

Additives: Post fabrication the 

scaffolds were collagen 

crosslinked & immersed in 

hydrogel comprising collagen Ⅰ, 

alginate & alginate dialdehyde 

Swelling/Aqueous 

Weight Gain: ~40 at 28 

days 

Compressive 

Modulus: >100MPa 

 

PCU 

filament 

(3mm) 

Cells: NIH 3T3 fibroblasts 

3D extrusion printing, 

rectilinear infill pattern; Nozzle 

size: 0.4mm; Print bed 

temperature and speed: 40oC 

& 360mm/min respectively; 

Layer height: 333 µm 

Additives: NA 

Structure with 

crosshatch pattern (0-

800 µm pore size); 

Swelling/Aqueous 

Weight Gain: ~40 at 28 

days 

Ultimate Tensile 

Strength: ~2-12MPa 

 

NA [370] 

PCU pellets Cells: NA 

3D Fused deposition model-

based extrusion printing; 

Material melting 

temperature: 200oC; Nozzle 

diameter: 400 µm; Extrusion 

pressure and speed: 300kPa & 

6mm/s respectively 

Additives: NA 

Meniscus -like; Porosity 

percentage and size: 34-

63% & 400-800 µm 

respectively 

 

NA [371] 

PCL 

(74,600 

g/mol) 

Cells: BMSCs 

3D Fused deposition model-

based extrusion printing 

Additives: NA 

Meniscus-like (3 

distinct specification 

was fabricated); Pore 

size: 215, 320 and 515 

µm; Porosity %: 61-

64% 

Swelling/Aqueous 

Weight Gain: NA 

Tensile Modulus: ~10-

40MPa 

Compressive 

Modulus: ~5-20MPa 

 

In rabbit 

meniscus 

model 

[318] 

PCL 

(80,000 

g/mol) 

Cells: MSCs and Meniscal 

fibrocartilage cells (MFCs) 

3D Fused deposition model-

based extrusion printing; 

Additives: NaOH modification 

of scaffold post fabrication 

Rounded scaffold (6mm 

diameter & 2.5mm 

height); 

Swelling/Aqueous 

Weight Gain: NA 

Tensile Modulus: ~50-

150MPa 

Compressive 

Modulus: ~50-100MPa 

NA [372] 

3D printed natural polymer-based meniscus scaffolds and implants 

Cellulose 

nanocrystal 

(CNC), hard 

phenyl 

Cells: NA 

3D extrusion printing (Allevi 

1); Needle size: 24G; Printing 

Meniscus-like; 

Swelling/Aqueous 

Weight Gain: NA 

NA [114] 
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acrylate 

(PA), and 

soft 

acrylamide 

(AAm) 

speed and pressure: 2mm/s & 

5-10 psi respectively 

Additives: DMSO 

Tensile Strength: ~2.5-

20MPa 

Compressive Strength: 

~2.5-40MPa 

Gellan gum/ 

fibrinogen 

(GG/FB) 

composite 

with silk 

fibroin 

meth-

acrylate 

(Sil-MA) 

Cells: Porcine primary 

meniscus cells (pMCs) 

3D integrated tissue-organ 

printing based extrusion 

technique; Nozzle diameter: 

240μm; Printing speed and 

pressure: 250mm/min & 45-65 

kPa respectively 

Additives: Crosslinking using 

thrombin solution 

Meniscus-like; 

Swelling/Aqueous 

Weight Gain: NA 

Compressive 

Modulus: >300kPa 

after 14 days 

 

In mice 

sub-

cutaneous 

model 

[373] 

Collagen Cells: Primary meniscal 

fibrochondrocytes 

3D extrusion printing with 

infrared heat lamp attached to 

the printer; Base plate temp: 

37oC 

Additives: NA 

Meniscus-like; 

Swelling/Aqueous 

Weight Gain: NA 

Equilibrium 

Compressive 

Modulus: ~10-25kPa  

NA [374] 

3D printed natural-synthetic hybrid polymer-based meniscus scaffold and implants 

PCL (80,00 

g/mol) with 

silk fibroin 

Cells: Synovium-derived 

mesenchymal stem cell 

(SMSC) 

3D Bioplotter (EnvisionTEC) 

based extrusion printing; 

Melting temperature: 130oC; 

Nozzle diameter, pressure 

and speed: 300 μm, 0.8 MPa 

and 7mm/s respectively 

Additives: Ethanol 

crosslinking 

Meniscus-like; 

Swelling/Aqueous 

Weight Gain: NA 

Compressive 

Modulus: ~7MPa  

Tensile Modulus: 

~15MPa 

In rabbit 

meniscus 

model 

[72] 

p(DTD DD) 

infused with 

Collagen 

with 

hyaluronan 

Cells: NA 

3D Bioplotter; Printing speed: 

1.2mm/s; Printing 

temperature: 160oC 

Additives: NA 

Meniscus-like; 

Swelling/Aqueous 

Weight Gain: NA 

Instantaneous 

Compressive 

Modulus: >1-2MPa  

 

In sheep 

meniscus 

model 

[233, 

319] 

Poly- ε-

capro-

lactone 

(PCL) 

 

 

Cells: MSC (encapsulated in 

hydrogel) 

3D extrusion bioprinting 

(OPUS bioprinter); 

Needle size: 200µm; 

Layer thickness: 200µm; 

Print speed: 180mm/min; 

Fibre spacing: 300µm 

Additives: Poly Lactic-co-

Glycolic Acid (PLGA) µsphere 

carrying TGFβ3 or CTGF 

Meniscus like; 3D CAD 

model used to design 

3D bioprinted rabbit 

meniscus; 

Swelling/Aqueous 

Weight Gain: NA 

After retrieval from 

animals: Bulk Tensile 

Modulus: ~150MPa 

Radial Tensile 

Modulus: ~60MPa 

In rabbit 

meniscus 

model and 

mice sub-

cutaneous 

model 

[137] 
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growth factors & magnesium 

ions 

PCL with 

agarose 

(Ag) and 

gelatin 

meth-

acrylate 

(GelMA) 

Cells: Primary porcine 

fibrochondrocytes 

3D Bioscaffolder system-based 

extrusion printing; Stand 

distance and orientation: 

1mm & 0/90o respectively 

Additives: NA 

Meniscus-like; (outer 

diameter: 30 mm, 

height at periphery: 5 

mm, inner diameter: 

10 mm; 

Swelling/Aqueous 

Weight Gain: NA 

Tensile Elastic 

Modulus: ~30MPa 

Compressive Elastic 

Modulus: ~10MPa 

NA [224] 

PCL 

(45,000 

g/mol) with 

meniscal 

extracellular 

matrix 

(MECM) 

Cells: Primary rabbit 

fibrochondrocytes 

3D extrusion printing 

Additives: NA 

Meniscus-like; 

Swelling/Aqueous 

Weight Gain: NA 

Tensile Modulus: ~20-

60MPa 

Compressive 

Modulus: ~20-60MPa 

In rabbit 

meniscus 

model 

[135] 

PCL 

filament 

(diameter 

1.75 mm) 

with 

chitosan and 

MECM 

hydrogel 

Cells: Adipose derived stem 

cells (ADSCs) 

3D fused deposition model, 

extrusion printing, layer-by-

layer deposition, 10 layers of 

0.2mm strand thickness; 

Material temp: 130oC; Nozzle 

size and speed: 200 µm & 

10mm/s respectively 

Additives: NA 

Cylindrical geometry 

(2mm height & 15mm 

diameter); Strand 

space: 0.2mm 

Swelling/Aqueous 

Weight Gain: NA 

Compressive 

Modulus: ~5-6MPa 

NA [138] 

PU-PCL 

polymer 

(60/40 

weight 

ratio) with 

MECM 

Cells: Human bone-marrow-

derived mesenchymal stem 

cells (hBMMSCs) 

3D integrated tissue/organ 

building system-based 

extrusion bioprinting 

Additives: NA 

Meniscus-like (5 mm × 

5 mm × 1 mm); Pore 

size: 600 μm 

Swelling/Aqueous 

Weight Gain: NA 

Compressive 

Modulus: ~5-10MPa 

Compressive Strength: 

~1-4MPa 

In sub-

cutaneous 

mice and 

orthotopic 

rabbit 

models 

[113] 

PCL with 

GelMA and 

MECM 

Cells: Meniscal fibrocartilage 

chondrocytes (MFCs) 

3D Bioprinter (Biomaker), dual 

nozzle multitemperature 

printing system; Nozzle 1: for 

PCL, 400 μm diameter, 5mm/s 

speed, 85oC melting 

temperature; Nozzle 2: for 

hydrogel, 500 μm diameter, 

5mm/s speed; 20oC 

temperature; Printing 

temperature: 20oC; Strand 

spacing: 1.5mm 

Meniscus-like; 

Swelling/Aqueous 

Weight Gain: NA 

Compressive Young’s 

Modulus: ~10-12MPa 

Tensile Young’s 

Modulus: ~25MPa 

In sheep 

meniscus 

model 

[144] 
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Additives: NA 

PCL 

(45,000 

g/mol) with 

MECM 

Cells: Synovium derived 

mesenchymal stem cells 

3D Fused deposition model-

based extrusion printing; 

Nozzle diameter: 0.25mm; 

Printing speed: 220mm/min 

Additives: PLGA microsphere 

loaded with kartogenin 

followed by EDC-NHS 

crosslinking 

Meniscus-like; 

Swelling/Aqueous 

Weight Gain: NA 

Compressive 

Modulus: ~4-4.5MPa 

 

In rabbit 

meniscus 

model 

[221] 

PLA 

nanofibers 

with sodium 

alginate 

Cells: Human adipose-derived 

stem cells (hASC) 

3D Bioplotter based extrusion 

printing (EnvisionTEC); 

Nozzle diameter: 0.81mm; 

Extrusion pressure: 

0.02N/mm2; Stage 

temperature: 37oC 

Additives: CaCl2 crosslinking 

Meniscus-like; 

Swelling/Aqueous 

Weight Gain: NA 

Compressive 

Modulus:  

Ramp ~50MPa 

Equilibrium ~28MPa 

Dynamic ~190MPa 

NA [375] 

PCL 

(45,000 

g/mol) with 

MECM and 

Ca-alginate 

hydrogel 

Cells: MFCs 

3D Fused deposition model 

based- extrusion printing 

Additives: NA 

3D wedge shaped 

model (10mm × 4mm × 

1mm); 

Swelling/Aqueous 

Weight Gain: NA 

Compressive 

Modulus: ~6-8MPa 

Tensile Modulus: ~30-

35MPa 

In rabbit 

meniscus 

model 

[134] 

 

1.2.3.2 Nozzle-less 3D printing of Menisci 

Nozzle free approaches abolish the problem of clogging of the printing nozzle caused by 

using high viscosity polymers. Various nozzle free techniques are applied in the field of tissue 

engineering. However, the commonly used technique in the area of meniscus tissue engineering 

is stereolithography (STL). It has evolved from the classical laser-based printing with the 

advent use of photocurable polymers and biomaterials such as methacrylates, diacrylates and 

epoxies [204]. It has digital microarray mirrors regulating the pattern of light that falls on 

platform consisting of photosensitive biomaterial ink/bioink which ultimately gets solidified in 

a layer-by-layer fashion, resulting in the formation of tissue/organ constructs. Bochove et al. 

[225] reported a meniscus implant fabricated using poly(trimethylene carbonate) (PTMC)-

methacrylate anhydride in presence of triethylamie (tMA) and propylene carbonate resins by 

nozzle-free stereolithography (STL) 3D printing technique. In this digital light processing STL 

technique, thin layers of liquid resin (prepared using 40-70 wt% solutions of PTMC-tMA in 
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propylene carbonate) are subsequently photo-crosslinked to develop a 3D cylindrical structure 

with a gyroid pore architecture (3mm diameter, 6mm height, 60-80% porosity and 300-1000 

μm pore size) that can eventually be used as meniscus implants. The pixel resolution of DLP 

SLA instrument was mentioned to be 35 × 35 μm2, and the thickness of illuminated layer was 

found out to be 50 μm. This enables high resolution fabrication that is better and consistent as 

compared to nozzle-based printing approaches which are often limited by the nozzle diameter, 

ink viscosity and range of linear movement actuators. Grogan et al. [376] fabricated a gelatin 

methacrylate (GelMA) based scaffold incorporated with CaCO3 particles using a modified 

version of digital micromirror device projection stereolithography (DMD-PSL) technique to 

mimic the circumferentially oriented cells in native meniscus tissue. This system consist of a 

200W UV light source, glass coverslip window that is replaceable, a UV grade projection lens, 

and an array of micro-mirrors with 1920 × 1080 pixel resolution. UV light is focused onto the 

photosensitive GelMA solution placed in between glass coverslip and the servo-controlled 

stage via UV projection lens to develop GelMA scaffolds mimicking meniscus tissue. Ding et 

al. [226] fabricated polyurethane acrylate (PU) based elastomeric meniscus scaffolds loaded 

with kartogenin (KGN) using DLP printing and further modified them with polydopamine 

(PDA). These constructs demonstrated superior biocompatibility with stem cells, mitigation of 

osteoarthritis and excellent in vivo performance in rabbit model. Surface modification of PDA 

on the PU improved the biocompatibility and stem cell adherence of the constructs as compared 

to the commercial polyurethane constructs. While the encapsulated KGN was released, it 

produced a therapeutic effect for attracting meniscus cells. The optimized fabrication of 

meniscus model reduced shape non-conformity and prevented osteoarthritis. Ge et al. [227] 

developed a novel acrylamide-PEGDA hydrogel covalently bonded with diverse UV-curable 

polymers such as rigid polymers and elastomers for differential mechanical properties. They 

also demonstrated potential application in load-bearing meniscus via multi-material 

fabrication. Yang et al. [377] showed fabrication of anisotropic reinforced meniscus constructs 

by the virtue of electrically assisted Vat printing. This printing modality could be used for 

controlling the carbon nanotube fiber orientation within a biomimetic construct printed using 

a commercial polymer and hence aid in replicating the internal micro-architecture and render 

high mechanical strength and stability. Further, Bernal et al. [271] demonstrated a rapid 

volumetric fabrication method for cell laden meniscus tissues using gelRESIN within 30 s that 

showed adequate cellular proliferation and matrix deposition within the printed constructs after 

28 days. Volumetric printing, hence, proves to be arguably the quickest printing modality which 

would be an ideal fabrication approach for patient-specific meniscal implants. 
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1.2.4 Injectable strategies for meniscus regeneration 

Conventional repair of larger meniscus ensues partial or total meniscectomy followed by 

the either meniscal grafts of natural or synthetic polymers or suturing as discussed in the 

previous sections. Smaller tears on the other hand, face resection or suturing [2, 378]. Most of 

the meniscal implants are not patient-specific in mechanical behaviour which are trimmed to 

required shape and size by the surgeons on the operating table. These limitations make them 

unsuitable for smaller tears which do not require resection. Also, clinically available grafts 

suffer from non-integration, breakage [98] or shrinking [84, 379]. Integration can be achieved 

by various implant types, but smaller irregular meniscal tears need to be addressed as their 

resection and/or debridement could destabilize the knee joint and their suture might fail upon 

constant compression and relaxation cycles. Also, for translational needs, there might be 

regulatory hurdles with stem cells and decellularized matrix or shape and size conformity issues 

with scaffolds and 3D printed constructs for small meniscus tear healing. Injectable hydrogels 

are minimally invasive treatment modality with an inherent shape conformal property and 

sustained delivery of growth factors, drugs and biologics. These properties make it imperative 

for healing of meniscus defects which are irregular and small in size. Though extensively 

evaluated for healing of articular cartilage, bone and osteochondral defects [380, 381], 

injectable hydrogels have been sparingly optimized for meniscus tissue engineering 

applications. Wua et al. [382] used the decellularized ECM (dECM) derived from porcine 

meniscus and prepared an injectable hydrogel for meniscus healing. Through sub-cutaneous 

implantation and in vitro evaluation, the penetration of cells throughout the thickness of the 

hydrogel was shown. This is achieved by the meniscus dECM which undergoes degradation 

by the endogenous enzymes and enables cellular migration. Cellular migration is an essential 

criterion for designing injectable hydrogels for meniscus healing applications. Puetzer et al. 

[383] explored the feasibility of the fabrication of a high density collagen hydrogel laden with 

meniscal fibrochondrocytes for the treatment of major meniscectomy. In vitro evaluations 

yielded that the cell laden collagen menisci, though highly supportive of cell proliferation and 

ECM deposition, could only reach ~50kPa compressive strength after 4 weeks of culture. The 

initial deficiency in mechanical strength could lead to further expansion of the tear and risk of 

dislodging of the delivered hydrogel. Overcoming this hurdle is a crucial step towards wide-

spread applications of injectable hydrogel formulations in meniscus treatment approaches. 

Further, Yuan et al. [112] formulated a human MSC (hMSC) laden bovine meniscus dECM 

hydrogel which was successfully evaluated for the treatment of partial meniscectomy in nude 
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mice. The inclusion of MSC along with the dECM enhanced mechanical integration 

significantly in vitro. An excised portion anterior horn of medial meniscus, when treated with 

intra-articular injection of this hydrogel, demonstrated healing due to hMSC retention, 

infiltration and fibrocartilage-like differentiation. Recently, Zhong et al. [108] established that 

dECM hydrogel could heal major meniscal defects better than collagen. Bone marrow stem 

cells (BMSCs) were encapsulated in either porcine meniscus dECM or commercial type I 

collagen for the treatment of a through-hole defect in medial meniscus and revealed that dECM 

was a better candidate. Also, injection did not affect the cellular viability even at 107 cells/mL 

density using a 25 gauge needle. Resmi et al. developed a gelatin-alginate self-gelling hydrogel 

[384] with limited evaluation of cellular growth on the hydrogel and a proof-of-concept ex vivo 

tissue integration in meniscus explant defects.  Chen et al. [385] introduced a schiff’s base 

reaction between glycol chitosan and PEG-CHO via a dual syringe approach to form a hydrogel 

in-situ at physiological temperature and pH. In vivo evaluation was performed with BMSCs 

and TGF-β1 loaded hydrogels and used for treating a punch-hole defect in the lateral meniscus. 

Hydrogels containing cells and growth factor performed significantly better than just cell 

encapsulated hydrogels.  Kim et al.  [386] developed their hydrogel blend on a similar concept 

where the dual syringe system comprised of fibrinogen phase and a PEO/thrombin phase that 

formed the gel instantly.  These hydrogels were evaluated for a 60% medial meniscectomy 

model and fibrin/PEO group formed significantly better biomechanically stable meniscus that 

closely mimicked the native meniscus. Some of the other approaches are listed in Table 5 

below. The use of dual-syringe method is an interesting approach that could be used for 

instantaneous crosslinking in-situ. Current meniscus curing injectable hydrogels possess 

efficient integration, cellular infiltration and degradability, but lack in the mechanical stability 

on several occasions with natural polymers similar to natural polymer-based biomaterial-inks 

and bioinks. Though, this has been overcome with synthetic polymers for 3D printed 

constructs, injectable hydrogels comprising of synthetic polymers have not been reported 

extensively as mentioned in Table 1.5. It is generally observed in the reported literature on 

injectable hydrogels for meniscus healing (Table 1.5) that the inclusion of growth factors and 

stem cells within the hydrogel aided in accelerated healing of the meniscus. Though popular 

for 3D printing/bioprinting, growth factor laden hydrogel blends have been relatively 

unexplored as injectable hydrogels. Moreover, photo-polymerizing natural [373] and synthetic 

[226] hydrogels have shown excellent mechanical and biological properties for 3D printed 

meniscus constructs. Hence, they could be lucrative option as injectable hydrogels for 

arthroplasty-based treatment of small/major and regular/irregular meniscus defect. Future 
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studies could be focussed on the development of injectable hydrogels which could serve as 

both bioinks/biomaterial-inks and injectable hydrogels. 

Table 1.5: Injectable hydrogels for meniscus healing and tissue engineering applications 

Hydrogels In vitro/In vivo evaluation Injection 

Para-

meters 

Properties Ref. 

Chitosan-graft-

PNIPAM 
In vitro: Encapsulating 

Rabbit articular 

chondrocytes and Meniscal 

Cells 

In vivo: NA 

~7x104 

cells/mL 

Thermoresponsive 

phase transition 

between 25°C and 

37°C, improved 

mechanical strength 

over bare NIPAM 

[387] 

Meniscus 

dECM 
In vitro: Bovine 

chondrocytes and NIH3T3 

on coated surface, inside 

hydrogel and cellular 

infiltration 

In vivo: Subcutaneous in 

Balb-C mice 

21 gauge 

needle; 

5x105 

cells/mL 

Native ECM 

hydrogel alone so 

biocompatible and 

non-immunogenic; 

mechanical 

properties tunable 

with ECM 

concentration (0.5-

1.5kPa) 

[382] 

Oxidized 

alginate 

(alginate 

Dialdehyde) 

and gelatin 

In vitro: i) 
Fibrochondrocytes seeded 

inside and on hydrogel; ii) 

Pig meniscus explant culture 

In vivo: NA 

NA Gelation at 37°C in 4 

minutes, 

Mechanically strong 

(>200 kPa) 

[384] 

Glycol 

Chitosan/4-

Arm PEG-

CHO/ TGF-β1 

In vitro: BMSCs on 

hydrogel surface 

In vivo: 1.5mm meniscal 

defect filled with BMSC 

laden and BMSC+ TGF-β1 

laden hydrogels 

2x107 

cells/mL 

Thermoresponsive 

sol-gel transition at 

body temperature, 

induces 

fibrochondrocytic 

differentiation 

[385] 

hIGF-1 

overexpressing 

BMSC 

encapsulated 

Calcium 

alginate gel 

In vitro: NA 

In vivo: Meniscal defect in 

goat model 

3x107 

cells/mL 

Full thickness 

defects without 

blood supply were 

reconstructed 

[388] 

Collagen I and 

Alginate 

groups 

In vitro: Meniscal 

fibrochondrocytes 

encapsulated injection 

molded constructs 

In vivo: NA 

5x107 

cells/mL 

Mechanically stable 

(>50 kPa after 4 

week maturation); 

bioactive 

[383] 

Meniscus 

dECM 

compared with 

Collagen 

In vitro: BMSC 

encapsulated hydrogel 

In vivo: Subcutaneous and 

Orthotopic meniscus injury 

model 

25 gauge 

needle; 

≥1.5x107 

cells/mL 

Superior than 

collagen I scaffold in 

reduction of 

osteophyte 

formation and 

prevention of joint 

[108] 
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space narrowing and 

osteoarthritis 

development 

Gelatin/PRP 

hydrogel 
In vitro: PRP 

supplementation in the 

media of fibrochondrocytes 

In vivo: 1.5mm punch hole 

defect filled with hydrogel 

NA Healing of menisci 

with ECM 

equivalent to inner 

regions 

[389] 

Fibrin/PEO In vitro: NA 

In vivo: Rabbit defect 

injection 

NA Regenerates 60% of 

the medial meniscus 

[386] 

Bovine 

meniscus 

dECM 

In vitro: hMSCs in 

hydrogel 

In vivo: Subcutaneous 

implantation in mice and 

orthotopic model 

1.5x107 

cells/mL 

High integration 

strength achieved in 

vitro 

[112] 

 

The future treatment line-up could feature a multi-step patient-centric approach (Figure 

1.6). In the first stage, physicians would recommend the patient to undergo a MRI/CT scan 

which could be then fed into a MRI segmentation and 3D reconstruction software to obtain the 

3D model of the intact and injured menisci of the patient. This will be ensued with the collection 

of autologous PRP and culture of autologous cryopreserved stem cells. In the second stage, the 

generated 3D model would be utilized for determining the appropriate treatment modality. 

Larger defects would be prescribed a volumetric printed construct and smaller defects would 

be prescribed an injectable hydrogel. The third stage would ensue blending of autologous PRP 

and stem cells with the physician-preferred biomaterial and fabrication of a 3D construct or 

formulation of the hydrogel for injection. In the fourth stage, the 3D printed construct would 

be implanted in the patient defect site or the injectable hydrogel would be delivered via surgical 

intervention of the patient-knee. After a post-surgical initial settling period, a final stage of 

LIPUS therapy would be provided to the patient’s knee and a subsequent rehabilitation regimen 

would be followed for the patient. This approach would aid in the accelerated recovery of the 

patient with minimal loss of function. Moreover, a reduction might be observed in the treatment 

period, leading to early patient discharge and in essence a reduced burden on the medical 

infrastructure could be observed. The use of tuned patient-specific acellular implants or 

injectable hydrogels with suitable autologous growth factors could also be an economic 

alternative to this approach. The removal of cellularity would allow low-cost solution for mass 

treatments due to the preservation of resources required for cellular expansion while providing 

patient-centric solutions. 
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Figure 1.6: Schematic showing the future of personalized meniscus treatment modality where 

patients suffering from meniscus tears will get MRI scan of knee to determine the meniscus 

defect morphology followed by its modelling. This is in concurrence with the development of 

autologous stem cells (isolated from cryopreserved patient tissue) and growth factor (derived 

from patient blood) laden photopolymerizing hydrogel composite which will be utilized for 

either 3D printing a meniscal implant and surgically placing it in patient’s knee or injecting 

the hydrogel and crosslinking it in situ. This would be followed by the maturation of the 

meniscus using low intensity pulsed ultrasound regimen for accelerated healing. (Made using 

www.biorender.com) 
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MOTIVATION AND OBJECTIVES OF THE PRESENT THESIS 

 

Tears of the knee meniscus are caused by a variety of traumas and old age amongst the 

whole spectrum of populace worldwide. When left untreated, meniscal tears destabilize the knee 

joint and eventually lead to osteoarthritis, pain and locking of knee joint. Menisci are largely 

avascular and hence do not have the inherent ability to heal. This leads to surgical intervention 

of the knee joint to suture or resect out the damaged meniscus tissues. Both of these treatment 

modalities suffer from extensive manipulation of the knee joint with prospects of suture breakage 

and the onset of knee osteoarthritis in case of partial or total resection. The current FDA approved 

meniscal implants are either made of natural collagen-based materials or synthetic polyurethane-

based materials. Both kinds of implants have their respective drawbacks such as non-conformity 

of shape and size due to the one-size-fits-all design, mechanical non-compliance, breakage, 

shrinkage and unusually slow or quick and unregulated degradation and minimal or no 

regeneration. Thus, the development of regenerative strategies hinged on the concept of tissue 

engineering are of prime importance in the healing of meniscal tissue. Various scaffolds have 

been developed in the past with a wide range of materials, growth factors, cells and fabrication 

modalities that support meniscus regeneration. Amongst these the natural polymers-based 

approaches (such as silk, chitosan, gelatin, agarose and collagen) and the synthetic polymers 

approaches (such as polyurethane, polycaprolactone, polylactic acid, polyglycolic acid and 

others) have been prevalent. Natural polymers provide inherent regeneration supportive niche, 

while synthetic polymers provided apt mechanical and durability characteristics. But these 

approaches are limited by the same drawbacks as listed for the conventional meniscal implants. 

With the advent of additive manufacturing technologies in the field of tissue engineering, 

three-dimensional (3D) printing is one of the most promising ways to fabricate meniscal scaffold 

with controlled size and micro-/macro-architectures, and optimal mechanical properties. In 

general, 3D printing manufactures the scaffolds in a layer-by-layer fashion on the basis of 3D 

model data which could aid in the zone-specific cell differentiation to rejuvenate tissues 

mimicking the native menisci with patient’s specificity. Furthermore, the choice of material, cells 

and growth factors for 3D printing is of prime concern due to the fact that menisci are 

mechanically active and load-bearing tissue, have several cellular phenotypes and have zone-

specific biochemical composition. We chose silk fibroin as our base polymer along with other 

additives. Silk fibroin (SF), a natural polymer, is gaining immense attention in the field of tissue 
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engineering due to its biocompatibility, tuneable biodegradability to amino acids, robust 

mechanical properties, ease of processing, and ability to undergo aqueous processing into 

different formats such as gels, films, powder, and sponges. Silk has been extensively explored 

for biomedical applications and is Food and Drug Administration (FDA) approved for use as 

biomedical sutures, surgical mesh and hydrogels. SF from silkworms such as Bombyx mori 

(mulberry silk) silkworms is the most commonly explored silk type. While SF from non-

mulberry wild species such as Antheraea assamensis, Antheraea mylitta, and Philosamia ricini 

silkworms have gained attention due to their notable mechanical properties and presence of 

intrinsic cell-binding arginine–glycine–aspartic acid (RGD) tripeptide domains. The 

abovementioned characteristics of silk render it suitable for the development of bioinks for 

meniscal tissue 3D printing. Hence, silk based bioinks with additives have been used in the 

current thesis. 

Objective 1 aimed at formulation of a biomaterial ink comprising of silk fibroin from B. 

mori cocoons (BMSF) and A. assama glands (AASF) blended with gelatin that could be used to 

3D print the tri-layered structure of the meniscus with the desired microarchitecture. This 

objective, further, aimed at the fabricated 3D constructs mimicking the native mechanical 

strength of meniscus, while supporting the growth and proliferation of meniscal 

fibrochondrocytes and possessing apt in vivo immuno-compatibility. Further, the zone-specific 

cellularity and biochemical composition is necessary for achieving smooth integration with the 

resected/debrided meniscus. Hence, objective 2 aimed to encapsulate fibrogenic and 

chondrogenic growth factors in a photo-polymerizing bioink comprising of BMSF methacrylate 

(silkMA), AASF and gelatin methacrylate (gelMA) and 3D print the inner, middle and outer 

regions of the meniscus. Also, this objective focussed on one-step facile fabrication of scaffolds 

as compared to the carbodiimide crosslinking presented in objective 2. Inclusion of an autologous 

source of growth factor, such as platelet rich plasma, has been a common regenerative strategy 

for various osteochondral tissues. Hence, objective 3 was focussed on the formulation of a more 

robust photocrosslinking ink comprising of silkMA/gelMA/poly-ethylene-glycol di-

methacrylate (PEGDMA) incorporated with human derived growth factor rich plasma (GFRP). 

This ink was poised for sustained release of GFRP growth factors and add higher patient-

specificity to the constructs. Bioinks can be tweaked to formulate excellent injectable hydrogels 

and they have been shown to be ideal for treatment of small meniscus injuries and tears that are 

perilous to treat using suturing or 3D printing. Hence, in objective 4, the GFRP loaded ink was 

tweaked with poly-ethylene-glycol di-acrylate (PEGDA) to formulate an injectable hydrogel that 
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could be photo-crosslinked in situ into small meniscus tears. The hydrogel was evaluated for its 

ability to support cell migration, proliferation, GFRP release and fibrochondrogenic 

differentiation. Further, the in vivo healing of full thickness meniscus defects was evaluated in 

rabbit model. Meniscus, being a mechanically active tissue, has been shown to respond to 

mechanical stimulus which promotes accelerated healing. In this regard, the objective 5 was 

aimed at 3D biofabrication of constructs using the injectable hydrogel composition, seeding the 

same with stem cells and stimulating with therapeutic ultrasound (LIPUS). Objective 5 

henceforth aimed evaluating the anabolic and catabolic pathways and their respective effects 

produced by the various intensities of ultrasound stimulation in vitro. These strategies have been 

covered in the following defined objectives: 

Objectives: 

1. Development of physiologically relevant silk-based tri-layered bio-mimetic hierarchical 

meniscus constructs and its evaluation in vitro. 

2. Development of photo-polymerised silk-based 3D printed constructs embedded with growth 

factor loaded micro-spheres for potential biomimetic recapitulation of meniscus. 

3. Development of photo-crosslinked silk-based autologous growth factor loaded 3D constructs 

for patient-specific treatment of partial and full thickness meniscal defects. 

4. Formulation of an injectable silk-based autologous growth factor incorporated photo-

polymerizing hydrogel for patient-specific repair of meniscal defects and its functional 

analysis in rabbit meniscus defect model. 

5. Evaluation of low intensity pulsed ultrasound actuation augmented maturation of human 

neonatal stromal cell-seeded autologous growth factor loaded silk-based 3D printed meniscus 

constructs. 
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Development of physiologically relevant 

silk-based tri-layered bio-mimetic 

hierarchical meniscus constructs and its 

evaluation in vitro 
This chapter presents the formulation of a B. mori silk fibroin/A. assama silk fibroin/gelatin based bioink 

formulation; patient-derived MRI based reconstruction for modelling a meniscus; followed by the rapid prototyping of 

tri-layered biomimetic meniscus tissue scaffolds. These scaffolds were evaluated physico-chemically, mechanically and 

biologically. Tri-layered meniscus constructs with the composite concentric, lamellar and grid infill layers were fabricated 

to mimic the native architecture of the menisci. The 3D printed scaffolds were evaluated in vitro with porcine meniscus 

fibrochondrocytes for their phenotype maintenance and ECM deposition. In vitro macrophage assessment and in vivo 

subcutaneous implantation in rats was carried out to assess the immuno-compatibility of the 3D printed constructs. 

  

  CHAPTER 2 
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Ashutosh Bandyopadhyay and Biman B. Mandal. A three-dimensional printed silk-
based biomimetic tri-layered meniscus for potential patient-specific implantation. 
Biofabrication. 2019, 12(1), 015003. DOI: 10.1088/1758-5090/ab40fa. 
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ABSTRACT 

Employing tissue engineering principles aided by 3D printing strategies to fabricate 

meniscus tissue constructs could help meniscus injury patients regain mobility, improve pain 

management as well as reduce the risk of development of knee osteoarthritis. Here we report 

a 3D printed meniscus scaffold to biomimic the internal and bulk architecture of the menisci. 

A shear-thinning novel silk fibroin-gelatin based bioink with high print fidelity was optimized 

for fabrication of scaffolds to serve as potential meniscus implants. Physicochemical 

characterization of the fabricated scaffolds shows optimum swelling, degradation, and 

mechanical properties. Further, the scaffolds were seeded with meniscus fibrochondrocytes 

to validate their bioactivity. Fibrochondrocytes seeded on the scaffolds maintained their 

phenotype and proliferation, as well as enhanced glycosaminoglycan (sGAG) and total 

collagen synthesis, was observed. Gene expression profile, biochemical quantification, and 

histological studies confirmed the efficacy of the scaffolds to form meniscus-like tissue 

constructs. The scaffolds were found to possess amenable immuno-compatibility in-vitro as 

well as in-vivo. Attributing to the excellent biological and physicochemical characteristics, 

these 3D printed scaffolds may be fine-tuned into viable alternatives to the present clinical 

treatment approaches of meniscus repair. 
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2.1 Introduction 

The semi-lunar wedge-shaped fibrocartilaginous tissue present between the femoral 

condyles and tibial plateau are knee menisci. They act as load-bearing structures that protect 

the osteochondral tissue on the femoral and tibial surfaces. The major extracellular matrix 

(ECM) components of the meniscus tissue include collagen (~75%), sulphated 

glycosaminoglycans (sGAG,~15%), elastin (<1%) and other adhesion glycoproteins [26, 390, 

391]. The extracellular matrix components are arranged in a unique tri-layered architecture 

which renders them with functional mechano-elastic properties. The superficial layer of 

meniscal tissue is a mesh of collagen fibres. Thereafter an intermediate radially lamellar layer 

which is further followed by the innermost circumferentially oriented collagen fibres. Radial 

tie fibres emanating from the superficial layers reinforce the circumferential collagen fibres 

throughout the tissue [26, 392]. This intricate arrangement of collagen fibres along with the 

presence of sGAG facilitate the axial, hoop, and compressive load transmission in the menisci 

for stabilization of the knee joint [4]. The menisci comprise of three cellular phenotypes based 

upon the vascularity of the region of meniscal tissue. The vascular region is mostly comprised 

of fibroblast-like/fibroblastic cells; the avascular region houses the chondrocyte-

like/chondrocytic cells while the sparsely vascularized region has fibro-chondrocytes [7, 8]. 

Menisci are prone to tears and injuries due to sports, trauma and age-related 

complications. Though healing of meniscal tissue is successful in the vascularized regions, the 

avascular regions undergo impaired healing accompanied by the formation of a fibrous tissue 

with inferior mechanical properties [16, 23, 48, 393]. The occurrence of osteoarthritic 

degeneration is prevalent in patients with torn menisci that may get enhanced by the resection 

and failed corrective surgeries [44, 73]. Owing to these drawbacks, tissue engineering strategies 

made their way through traditional surgical approaches. Previously reported approaches for 

repair and regeneration of the meniscal tissue include the delivery of precursor cells at the 

defect site [176, 394, 395] as well as total or partial replacement with synthetic [147, 169, 396, 

397] and natural biomaterial [107, 265, 349, 398] based scaffolds. Though, tested for 

stabilization and chondroprotection of the knee joint, the traditional scaffold fabrication 

technologies lack the ability to recapitulate patient-specific geometries as well as the internal 

architecture and bulk mechanical properties of the menisci. The advanced three-dimensional 

(3D) fabrication technologies possess a plethora of potential for application in this regard. 3D 

bioprinting entails efficient, rapid and repeatable fabrication of patient-specific scaffolds and 

cell-laden tissue constructs using biomaterial blends known as “bioinks”. The spatial control 

TH-3393_176106019



Introduction   Chapter 2 
 

55 
 

of deposition and high fidelity of suitable bioink ensures the fabrication of micron-level 

architectures.  

Previously reported efforts in 3D fabrication of soft and hard tissues have used integrated 

thermoplastic polymer framework and cell-laden hydrogels such as Poly(ε-caprolactone) 

(PCL)/Chitosan [399], silk fibroin/bioactive glass [400], silk fibroin/cellulose nanofiber 

scaffolds [401] and photo-crosslinked gelatin methacryloyl cell-laden hydrogels [402]. 

Concurrently, meniscus scaffolds have been majorly focussed on the mimicry of the bulk 

architecture, and in some cases, the mimicking of circumferential-radial collagen fibre 

orientation using thermoplastic polymers such as PCL [129, 132] and PCL functionalized with 

growth factors microparticles [115] or ECM [403]. Though the scaffolds possess ample 

mechanical stability and support the knee joint post-implantation but need compensation for 

their lack in bioactivity, supporting tissue regeneration and possess slow degradability. 

Therefore, natural biomaterials with necessary mechanical, degradation and bioactive 

properties need to be incorporated in the bioinks for the fabrication of meniscus tissue 

constructs. Silk fibroin has been used in the past for meniscus tissue engineering applications 

due to its excellent biocompatibility, resorbability, tuneability and minimal immunogenicity 

[275, 404]. Moreover, the presence of non-mulberry silk fibroin enhances the cell-attachment 

efficacy due to the presence of arg-gly-asp (RGD) domains [280, 405]. 

In this study, we aimed to fabricate biomimetic; physiologically relevant; patient-specific 

3D printed meniscus scaffolds. Based on our previous reports, the intrinsic RGD present in 

Antheraea assama silk fibroin improved the cellular fate and downstream extracellular matrix 

secretion. In this context, a blend of silk fibroin from mulberry (Bombyx mori) and non-

mulberry (A. assama) has been used in combination with gelatin as a bioink to mimic the 

extracellular microenvironment of menisci that contains cell-binding domains and collagen 

fibrils. Concurrently, scaffolds with different infill patterns to mimic each layer of the meniscal 

microarchitecture were fabricated along with a trilayered full-scale meniscus construct to 

assess the feasibility of its fabrication. Additionally, mechanical robustness of the scaffolds was 

achieved by crosslinking the same using EDC (1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride) and NHS (N-hydroxysuccinimide) chemistry. The scaffolds were, 

thereafter, characterized for their biocompatibility using primary porcine meniscus 

fibrochondrocytes. The proliferation, gene expression, and extracellular matrix deposition of 

seeded fibrochondrocytes was evaluated over 3 weeks of incubation and maturation. Moreover, 

immuno-compatibility evaluation of the constructs was carried out in-vitro as well as in-vivo. 

We hypothesize that these printed 3D scaffolds, with the meniscus specific micro- and macro-
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architecture, can be seeded with cells and utilized for implantation in cell-laden as well as 

acellular forms with ease. 

2.2 Materials and Methods 

2.2.1 Materials 

B. mori silk cocoons and mature 5th instar larvae of A. assama silkworms were procured 

from Assam (India) based local silk farms. Reagents such as protease XIV from Streptomyces 

griseus, sodium azide, Lithium bromide (LiBr), collagenase (type II), 1,9 dimethylmethylene 

blue (DMMB), alcian blue dye, fast red dye, Hoechst 33342 dye solution, calcein-AM solution, 

ethidium homo-dimer II (EthD II) solution, lipopolysaccharide (LPS) powder and 12 kDa 

dialysis membrane were procured from Sigma-Aldrich (USA). Reagents such as trypsin–

EDTA, fetal bovine serum (FBS), Dulbecco's modified Eagle's medium (DMEM), antibiotic 

and antimycotic solution and amphotericin B for cell culture were procured from Gibco BRL 

(Rockville, USA). Pico-Green dye, SYBR Green master mix, Alamar blue dye, and interleukin 

1ß (IL-1ß) kit were purchased from Invitrogen (USA). Other reagents used were of analytical 

grade. 

2.2.2 Silk fibroin Isolation 

Silk fibroin (SF) solution was extracted from B. mori silkworm cocoons and A. assama 

silk glands according to published protocols [406]. Concisely, B. mori cocoons were chopped 

into small pieces and boiled in 0.02 M Na2CO3 solution for 30 min. Thereafter the degummed 

fibres were dissolved in 9.3 M LiBr maintained at 60 °C. The dissolution was followed by 

dialysis against Milli-Q water using a 12kDa dialysis membrane for 48 h. A. assama SF was 

gently extracted by squeezing the silk glands of  mature 5th instar larvae of silkworm  [406]. 

The squeezed out fibroin protein was dissolved in 1% (w/v) sodium dodecyl sulphate (SDS) 

and dialyzed against Milli-Q water. Extracted SF concentrations were determined 

gravimetrically. 

2.2.3 Bioink Optimization and Printability 

2.2.3.1 Gelation and Printability 

Gelation of the bioink was determined spectrophotometrically by recording the 

absorbance of the components of the bioink and the bioink at specific intervals at 595nm using 

a spectrophotometer (Tecan Infinite Pro, Switzerland). Absorbance of the individual 
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components was plotted with the bioink to obtain the time-dependent gelation profile of the 

bioink. Moreover, the printability of the bioink was determined by assessing the gelation, 

stability, shear-thinning, and self-standing nature of bioink compositions. The concentration of 

B. mori, A. assama and gelatin were varied, and the printability was checked for the same.  

2.2.3.2 Rheological Characterization 

Rheological characterization of the optimized bioink composition chosen for printing 

was carried using MCR 302 (Anton Paar, Austria) rheometer. The bioink composition was 

subjected to Amplitude sweep, Frequency sweep, Temperature sweep and Three Interval 

Thixotropy (3ITT) to affirm the optimal conditions for it printability and determine the gel 

strength. The temperature sweep was carried out between 4°C - 45°C, before and after gelation 

of silk, to ascertain the temperature range of printability for the bioink composition. Amplitude 

sweep was performed from 0.01% to 10% shear strain, post gelation of silk at 37°C for 5 min, 

at 25°C. The respective storage and loss moduli were recorded to determine the linear 

viscoelastic range (LVER) and affirm the shear-thinning nature of the bioink. Thereafter, the 

frequency sweep of the bioink was carried out, after gelation of silk at 37°C for 5 min, within 

the viscoelastic range by varying the angular frequency of shear from 0.1 to 100 rad/s at 25°C 

to determine the stability of the bioink at various frequencies of shear. This was followed by 

the three interval thixotropy at 25°C wherein, the first interval consists of a very low shear 

strain as well as angular frequency followed by a brief interval of very high shear strain and 

high angular frequency and then reverting to the previous state of low strain and low angular 

frequency. This test aids in determining the self-standing nature of the bioink after being 

exposed to severe shear-thinning while undergoing extrusion from a thin nozzle. 

2.2.3.3 Fourier Transform Infrared (FTIR) Spectroscopy  

The infrared spectra of individual components and the optimized bioink were acquired 

using an FTIR-ATR (Shimadzu, IR Affinity-1S WL). Samples of each component and the 

bioink were freeze-dried and placed over the ATR crystal. Thereafter, spectra were acquired 

over the range of 400 and 4000 cm–1 and averaged over 32 scans. The characteristic peaks of 

SF and gelatin were observed for changes due to the gelation and crosslinking phenomena. 

2.2.4 Scaffold Layer Design and Bio-fabrication 

Digital Imaging and Communications in Medicine (DICOM) images of Magnetic 

Resonance Imaging (MRI) scan of the human knee were obtained from open source repository 
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[407]. These images were then opened in 3D Slicer [408] and segmented manually to obtain a 

3D model of the lateral meniscus. The model was trimmed and smoothened before conversion 

to Stereolithography (STL) format (shown in Scheme 2.1). Another standard knee model was 

obtained from GRABCAD repository [409, 410], and the lateral meniscus was isolated from 

the same for comparison with the MRI reconstructed model and slicing. The scaffold layers 

were split, designed and sliced from the GRABCAD model to obtain the design of tri-layered 

meniscus constructs with the different alignment of fibres arranged in each layer. The bottom 

circumferential layer (L1) was set to be the thickest layer followed by a radially lamellar (tie-

fibre) layer (L2) and a thin mesh layer (L3) on the top. The ratios of height were kept to be 

2:2:1 (L1:L2:L3) so as to mimic their physiological proportions. The scaffolds for further 

studies were fabricated by keeping in mind the infill pattern of each layer namely 

Circumferential (L1), Lamellar (L2) and Grid (L3). Blocks and scaffolds of each infill pattern 

were fabricated using customized g-codes for each on a Cellink BioX (Cellink, Sweden) 

bioprinter by virtue of the optimized bioink composition. Briefly, the bioink was prepared in 

3-5 ml volumes by blending the silk fibroin and gelatin in the optimized composition, loading 

into a syringe and incubating at 37°C for 20-25 minutes (to achieve gelation of the silk fibroin) 

followed by 3D printing at 25°C. The print-bed temperature was maintained within the range 

of 4°C-5°C, and the print speed and pressure were kept at 6-8 mm/s and 185-200 kPa for 

optimal printing. The printed scaffolds were freeze-dried, followed by crosslinking using 

EDC/NHS chemistry [411]. Briefly, the freeze-dried scaffolds were immersed in a solution of 

40 mmol EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride), and 10 mmol 

NHS (N-hydroxysuccinimide) prepared in 80% (v/v) of ethanol for overnight. Thereafter the 

crosslinked constructs were thoroughly rinsed with milli-Q water for 30 minutes, 3 times to 

wash off the excess reaction mixture and by-products formed. The crosslinked constructs were 

used in the further experiments.  

2.2.5 Physicochemical Characterization 

2.2.5.1 Swelling Study 

Swelling ratio of the constructs was obtained using previously established protocol [412]. 

Concisely, the fabricated grid-infill constructs (n=3) were weighed dry (Wd) and immersed in 

phosphate buffered saline (PBS; pH 7.4). The weight of the swollen constructs (Ws) was 

measured at regular intervals by gently dabbing off the excess PBS using filter paper. Swelling 

ratio was calculated using the following equation : 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 = (
𝑊𝑠−𝑊𝑑

𝑊𝑑
) 𝑥100 
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Scheme 2.1: (A) Representative methodology to retrieve patient-specific meniscus design 

based on MRI scan data using segmentation and remodelling software. Representation of the 

process of (B) bioink formulation and layer slicing to obtain a gcode, (C) 3D printing using 

the bioink to fabricate biomimetic scaffolds and (D) seeding of isolated fibrochondrocytes for 

biological evaluation of the scaffolds. 

 

2.2.5.2 Enzyme-assisted degradability 

Enzyme-assisted degradation study was performed on the constructs in-vitro in the 

presence of protease XIV (Sigma-Aldrich, ≥3.5 U/mg) according to  previous reports [413]. In 

brief, grid infill constructs (n=3) were weighed dry (Wi) and thereafter immersed in 0.5 U/ml 

protease XIV containing PBS (pH 7.4) solution at 37 °C. The constructs were retrieved at 

regular intervals and washed with PBS (pH 7.4) and freeze-dried. The remaining mass (Wr)of 

the constructs was measured at these time points, and the consequent percentage of mass 

remaining was calculated as follows : %𝑊𝑒𝑖𝑔ℎ𝑡 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 = (
𝑊𝑟

𝑊𝑖
) 𝑥100  
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2.2.5.3 Surface Morphology 

The surface morphology of the fabricated scaffolds with varying infill patterns was 

visualized using Field Emission Scanning Electron Microscopy (Zeiss, Germany). The 

fabricated constructs with different infill patterns were crosslinked and freeze-dried before 

observing their fibre alignment and resolution of the fabricated scaffolds. 

2.2.5.4 Mechanical Strength 

Compressive mechanical strength of the constructs with different infill was measured 

using universal tensile testing machine (Model 5944, Instron, USA). Cuboid constructs of 

7x7x7mm3 were fabricated and crosslinked. The constructs were subjected to compressive 

strain of 60% at 5mm/min while immersed in PBS (pH 7.4), and the compressive stress was 

measured and plotted for each construct. The average compressive strength was calculated for 

each construct at peak strain. The constructs were also subjected to cyclic strain of 20% over 

200 cycles of compression at 5mm/s. The compressive stress of 10 cycles were plotted after an 

interval of every 50 cycles. Moreover, the hysteresis loop of compressive stress-strain was 

plotted for the first and last cycle to determine the deviation in the strength and stress profile 

of the constructs before and after the experiment. 

2.2.6 Biological Characterization 

2.2.6.1 Cell Isolation and Cell Seeding on Bio-fabricated Scaffolds 

Primary porcine meniscal fibrochondrocytes were isolated from porcine knee samples in 

accordance with previously published protocols [241]. Briefly, porcine knee were collected 

from the local abattoir, and the menisci were resected from the ligaments they are attached to. 

The menisci were chopped into fine pieces and treated with antibiotic-antimycotic solution of 

PBS (pH 7.4) briefly. Thereafter, the chopped menisci were subjected to 1.5 mg/ml of 

collagenase II. The digested tissue was passed through a 40 µm cell strainer and centrifuged to 

obtain cell pellet. The cell pellet was rinsed 2-3 times using DMEM containing 10% FBS and 

1% antibiotic–antimycotic solution. Thereafter, the cells were plated in monolayer and cultured 

in the same media for one passage before seeding. Scaffolds of grid and concentric infill were 

fabricated, crosslinked and washed followed by an autoclave sterilization cycle and a 

conditioning cycle in cell culture medium for 12 h prior to seeding. The scaffolds were seeded 

with cells at different densities ranging from 103-104 cells/mm2 for assessing their viability and 
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proliferation. Further, the scaffolds were seeded with optimized seeding density for gene 

expression, biochemical and histological studies. 

2.2.6.2 Cell Viability and Proliferation 

Scaffolds of concentric infill seeded with 104 cells/mm2 were used to observe the viability 

of fibrochondrocytes after 1, 7, 14, and 21 days of incubation. The live and dead cells were 

visualized for their distribution using calcein-AM and ethidium homodimer solutions using 

manufacturer’s protocol (Sigma-Aldrich). Concisely, the constructs were washed gently with 

PBS (pH 7.4) and incubated at 37°C and 5% CO2 with calcein-AM (40 nM) and ethidium 

homodimer (20 nM) solution in PBS for 20 min. The live-dead solution was removed, and the 

constructs were washed in PBS prior to imaging under an inverted fluorescence microscope 

(EVOS FL digital microscope), and representative images of the concentric infill constructs 

are presented. 

Cell proliferation study was performed on the grid infill scaffolds (n=3) seeded with 

different cell densities of 103, 5x103 and 104 cells/mm2 using Alamar blue (Invitrogen) assay 

by following manufacturer’s protocol at 1, 7, 14 and 21 days. In brief, the grid infill scaffolds 

were seeded with varying cell densities and cultured in DMEM supplemented with 10% FBS 

and 1% antibiotic-antimycotic at 37°C and 5% CO2. Thereafter, scaffolds were incubated with 

10% (v/v) Alamar blue dye in culture medium for 3 h at the defined observation time points. 

Post incubation, 100 µL of culture media from each sample type were read at 570/600 nm using 

microplate reader (Tecan Infinite Pro, Switzerland). The results have been represented as 

normalized Alamar units at different time points. 

2.2.6.3 Biochemical Analysis 

2.2.6.3.1 DNA and Sulphated GAG content 

Grid infill scaffolds seeded (n=3) with 104 cells/mm2 were used for estimation of DNA 

and GAG content using manufacturer’s and previously established protocols [414]. Briefly, the 

constructs were collected at various time points and digested for 16 h using papain solution 

containing 125 μg per mL papain, 5 mM L-cysteine, 100 mM Na2HPO4, and 5 mM EDTA (pH 

6.2) at 60 °C. Thereafter, the DNA content was quantified using PicoGreen DNA assay kit. 

Each digested sample (25 μL) was taken, and 1× TE buffer (75 μL) was added to it. Further, 

100 µL of Quant-iT PicoGreen reagent (1:200 dilution in 1 x TE buffer) was added. 

Measurement was carried out fluorometrically with an excitation/emission maxima of 480/528 
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nm. Total sulphated GAG (sGAG) content was measured using 1,9-dimethylmethylene blue 

(DMMB) assay. Papain digested sample (50 μL) or the collected secreted media (50 μL) was 

added to DMMB reagent (200 μL). Absorbance was measured immediately at 525 nm. The 

sGAG content has been represented per construct as well as after normalization w.r.t., the DNA 

content of the respective constructs at different time points. 

2.2.6.3.2 Total Collagen content 

The total collagen content of the seeded scaffolds (n=3) was measured using 

hydroxyproline as an index after different culture durations. The samples were acid hydrolysed 

in oil bath, and the hydroxyproline content was quantified by treatment with p-

dimethylaminobenzaldehyde (PDAB, Sigma-Aldrich, USA) and chloramine-T (Sigma-

Aldrich, USA) according to previously established protocol [415]. The hydroxyproline content 

in samples was calculated by referring to the standard curve generated using rat tail collagen. 

The hydroxyproline (HYP) content has been represented per construct as well as after 

normalization with the DNA content of the respective constructs. 

2.2.6.4 Gene Expression Studies 

Total RNA was isolated from cell-seeded scaffolds (n=3) at various culture time points 

using TRIzol reagent (Sigma-Aldrich). Isolated mRNA content was quantified using 

nanophotometer instrument (Implen, Germany). Thereafter, a high-capacity cDNA reverse 

transcription kit (Applied Biosystems) was used in conjunction with a PCR thermal cycler 

(Applied Biosystems) to obtain complimentary cDNA copies of the mRNA. Real-time PCR 

was carried out with the prepared cDNA using SYBR Green reagent (Invitrogen) in 

QuantStudio 5 (Applied Biosystems, USA) real-time PCR system for aggrecan, sox-9, collagen 

Iα and collagen IIα genes. The final reaction volume including SYBR Green master mix, 

forward and reverse primers and cDNA was kept 20 μL and the standard run conditions of 

holding stage (50 °C for 2 min, 95 °C for 10 min) and cycling stage (40 cycles of 95 °C for 15 

s, and 60 °C for 45 s) was used. Relative expression of aggrecan, sox-9, collagen Iα and 

collagen IIα genes were quantified by normalizing to glyceraldehyde-3-phosphate-

dehydrogenase (GAPDH), the endogenous housekeeping gene. The results were analyzed 

through Ct method (2−ΔΔCt). The primer sequences used have been listed in Table 2.1. 
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Table 2.1: Primer sequences used for the gene expression analysis 

Gene Sequence Accession No. 

Porcine aggrecan 

(ACAN)  

F:5ʹ-CCCAACCAGCCTGACAACTT-3ʹ 

R:5ʹ-CCTTCTCGTGCCAGATCATCA-3ʹ  

NM_001164652.1  

Porcine sox-9  

(sox-9) 

F:5ʹ-TTCCGCGACGTGGACAT-3ʹ 

R:5ʹ-GGCGGCAGGTACTGGTCAAACTC-3ʹ  

NM_213843.1  

Porcine Collagen I  

(Col I) 

F:5ʹ-AGAAGAAGACATCCCACCAGTCA-3ʹ 

R:5ʹ-AGATCACGTCATCGCACAACA-3ʹ 

XM_021067153.1 

Porcine Collagen II 

(Col II) 

F:5ʹ-CAGGTGAAGGTGGGAAACCA-3ʹ 

R:5ʹ-ACCCACGAGGCCAGGA-3ʹ 

AF201724.1 

Porcine GAPDH  

(GAPDH) 

F:5′-TCGGAGTGAACGGATTTGG-3′ 

R:5′-CCAGAGTTAAAAGCAGCCCT-3′  

NM_001206359.1 

 

2.2.6.5 Histological Analysis 

The cell-seeded grid infill scaffolds were fixed in 10% neutral buffered formalin (NBF) 

for 24 h, followed by fixing in 15% (w/v) sucrose and 30% (w/v) sucrose solution for 6 h and 

12 h respectively for cryoprotection. The sucrose fixed scaffolds were embedded in Tissue 

Freezing Medium (Leica) and snap-frozen before sectioning. The sample blocks were 

sectioned (12-15 μm thick) using cryomicrotome (Leica). The obtained sections were stained 

by hematoxylin and eosin (H&E) to observe cell morphology, 1% alcian blue (dissolved in 3% 

acetic acid solution at pH 2.5) to visualize sulphated proteoglycan deposition and 0.1% (w/v) 

direct red 80 (in saturated aqueous picric acid solution) to assess the total collagen deposition. 

Micrographs of the stained sections were obtained by inverted bright-field microscopy (EVOS 

FL, Life Technologies, USA). 

2.2.6.6 Macrophage stimulation and IL-1ß release 

Assessment of the immunogenic response in-vitro was carried out using RAW 264.7 cells 

(mouse macrophages, obtained from National Center for Cell Science, NCCS, Pune). The cells 

were seeded at 5 × 104 cells per well in a 24-well plate and cultured for 24 h. Thereafter the 

constructs were placed on seeded cells for 24 h. The spent media were collected for 

quantification of IL-1ß released using manufacturer’s protocol for the IL-1ß ELISA kit 

(Invitrogen, USA). Lipopolysaccharide (LPS, Sigma-Aldrich, USA)  at 1000 ng·mL−1 served 

as positive control, and untreated cell-seeded wells on standard tissue culture plate (TCP) were 

taken as a negative control. 
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2.2.6.7 In-vivo biocompatibility assessment of acellular scaffolds 

In-vivo biocompatibility of the scaffolds was assessed by implanting acellular scaffolds 

in subcutaneous abdominal pockets of Sprague Dawley (SD) rats. The experimental and animal 

handling protocols were reviewed and sanctioned by the Institutional Animal Ethical 

Committee (IAEC), National Institute of Pharmaceutical Education and Research (NIPER), 

Guwahati, India. Six healthy female SD rats, each weighing 170-120 g (45 – 58 days old) 

procured from National Institute of Nutrition, Hyderabad, India were used. Subcutaneous 

pockets were surgically created by a small incision in the thoracolumbar region, and one sterile 

scaffold (autoclaved, 6x6x1mm3) was inserted per animal (n=6). Thereafter the pockets were 

closed in place via surgical staples and the animals were closely monitored. The wound areas 

were cleaned superficially every day with 10 % povidone-iodine and draped. Three animals 

from were sacrificed, after 7 and 14 days, by cervical dislocation. The implant site tissue 

surrounding the samples were retrieved along with the scaffold and preserved for histological 

processing in 10% neutral buffered formalin (NBF) for 24 h, followed by dehydration, clearing 

using xylene and paraffin wax embedding to form blocks. The blocks were sectioned, and the 

sections were further processed and stained by hematoxylin and eosin (H&E) to observe 

cellular infiltration and immuno-stained for CD68 marker using fluorescence-based antibody 

and Vectastain universal elite kit and DAB substrate (Vector Laboratories) to observe the 

infiltration of macrophages within the implanted scaffolds. Micrographs of stained sections 

were obtained using an inverted fluorescence and bright-field microscope (EVOS FL, Life 

Technologies, USA). 

2.2.7 Statistical Analysis 

All experimental data have been reported in the form of mean ± standard deviation (n = 

3). Statistical analysis was carried out by one-way analysis of variance (ANOVA) using Origin 

9.1 (OriginLab, USA), and a Tukey test assessed the variance across groups. Groups were 

considered to possess statistically significant difference when *p ≤ 0.05. 
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2.3 Results 

2.3.1 Bioink optimization and printability 

2.3.1.1 Gelation and printability 

Gelation of the bioink is important for ensuring printability as shear-thinning can be 

improved by induction of gel formation. Moreover, the self-standing nature of the blend 

hydrogel is enhanced with the increase in viscosity that is a resultant of the gel formation. 

Gelation of the components of the bioink and the blend itself was evaluated by measurement 

of their absorbance at 595nm wavelength at 37°C (Figure 2.1A). 7% (w/v) B. mori silk fibroin 

and 20% (w/v) gelatin solutions were unaffected at 37°C and their absorbance were found to 

be constant. Whereas the absorbance of 3.5% (w/v) A. assama silk fibroin was found to rise 

slowly after 25 minutes due to the temperature-induced gelation of the same at 37°C. 

Concurrently the rise in the absorbance of the bioink blend formed by blending B. mori, A. 

assama and gelatin, to obtain a final concentration of 0.5% (w/v), 0.5% (w/v) and 1% (w/v) 

respectively, was found to rise substantially after 20 minutes indicating the formation of a gel. 

The printability of the blend was assessed by mixing the components in various ratios to reach 

various final concentrations and marking them printable/non-printable according to their 

extrudability, self-standing nature and gelation time period (Figure 2.1B). B. mori and A. 

assama concentrations of 1% (w/v) in the final blend were found to be printable with 

considerably high gelatin concentrations to obtain shear-thinning. Consequently, gelatin 

concentration of more than 5% (w/v) in the final blend was found to be essential to obtain 

shear-thinning at 25°C post silk fibroin gelation. Henceforth, the final concentration of 1.5% 

(w/v) for B. mori and A. assama silk fibroin and 7% (w/v) for gelatin was chosen (eliminating 

the boundary concentrations) for further experiments due to its quick SF gelation within 20 

minutes and its adequate shear-thinning and self-standing nature post-extrusion. This 

composition is referred to as the optimized bioink composition, bioink composition or bioink 

in further experiments.  

2.3.1.2 Infrared Spectroscopy 

The FTIR spectra of the individual silk fibroin, gelatin, and bioink before and after 

crosslinking have been depicted in Figure 2.1C. The amide I (1710-1590cm-1), amide II (1570-

1480cm-1) and amide III (1270-1200 cm-1) region peaks are prevalent in all the samples [279, 

405, 411]. The shift of amide I (1631cm-1), amide II (1523cm-1) and amide III (1240cm-1) peaks 

in the bioink blend gel and their broadening post EDC/NHS crosslinking of the bioink blend 
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can be attributed to the formation of gel by the two SF and the conformational changes 

occurring due to EDC/NHS crosslinking of the bioink.  

 

Figure 2.1: (A) Gelation profile for B. mori silk fibroin (BMSF), A. assama silk fibroin (AASF), 

gelatin (GEL) and bioink blend (BIOB) obtained by their absorbance at 595 nm. (B) 

Printability matrix for varying compositions of the bioink blend. The green symbols represent 

printable compositions, and black symbols represent non-printable compositions. (C) FTIR 

transmittance spectra for BMSF, AASF, GEL, BIOB and crosslinked BIOB (CBIOB) with the 

amide I, II and III peaks highlighted for all spectra. Rheological characterization of optimized 

bioink concentration through (D) amplitude sweep post- SF gelation, (E) frequency sweep post-

SF gelation, (F) pre-SF gelation temperature ramp, (G) post-SF gelation temperature ramp, 

(H) complex viscosity pre-SF gelation; post-SF gelation and (I) 3 Interval thixotropy test (3ITT) 

post- SF gelation. 

2.3.1.3 Rheological Characteristics 

Shear-thinning property of bioink is the most pertinent requirement for micro-extrusion 

based 3D fabrication. The amplitude sweep of optimized bioink under varying shear strain at 

25°C post-SF gelation at 37°C was found to elicit shear-thinning shear above 1.5% shear strain 

indicated by the cross-over point of the storage (G’) and loss (G’’) moduli (Figure 2.1D). 
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Consequently, the linear viscoelastic range (LVER) of the bioink can be assigned up to 0.75% 

shear strain where the bioink is found to be stable and demonstrate its gel-like nature. The 

frequency sweep within the LVER of bioink showed no deviation in the gel-like nature of the 

bioink, indicating its stability under varying angular frequency (Figure 2.1E). Also, 

temperature sweep of the bioink (pre- and post-SF gelation) from 4°C to 45°C showed that the 

bioink forms gel below 20°C and above 37°C due to the presence of gelatin and blend of 

mulberry and non-mulberry silk fibroin respectively (Figure 2.1F and 2.1G). However, as 

opposed to the pre-SF gelation state, post the gelation of mulberry and non-mulberry silk 

fibroin, the bioink retain the gel-like nature up to 27°C and a loss of viscosity is observed above 

27°C (Figure 2.1H). This shows that gel formation by the two SF is beneficial for the extension 

of range of printing temperature. Moreover, the three-interval thixotropic test of the bioink 

showed the self-standing and gel-strength recovering nature of the bioink after it was subjected 

to shear thinning (Figure 2.1I). 

2.3.1.4 Scaffold bio-fabrication and surface morphology 

The scaffolds of circumferential, lamellar, and grid infill, as well as composite total 

meniscus scaffolds, were fabricated with high precision, as shown in Figure 2.2A. The surface 

morphology of the constructs was observed using field emission scanning electron 

micrographs, and the alignment of the deposited fibres can be seen to conform with the 3D 

CAD (Computer Aided Design) models designed for the same (Figure 2.2B). Crosslinked 

scaffolds of grid infill were mostly used for further studies and relevance of the difference 

between each infill pattern was derived whenever necessary. Figure 2.2C-D show the whole 

meniscus construct printed as a proof-of-concept and the attachment tabs that have been 

incorporated into the design for facile fixation of the implants. 

2.3.2 Physicochemical characterization 

2.3.2.1 Swelling Characteristics 

The absorption of surrounding body fluids and facilitating the transfer of metabolites and 

nutrients is very crucial for any scaffolding material. The swelling profile of the constructs is 

shown in Figure 2.3A. The constructs immersed in PBS were found to absorb >7 times their 

own weight within 3 h and thereafter attaining an equilibrium, as observed up to 48 h.  
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Figure 2.2: (A) Schematic of simplified meniscus tri-layered model sectioned, and 3D printed 

to show the 3 different layers. (B) Representative FESEM images for grid (i,ii), concentric 

(iii,iv) and lamellar (v,vi) infill. Scale bar: 800µm (B.i,iii,v) and 200µm (B.ii,iv,vi). (C) Side 

and (D) top views of the representative complete trilayered meniscus scaffolds printed with red-

dye for clear visualization of the gross morphology. The X marks represent points for suturing 

the meniscus into place. 
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2.3.2.2 Degradation profile 

Degradation profile of the scaffolding material plays an important role in the extent of 

regeneration achieved within a given duration. Under in-vivo conditions, the degradation 

process is actively managed by ECM modulatory enzymes such as matrix metalloproteinases 

(MMPs) [416]. To achieve similar functional efficacy protease XIV was chosen as a non-

specific proteolytic enzyme for in-vitro degradation profiling. The constructs showed time-

dependent degradation in the positive control, i.e., in PBS as well as under protease treatment, 

as shown in Figure 2.3B. The scaffolds immersed in PBS retained ~50% of their mass, and 

those treated with protease retained less than 20% of their mass after 21 d.  

2.3.2.3 Compressive Mechanical Strength 

Compressive strength of the scaffolds with different infill provided an insight into the 

applicability of the scaffolds in meniscus regeneration. The physiological cyclic compression 

experienced by the menisci is generally 10-15%. So the scaffolds were subjected to 60% static 

compressive strain (Figure 2.3C) as well as 200 cycles of 20% cyclic compression (Figure 

2.3D). The moduli of the scaffolds at 60% compressive strain were highest in grid infill (188.5 

± 25.4 kPa) followed by concentric infill (152.4 ± 31.1 kPa) followed by lamellar infill (130 ± 

6.5 kPa) (Figure 2.3E). The full-thickness tri-layered scaffolds possessed a compressive 

modulus of 147 ± 4.8 kPa which was higher than lamellar infill scaffolds and lower than the 

concentric, and grid infill scaffolds with no prominent reduction.  A similar trend was observed 

in the cyclic compression cycles where the grid infill scaffolds peaked in strength. Moreover, 

all the scaffolds were found to be stable after 200 cycles of compression as shown by the cyclic 

and hysteresis loop profile of cycles 1 and 200 (Figure 2.3F, 2.3G, 2.3H, and 2.3I). 
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Figure 2.3: (A) Swelling ratio of printed constructs immersed in PBS for 48h. (B) Degradation 

profile of printed constructs in PBS and protease enzyme (0.5U/ml) with representative images 

of constructs in protease (bottom) and PBS (top) at each time point. (C) Representative stress-

strain curve of 3D printed constructs having concentric, grid and lamellar infill and tri-layered 

constructs (Full). (D) Compressive moduli of 3D printed constructs having concentric, grid 

and lamellar infill and tri-layered (Full) construct. The dotted line represents native meniscus 

modulus. (E) Representative stress-cycle curve of 3D printed constructs having grid, concentric 

(CONC.) and lamellar infill and tri-layered (Full) construct subjected to 200 cycles of 20% 

compressive strain at 5mm/s. Representative stress-strain curves for loading and unloading 

cycle 1 and 200 for (F) full-thickness constructs, (G) grid, (H) concentric and (I) lamellar infill 

constructs showing the deviation of mechanical strength. *p ≤ 0.05. 

2.3.3 Biological Characterization 

2.3.3.1 Cell viability and proliferation 

The constructs seeded with the meniscal fibrochondrocytes showed excellent cellular 

viability over the culture period of 21 days (Figure 2.4A). The green dots represent cells, and 

the red dots represent dead cells. The silk fibroin scaffolds are prominently visible due to their 

auto-fluorescence, which in turn helps in determining the distribution of green cells within the 
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scaffolds. Moreover, there was no discernible cytotoxicity as the cells proliferated by 1.8-2 

times at different seeding densities over the grid infill scaffolds up to 21 days (Figure 2.4B 

and 2.4C). The distribution of cells at various depths and planes of the lamellar infill constructs 

in the micrographs of Figure 2.4A show that the cells were evenly spread and attached over 

the scaffolds. 

 

Figure 2.4:(A) Representative microscopic images for in-vitro cytocompatibility of printed 

scaffolds by live-dead staining of meniscus derived primary porcine fibrochondrocytes seeded 

constructs after 1 day (i, v), 7 days (ii, vi), 14 days (iii, vii) and 21 days (iv, viii). (B) Cell 

proliferation quantified by Alamar blue assay of printed constructs with different cell seeding 

densities. (C) Cell proliferation index represented as normalized Alamar units in 21 days 

between printed constructs with different cell densities. (D) In-vitro immuno-compatibility 

assessment of printed silk fibroin constructs (PSFS) w.r.t. tissue culture plate (TCP) and 

lipopolysaccharide (LPS) by measuring murine IL-1β release from RAW 264.7 cells through 

ELISA. Scale bar :1000µm (A.i-iv) and 400µm (A.v-viii). *p≤0.05 

2.3.3.2 In-vitro immuno-compatibility 

The constructs were compared for their macrophage stimulation ability by measuring the 

IL-1ß released by murine macrophages in the presence of the scaffolds in-vitro. The scaffolds 

show excellent immuno-compatibility, as depicted in Figure 2.4D. The scaffolds had an 

identical response to the tissue culture plate (positive control) which was significantly (~4 

times) lower secretion of IL-1ß than the lipopolysaccharide negative control. 
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2.3.3.3 Biochemical synthesis and gene expression profile 

Gene expression profile of the fibrochondrocytes shown in Figure 2.5 shows significant 

upregulation in the expression of sox-9 (~2 fold increase), aggrecan (~10 fold increase) and 

collagen II (~8 fold increase) genes after 7 days followed by their maintenance along with 

collagen I expression over the period of 21 days. This indicates the maintenance of fibro-

chondrocytic phenotype of the seeded cells with no downregulation of chondrogenic (sox-9, 

aggrecan and collagen II) and fibroblastic (collagen I) genes. 

 

Figure 2.5: Real-time PCR results showing transcript levels of fibro-chondrocyte-related genes 

during 21 days of culture on printed constructs: (A) sox-9, (B) aggrecan, (C) collagen type II 

and (D) collagen type I. The genes have been normalized to GAPDH and expressed as relative 

values to day 1. (E) Heat-map representation of the relative gene expression for 

fibrochondrogenic genes. *p ≤ 0.05. 
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The enhanced protein level synthesis and deposition of extracellular matrix components, 

i.e., sulphated glycosaminoglycans (sGAG) and collagens are depicted in Figure 2.6. The 

cellular proliferation derived from the Alamar blue assay is restated by the increase in total 

DNA content. The amount of sGAG secreted and deposited increased significantly by ~ 2 times 

after 21 days of culture. Similarly, the deposition of hydroxyproline per construct increased by 

~ 5 folds after 21 days. Though the deposited amount of sGAG rises per construct but the 

cellular proliferation and the resultant increase in DNA contents lead to no significant increase 

in the sGAG deposited after 7 days when normalized to the DNA content. On the other hand, 

the hydroxyproline content, measured and normalized to the DNA content, shows a significant 

rise after 21 days. 

 

Figure 2.6: Biochemical assay quantifying (A) DNA content (per construct), (B) sulphated 

glycosaminoglycans (sGAG) retrieved from constructs and secreted in media per construct, (C) 

hydroxyproline (HYP) content per construct, (D) total sGAG secreted normalized to DNA 

content and (E) total HYP deposited normalized to DNA content after 1, 7, 14 and 21 days of 

culture on printed constructs. *p ≤ 0.05. 
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2.3.3.4 Histological Analysis 

Histological staining of the scaffolds after 21 days of culture was done using H&E 

staining. The micrographs of the histological sections showed a uniform distribution of cells 

within the grids of the scaffolds (Figure 2.7A). The histochemical staining of sGAG using 

alcian blue showed positive results (Figure 2.7B) showing the abundant deposition of sGAG 

evenly distributed over the scaffolds. 

 

Figure 2.7: Representative stained images of histological sections of grid infill constructs 

seeded with fibrochondrocytes and matured for 21 days in-vitro. (A) Hematoxyline and Eosin 

stained sections, showing the distribution and alignment of cells within the grid. (B) Alcian 

blue-stained sections, showing the deposition of sGAG by the fibrochondrocytes. (C) Picrosirus 

red-stained sections, showing the deposition of collagen by fibrochondrocytes. (A)i, B(i) and 

C(i) are lower magnification micrographs. A(ii), B(ii) and C(ii) are magnified micrographs 

focussing within the region. A(iii), B(iii) and C(iii) are distribution profile of cells stained by 

H&E, alcian blue stain and picrosirus red stain using 3D surface plot feature of ImageJ. Scale 

bar: 200µm 

Moreover, the total collagen secreted has been stained using fast red, showing the 

deposition of collagen within the grids of the scaffolds (Figure 2.7C). Additionally, the 

distribution of the cells, sGAG, and collagen within the section of the scaffolds were plotted to 
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obtain surface plots showing the placement of the cells and the peak deposition areas within 

the scaffolds. 

2.3.3.5 In-vivo biocompatibility assessment 

The infiltration of cells into the scaffolds from the surroundings as well as the degradation 

of scaffolds retrieved after 7 and 14 days of subcutaneous implantation is shown in the stained 

micrographs (Figure 2.8). The scaffolds show enhanced cellular infiltration and scanty 

presence of macrophages shown by green fluorescence (Figure 2.8A) and brown colour 

(Figure 2.9A) after 7 days of implantation. The enhanced degradation of the constructs and 

their resorption can be observed in the section retrieved after 14 days of implantation (Figure 

2.8B). The intensity of green fluorescence (Figure 2.8B) and DAB stain (Figure 2.9B) can be 

observed to reduce within the remnants of the scaffolds after 14 days showing excellent 

immuno-compatibility of the scaffolds in-vivo.  
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Figure 2.8: H&E and CD68 antibody stained images showing the in-vivo cell infiltration and 

immuno-compatibility of subcutaneously implanted cross-linked bioprinted scaffolds in mice 

retrieved after (A) 7 days and (B) 14 days. (A)i and (B)i are H&E micrographs; (A)ii-iv and 

(B)ii-iv represent the nuclei, CD68 positive cells, and merged micrographs respectively; (A)v 

and (B)v represent the surface plot showing the distribution of CD68 positive cells within the 

scaffolds and the host tissue nearby. Symbols P and H stand for printed construct and host 

tissue, respectively. Arrows denote the infiltration of host tissue within the printed constructs 

retrieved after 14 days. Scale bar: 200µm. 
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Figure 2.9: H&E and CD68 antibody stained DAB-chromogen images showing the in-vivo cell 

infiltration and immuno-compatibility of subcutaneously implanted cross-linked bioprinted 

scaffolds in mice retrieved after (A) 7 days and (B) 14 days. (A)i and (B)i represent the H&E 

stained microgrpahs, (A)ii and (B)ii represent the DAB stained micrographs, (A)iii and (B)iii 

represent the color deconvoluted DAB stained micrographs and (A)iv and (B)iv are the profiles 

of DAB staining. The colour deconvoluted images, histogram profile and pixel analysis data 

obtained from DAB image analysis, using ImageJ, represent the scoring of stained zones using 

IHC profiler plugin. Scale bar: 400µm. 
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2.4. Discussion 

In this study, we fabricated biomimetic meniscus scaffolds with the intricate internal fibre 

architecture of the native meniscus containing circumferentially lamellar and radially 

emanating fibres followed by grid mesh region at the top layer. The initial physical 

entanglement of the mulberry (B. mori) and non-mulberry (A. assama) SF renders excellent 

viscoelastic properties to the SF-gelatin based bioink for high-resolution micro-extrusion 

printing. This also serves as an initial crosslinking phase followed by the freeze-drying and 

another cycle of crosslinking using EDC/NHS chemistry. This sequential crosslinking renders 

the scaffolds with improved mechanical strength and durability similar to native menisci [416]. 

The compressive modulus of our scaffolds (with 10% (w/v) bioink protein content) is 

comparable to similar silk constructs with higher (30% (w/v)) bioink protein concentration 

reported elsewhere [293]. The porosity and pore interconnectivity of a scaffold determine their 

efficacy in tissue engineering application. Application of 3D printing helped in the fabrication 

of scaffolds with total interconnectivity and high water absorption ability. Moreover, the fibre 

orientation and spacing may be modified to produce changes in the mechanical stability of the 

scaffolds. Porosity may be increased by reducing the inner diameter of the extrusion needle; 

however, it becomes increasingly difficult to print lower fibre diameters owing to the high 

pressure and slower speed required for the same. 

We used an open-source model for knee joint from GRABCAD community to isolate and 

slice the meniscus model and fabricate the respective scaffolds. This was practical for the initial 

validation studies performed but may not be translational for clinical applications. MRI 

imaging for creation of 3D meniscus models non-invasively reported by many groups [132] 

can be used as an ideal source to produce patient-specific results. An approach to the same has 

been shown in Scheme 1(A). Furthermore, due to the presence of highly biocompatible and 

functional scaffold matrix of mulberry and non-mulberry silk fibroin along with gelatin, a 

functional meniscus can be easily developed by producing a contralateral model of the healthy 

knee and seeding the requisite cells derived from the resected or damaged menisci. 

Primary porcine fibrochondrocytes were selected as the model cells due to their 

abundance in the native menisci as well as their essential role in functioning as both partially 

fibroblastic and partially chondrogenic. Silk fibroin and gelatin were used as a blend to form a 

shear-thinning bioink which was chemically crosslinked to produce structurally strong and 

highly compressive scaffolds. The presence of silk fibroin renders unique material durability 

and bioactivity while the presence of gelatin has two folds of advantages namely, mimicking 
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the bulk ECM component (collagen) for the menisci and providing temperature-based shear 

thinning for excellent printing resolution. The innermost layer of the meniscus is 

circumferential fibres running along the length of the menisci followed by a layer of radially 

lamellar tie fibres perpendicular to the bottom layer fibres superseded by an external grid mesh 

layer as reported by Peterson and Tillmann [392]. Thus, the corresponding layers were designed 

accordingly and fabricated. We carried out the study based on the hypothesis that post-

fabrication of the scaffolds using the optimized bioink, the seeded fibrochondrocytes over the 

scaffolds will proliferate and deposit their native ECM within the pores of the scaffolds and 

form a tissue construct with further maturation.  

The initial studies involved optimization of bioink composition. The blending of 

mulberry (B. mori) and non-mulberry (A. assama) silk fibroin formed a gel rapidly at 37°C 

within 20 minutes due to hydrophobic interactions between the silk fibroin chains [417] while 

entrapping the gelatin within. Thereafter the bioink was cooled to 25°C to reach enhanced 

viscoelasticity and shear thinning. The optimized composition was chosen based upon the gel 

strength and shear-thinning of the bioink. Gel strength of the bioink is necessary for fabrication 

of self-standing 3D constructs while the shear-thinning behaviour of the bioink improves the 

resolution of fabrication. The optimized bioink composition of 1.5% (w/v) B. mori, 1.5% (w/v) 

A. assama silk fibroin and 7% (w/v) gelatin were found to possess the necessary gel strength 

and shear-thinning well within the pressure extrusion range of 700kPa of the bioprinter. The 

bioink was further validated rheologically for its shear-thinning nature, stability under various 

frequencies of shear strain, gel-strength retention, and temperature-based viscoelastic changes. 

Building upon these studies, constructs was fabricated with high resolution, and the cross-

linking was carried out by EDC/NHS chemistry. Thereafter, the scaffolds were first 

physicochemically and mechanically characterized to evaluate their suitability in mimicking 

the physicochemical and mechanical properties of meniscus tissue. Mesh grid constructs were 

used for the swelling characterization and were found to uptake PBS >7 times their dry weight 

indicating that the scaffolds were highly porous and could remain hydrated while promoting 

the exchange of nutrients and metabolites through diffusion. The degradability of the constructs 

was characterized using mesh grid constructs, and the constructs retained 20% of their weight 

after 21 days in proteolytic conditions. This rapid degradation can be majorly attributed to the 

fact that gelatin is abundantly used as a zymography substrate and presents target sequences 

for enzymes such as MMPs [279].  
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Mechanically the grid, concentric, lamellar infill, as well as the tri-layered full-thickness 

constructs, had the compressive moduli comparable to or greater than the equilibrium modulus 

of native menisci [418].  The menisci bear 5-15% compression under physiologically relevant 

loading conditions [416]. So, we subjected our scaffolds of various infill and the trilayered 

constructs to 20% strain, and in-turn found their stability under repeated loading and unloading 

compression cycles. The scaffolds of all four kinds displayed excellent stability under 200 

cycles of compression without any significant loss of strength indicated by the small deviations 

between cycles 1 and 200 in the stress-time and stress-strain regime. Though, degradation of 

the scaffolds needs to be evaluated under mechanically loaded conditions, but the mechanical 

stability and potential of the scaffolds for in-vivo implantation is promising with the current 

observations. 

The bioactivity of meniscus scaffolds is highly dependent on the proliferation of 

fibrochondrocytes and the maintenance of their phenotype to aid in the synthesis of native ECM 

components. The cells were found to attach to the scaffold matrices very conveniently due to 

the copious cell-binding domains that are present on non-mulberry A. assama silk fibroin [280, 

405] as well as the biocompatibility of gelatin [416]. Proliferation index of seeded 

fibrochondrocytes was observed to rise and saturate at ~2 folds post 14 days until 21 days with 

no significant difference in the proliferation indices at different seeding densities suggesting 

the limited proliferative ability of the cells following the initial rise. So to compensate for the 

same, cells were seeded at the highest density of 104 cells/mm2, and further studies were carried 

out at this seeding density. The seeded fibrochondrocytes that were attached to the edges of the 

scaffold pores could find more adhesive surfaces so as to attain dendritic morphology while 

those in the central portion of the scaffold pores formed aggregates and achieved more rounded 

morphologies. Consequently, we observed that the chondrogenic (sox-9, aggrecan and collagen 

II), as well as fibroblastic (collagen I) genes, were upregulated and maintained for the entirety 

of culture duration. The total sGAG and collagen (hydroxyproline) content secreted was 

estimated, and it was found to gradually rise by ~2 times and ~5 times, respectively. Moreover, 

when normalized with the DNA content, the sGAG and collagen content were found to possess 

no significant difference at 7, 14 and 21 days. This, along with the proliferation index values, 

shows the maintenance of the fibrochondrocyte ECM synthesis phase while they are 

proliferating concurrently. 

Host tissue acceptance and immune response are majorly a challenge for any tissue 

engineering scaffold. An adverse immune reaction from the implanted scaffold material would 
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further result in acute inflammation, tissue destruction and interference in the healing 

mechanism of the host tissue, which may eventually lead to rejection of the graft [419]. 

Henceforth, a quantitative in-vitro assay and subcutaneous in-vivo implantation were carried 

out for the scaffold post-crosslinking. Murine macrophages cultured in-vitro showed negligible 

response (similar to TCP) to the scaffold after 24 h when compared with the lipopolysaccharide 

positive control. This was in accordance with the previous reports of silk-based biomaterials 

being immuno-compatible [412, 419]. Furthermore, acellular scaffolds were subcutaneously 

implanted in rats which led to the findings that the scaffolds were intact until 7 days while 

being infiltrated by host cells and eventually degraded after 14 days with heavy infiltration of 

cells and host tissue within. The stained sections of retrieved scaffolds show infiltration of host 

cells and some macrophages in 7 days. At 14 days, the scaffold is degraded and shows the 

skeletal framework that has been infiltrated by the host cells and tissue. Moreover, 

macrophages are not visible in the vicinity. This shows the immuno-compatibility, 

degradability, and integration potential of the scaffolds in-vivo. Though the meniscus tissue is 

vastly avascular, the interaction of the implant towards its outer periphery with the native 

vasculature is essential for cellular survival towards the inner periphery. 

Though the 3D scaffolds possess the potential to be utilized in both acellular as well as 

cell-seeded forms pertaining to their mechanical stability, cytocompatibility and minimal 

immunogenicity, the degradation of the scaffolds in the subcutaneous pockets compels further 

characterization of the degradation of scaffolds by implantation at partially or completely 

resected meniscus animal models. Consequently, necessary additions need to be made in the 

design of the scaffolds in terms of their size and inclusion of suturing nodes at both ends of the 

meniscus constructs. Moreover, the degradability of the constructs needs to be scrutinized after 

compressive loading cycles. Also, we hypothesize that the scaffolds can be seeded with native 

meniscus fibrochondrocytes or pre-differentiated stem cells and post in-vitro maturation under 

mechanical (compressive stress) and biological (growth factor cocktails) stimuli for 7-14 days 

can be implanted in-vivo. This would eliminate any limitations encountered due to degradation 

of the scaffolds. 
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2.5 Salient Outcomes and Findings 

1. Through the present study, we demonstrated the rapid prototyping of a biomimetic tri-layered 

meniscus tissue scaffolds using a novel SF-gelatin based bioink with excellent mechanical, 

swelling, and degradation properties.  

2. The tri-layered nature of the meniscus aids in mimicking the native architecture of the menisci 

that are poised to make the constructs conducive for bearing high mechanical stress and the 

concomitant loading-unloading cycles for a longer duration.  

3. The scaffolds supported the growth of native meniscus fibrochondrocytes as well as assisted 

in the maintenance of their phenotype evident by the gene expression profile and ECM 

components secreted.  

4. The scaffolds possess appropriate immuno-compatibility rendering suitability for 

implantation.   

5. Although the present scaffolds encompass the potential for meniscus defect repair, actual 

implantation into defect sites for evaluation of load-bearing and regeneration in smaller and 

larger animals needs to be done. Further, optimization is needed for fabricating scaffolds 

suitable for attracting and homing of the resident mesenchymal progenitor cell population for 

achieving better regeneration in-vivo.
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Development of photo-polymerised silk-based 

3D printed constructs embedded with growth 

factor loaded micro-spheres for potential 

biomimetic recapitulation of meniscus 

This chapter describes the development of a growth factor loaded gelMA microsphere incorporated biomaterial 

ink blend that consists of silkMA/gelMA/A. assama silk fibroin for 3D printing meniscal defect implants to 

potentially treat full thickness meniscal defects. The gelMA microspheres were fabricated using an oil-emulsion based 

microfluidic method and incorporated into the optimized photo-curable ink. The developed ink showed optimal 

printability and sustained release of the fibrogenic (CTGF) and chondrogenic (TGFβ3) growth factors over long 

duration. The fabricated constructs were then evaluated for their potential to recapitulate the inner (chondrogenic), 

middle (fibrochondrogenic) and outer (fibrogenic) zone cellular phenotypes and ECM of the native meniscus.  

  

  CHAPTER 3 
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Ashutosh Bandyopadhyay, Biman B. Mandal. Photocrosslinkable silk-based bioinks 
embedded with growth factor loaded microspheres towards cell-free 3D printing approach for 
biomimetic regeneration of meniscal tissue, Applied Materials Today. 2023, 36, 102049. DOI: 
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ABSTRACT 

Fibrocartilaginous meniscal tear regeneration is a major challenge due to the large 

avascular regions which suffer several injuries among all age-groups. Mostly, meniscus 

implants are focused on the development of multi-layered meniscus constructs and scaffolds 

that mimic the macro-architecture, functionality and mechanical strength. The native human 

menisci consist of vascular and avascular regions that contain different cellular phenotypes and 

are hence composed of a gradient of extracellular matrix (ECM) components. The biochemical 

composition of the inner, middle and outer regions of the knee menisci plays a significant role 

in the mechanical behavior and its overall functionality. We have developed a photo-

polymerizing mulberry and non-mulberry silk-based biomaterial ink which is laden with 

growth factor loaded gelMA microspheres for the zone-specific regeneration of full thickness 

meniscus tears using three-dimensional (3D) fabrication. We have fabricated growth factor 

loaded gelMA microspheres and encapsulated them within the biomaterial ink for controlled 

release of Connective Tissue Growth Factor (CTGF) and Transforming Growth Factor-beta3 

(TGFβ3) from the different zones of the meniscus constructs. The growth factor releasing 

constructs demonstrate the requisite mechanical resilience, degradability and release behaviour 

for regeneration of meniscal tissue. The developed growth factor loaded constructs demonstrate 

zone specific phenotypic differentiation of adipose derived stem cells and extracellular matrix 

deposition by the differentiated stem cells in vitro. The microsphere loaded constructs were 

found to be immuno-compatible as well. Therefore, these bioactive microsphere-laden 3D 

printed meniscus constructs would potentially promote regeneration and integration of 

meniscal tissue in vivo. 
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3.1 Introduction 

The knee menisci are semi-circular heterogenous fibrocartilages that aid in the absorption 

and redistribution of forces generated by the upper body through the femoral condyles into the 

tibial plateau. This mechanism of action is achieved by the robust mechanical properties 

endowed by the internal collagen microarchitecture of the menisci that is divided into 3 layers 

i.e., the circumferential, radial and mesh from bottom to top [26, 392]. This precise micro-

arrangement of the collagen fibres within the menisci is a result of the zonal distribution of 

cells within the menisci and their respective synthetic properties. The meniscus is hetero-

cellular and is mainly composed of three regions as we move from the outer towards the inner 

edge of the menisci: the red, the red-white and the white region [4]. Each region is populated 

by its characteristic cellular phenotype, i.e., the fibroblastic, fibro-chondrocytic and the 

chondrocytic phenotype in the outer, middle and inner regions of the menisci respectively [7, 

8]. The respective regions of the menisci are rich in varying types of collagen, i.e., collagen I 

in the outer region, collagen II in the inner region and a fairly equalized ratio of both the types 

within the middle two thirds [5]. Similarly, glycosaminoglycan distribution increases as we 

move from the outer regions to the inner portions of the menisci.  Recapitulation of the 

cellularity and biochemical makeup of these regions is necessary to ensure complete 

regeneration of full-thickness meniscus tears and meniscus resections [23, 48]. 

The current clinical practices involve the total or partial resection of torn menisci [2, 420] 

and replacing them with patient-suggested natural [88], synthetic [89] or hybrid materials [421] 

meniscal implants or leaving the cavity as sham. While the resection leads to osteoarthritis in 

the long run, patients with implants have been known to suffer from shape, size and 

macroscopic incongruence of the implants due their fabrication process and a potential for 

mechanical incompatibility due to the synthetic polymers of the implants [79, 422]. Hence, 3D 

printing based fabrication for meniscal grafts is necessary for ensuring patient specificity of 

macroscopic architecture, biological functionality and ease of implantation [46]. 

Fabrication of a zone-specific tissue would require the establishment of a gradient of 

differentiation agents/growth factors to achieve the cellularity and hence the biochemical 

synthesis and consequent distribution of the extra-cellular matrix (ECM) components in a zonal 

fashion. There have been studies that have shown zonal mimicry of meniscal cell phenotypes 

using 3D printing of thermoplastic polymers in conjunction with the use of growth factors [115, 

139, 244, 423]. Though successful in the domain of mechanical resilience, thermoplastic 
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polymers demonstrate considerably slower degradability, potentially harmful degradation 

products and potential for failure. These factors encourage the application of nascent or 

minimally processed natural biopolymer inks that possess better bioactivity, degradability and 

integration potential, while ensuring the mechanical stability.    

Conventionally available biopolymers have found special interest in the formulation of 

bioinks for 3D printing such as both mulberry and non-mulberry silk [365, 424, 425], gelatin 

[426, 427], hyaluronic acid [428], carrageenan [429] and so on. Moreover, photo-crosslinking 

variations of these materials such HAMA [430, 431], ColMA [432], gelMA [424, 433], Car-

MA [433, 434] and silkMA [293, 435] have found facile applicability, enhanced mechanical 

resilience, safe encapsulation of growth factors and cells.  

The use of growth factors for recruitment and differentiation of progenitor cells has been 

widely evaluated in many tissue engineering platforms. The differentiation into chondrogenic 

phenotype without cartilage hypertrophy and abundant chondrocyte proliferation has been 

achieved [436, 437] in previously published studies through the treatment of Transforming 

growth factor-beta (TFG-β) superfamily [438, 439]. Similarly, fibroblastic differentiation of 

progenitor and stem cells has been achieved by the virtue of CTGF [440, 441]. Studies in the 

past have also reported the fibrochondrogenic differentiation of stem cells and meniscus 

healing with a sequential treatment or a cocktail of CTGF and TGF-β3 [115, 442]. The use of 

microparticles, microcapsules and microspheres within hydrogels, molded scaffolds and 

printed constructs has been practised avidly by many researchers for the various additive effects 

such as enhanced mechanical strength, delivery of growth factors and biologics and priming of 

differentiation of progenitor/stem cells into specific phenotypes. Gelatin and its methacrylate 

have found copious applications in these scenarios due to their easy fabrication into 

microparticles and their excellent biocompatibility and degradability [443-445]. Post 

fabrication, growth factor microsphere laden scaffolds could be seeded onto with mesenchymal 

progenitor cells for in vitro maturation and implantation. Alternatively, such fabricated 

scaffolds could serve as a directly implantable solution for the in vivo recruitment of nearby 

synovial and infra-patellar fat pad stem cells [446] within the body of the recipient for 

regeneration of meniscal tissue. 

In the present study, we have fabricated 3D growth factor loaded microsphere laden 

constructs that would aid in mimicking the zonal biochemical make-up of the meniscal tissue. 

We optimized a biomaterial-ink that consists of a blend of B. mori silk fibroin methacrylate 
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(silkMA), gelMA and non-mulberry A.assama silk fibroin (AASF) along with LAP (Lithium 

phenyl-2,4,6-trimethylbenzoylphosphinate) as a photo-initiator which results in a photo-

curable blend that encapsulates the gelMA microspheres. These gelMA microspheres have 

been fabricated using a customized micro-fluidic method and have been loaded with TFGβ3 or 

CTGF and blended to form two different bioinks for the fabrication of the gradient 

microarchitecture of the meniscal constructs. The microsphere laden constructs were 

characterized for their enhanced swelling, degradability, mechanical durability and release of 

growth factors. Thereafter their biological assessment was carried out with porcine adipose 

derived mesenchymal stem cells (pADMSCs). Their ability to support proliferation and 

differentiation of pADMSCs into the chondrogenic (inner), fibrochondrogenic (middle) and 

fibroblastic (outer) phenotypes was assessed by both gene expression and region specific 

matrix deposition. The constructs were also assessed for their in vitro immuno-compatibility 

and a proof-of-concept gradient construct was printed using the dual ink fabrication strategy to 

evaluate the defect congruence and shape fidelity of our proposed method. The developed one-

step silk-based growth factor releasing constructs could be used for patient-specific treatment 

of partial or full thickness meniscal defects. 

3.2 Materials and Methods 

3.2.1 Synthesis of B. mori Methacrylate (silkMA) and Gelatin Methacrylate (gelMA) and 

isolation of A. assama silk fibroin 

B. mori cocoons were degummed and dissolved in LiBr to make a solution that was used 

to prepare B. mori Methacrylate (silkMA) solution using a protocol described previously [293]. 

Briefly, the silk-fibroin LiBr (SF-LiBr) solution was stirred at 60°C and 300 rpm for 1 h. 

Glycidyl methacrylate (GMA) was added dropwise to the SF-LiBr solution dropwise at a ratio 

of 60 µl/ml of SF-LiBr and left to stir for 3 h while maintaining the temperature and thereafter 

dialysed against deionised water for 5 days in a 14kDa dialysis bag. A. assama silk fibroin 

(AASF) was isolated as per previously defined protocols [46, 424, 425]. 

Gelatin methacrylate was synthesized from type-B gelatin (bovine source) using a 

previously described protocol [447]. Briefly, a carbonate buffer (CB) consisting of sodium 

carbonate (3.18 g) and sodium bicarbonate (5.86 g) was prepared in 1 L of deionised water. 20 

g of type-B Gelatin was added to 200 mL of the CB and mixed thoroughly. The solution was 

adjusted pH 9 using 5 N NaOH. Thereafter Methacrylate anhydride (MAA, 94%, Sigma-

Aldrich, USA) was added to the gelatin solutions at a ratio of 0.1mL of MAA/g of gelatin drop-
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wise and kept at 60°C for 1.5 h. The solution was then dialyzed against deionized water for 48 

h in a 12-14 kDa dialysis bag. 

3.2.2 Microfluidic fabrication of gelMA microspheres for delivery of growth factors 

Spherical gelMA microspheres were fabricated using a customized coaxial needle setup 

(Figure 3.1) that consists of a 23G blunt needle (ID:330µm) on the outside housing a 30G blunt 

needle (ID:160µm) inside [424]. The inner needle is adjusted to protrude out slightly through 

the outer housing needle for focusing of the flow. The outer needle is attached to a compatible 

diameter outlet tubing and laid out to the crosslinking area. A customized laser focusing setup 

was 3D printed for the crosslinking area. A 80 W visible light LED array (405 nm) was used 

for the crosslinking of the microspheres post exit from the outlet tube in a petri dish. 7.5% 

(w/v) gelMA blended with 1% Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 

SIGMA Aldrich, USA) was selected for fabrication of microspheres as per previous literature 

[443] and almond oil (SIGMA Aldrich, USA) was used for the oil phase. The coaxial flow-

focusing device was used for the present study due to its superior emulsification, higher 

polydispersity and size control as compared to sonication and other mechanical agitation 

methods [443, 448]. The flow rates of aqueous phase and oil phase were varied using syringe 

pumps (New Era Pump Systems, USA) and found to be optimum at 2000:20 µL/min (oil 

phase:aqueous phase) for fabrication of microspheres. The formed microspheres were 

simultaneously crosslinked using 405 nm visible light for 20 seconds before washing them 

using distilled water 2-3 times followed by collecting them using centrifugation. The obtained 

microspheres were freeze-dried for longer storage and loading purposes. 

 

Figure 3.1: (A) The setup for fabrication of microspheres denoting (i) Oil phase, (ii) aqueous 

phase, (iii) coaxial nozzle and (iv) 405nm LED. (B) Schematic showing the fabrication 
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mechanism of microspheres (a) oil phase, (b) aqueous phase containing 7.5%(w/v) gelMA and 

1%(w/v) LAP, (c) uncrosslinked gelMA spheres, (d) 405nm LED based crosslinking, (e) 

crosslinked gelMA spheres, (f) 23G needle and (g) 30G needle. The flow rate of oil phase was 

set to 2000 µL/min and the aqueous phase was set to 20 µL/min. The spheres, post fabrication, 

were washed with 5% (v/v) aqueous ethanol solution and centrifuged for collection. 

3.2.3 Characterization of gelMA microspheres 

3.2.3.1 Swelling of Microspheres 

Post fabrication, the microspheres were allowed to swell for 12h and their initial and final 

diameters were determined using analysis of their images by ImageJ. 50 samples of the 

microspheres from 3 different imaged areas were selected for determination of microsphere 

diameter before and after swelling. Consecutively the swelling ratio of the microspheres was 

measured by weighing them in freeze-dried condition (Wd) followed by soaking in PBS for 

different durations and weighing them at specified intervals (Ww) till they reached equilibrium. 

This helped in determining the time required for their loading. Triplicates of 10mg spheres 

were used for the measurement and the following equation was used for the calculation of 

swelling ratio: 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 = (
𝑊𝑤−𝑊𝑑

𝑊𝑑
) 

3.2.3.2 Loading of microspheres 

The microspheres were loaded with fluorescently labelled FITC Dextran through 

adsorption for assessing their loading efficiency. The fabricated microspheres were freeze-

dried and weighed. Thereafter, 200 ng/ml and 50 ng/ml solutions of CTGF and TFGβ3 were 

used for the loading of the microspheres. 4 mg of microspheres were incubated in each of the 

solutions kept under shaking for 24 h at 4 ºC for loading. The amount of TFGβ3 and CTGF 

loading per unit weight of microspheres was determined by quantifying the amount of growth 

factors remaining in the supernatant post loading. 

3.2.3.3 Release profile of microspheres 

Batches of 4 mg growth factor loaded microspheres of both TFGβ3 and CTGF were 

encapsulated in 1 ml biomaterial-ink separately and 3D printed. The 3D printed constructs 

(n=5) were incubated in PBS at 37 ºC for evaluating the release of the growth factors from 

printed constructs for a period of 15 days. The cumulative release from the incubated 

supernatant collected at each time point was determined using ELISA based quantification. 
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3.2.4 Preparation of photo-crosslinking biomaterial-ink blend and its characterization 

3.2.4.1 Printability and Gelation 

Bioink blends were prepared, and printability of the formulations was assessed on the 

observed factors including gelation behaviour, structural stability, shear-thinning nature, and 

self-standing behavior. The concentration of B. mori methacrylate (silkMA) and gelatin 

methacrylate (gelMA) were varied while keeping the concentration of A. assama silk fibroin 

(AASF) constant, and the printability was checked for the same. 

3.2.4.2 Fourier Transform Infrared Spectroscopy 

Infrared spectroscopy was carried out for the individual biomaterial-ink components 

(silkMA, gelMA, A. assama SF) as well as the optimized biomaterial-ink blend using an FTIR-

ATR (Shimadzu, IR Affinity-1S WL). Freeze-dried samples were cut and small part of the same 

were placed over the ATR crystal individually for acquisition of infrared spectra over 

wavenumbers between 600 and 2500 cm–1 and averaged over 16 scans. The characteristic peaks 

of biomaterial-ink components and the biomaterial-ink were observed for gelation induced 

changes and crosslinking related phenomena. 

3.2.4.3 Rheological Characterization 

Rheological assessment of the optimized biomaterial-ink composition which was chosen 

for printing was carried using an MCR 302 (Anton Paar, Austria) rheometer. The biomaterial-

ink composition with and without microspheres was evaluated through Amplitude, Frequency 

and Temperature sweep as well as Three Interval Thixotropy (3ITT). These tests were deemed 

essential to ascertain the optimal conditions for biomaterial-ink printability along with the 

determination of the hydrogel’s gel strength. The biomaterial-ink (with and without 

microspheres) was subjected to a temperature sweep of 4°C - 45°C, before and after gelation 

of silkMA and A. assama silk. This was done to evaluate the printability temperature range. 

Thereafter the biomaterial-ink (with and without microspheres) was subjected to an amplitude 

sweep from shear strain of 0.01% to 1000%, post 20 min gelation of silk fibroin (at 37°C). The 

temperature of the test was maintained at 20°C which was deemed to be optimal printing 

temperature. The respective complex viscosity was recorded to determine the linear 

viscoelastic range (LVER) and to ascertain the shear-thinning of the biomaterial-ink with and 

without microspheres. Henceforth, the LVER range was used to carry out the frequency sweep 

test on the biomaterial-ink (with and without microspheres), after gelation of silk at 37°C for 5 
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min. The angular frequency of shear was varied from 0.3 to 100 rad/s at 20°C testing 

temperature and the biomaterial-ink was evaluated for its stability at various frequencies of 

shear. Finally, the gel strength of biomaterial-ink (with and without microspheres) was 

determined using alternating low shear/low angular frequency  and high shear strain/high 

angular frequency intervals. This test mimics the shear experienced by the biomaterial-ink 

during extrusion momentarily and thereafter the return to its low/no shear condition where its 

needs to exhibit self-standing behavior.  

3.2.4.4 Gelation, printing resolution, buckling test and multi-layer grid fabrication 

The optimized bare biomaterial-ink and microsphere loaded biomaterial-ink were 

assessed for gelation, printing resolution and buckling test using custom g-code files (Figure 

3.2). The assessment of multi-layer grid fabrication was conducted for 15 mm x 15 mm grid 

constructs using custom g-code files (Figure 3.2) of 2, 5 and 10 layers for both bare 

biomaterial-ink and microsphere loaded biomaterial-ink. 

 

Figure 3.2: (A) 3D CAD model for evaluation of printability of various inks. (B) 3D CAD 

model of custom designed PLA construct for evaluation of buckling of ink. (C) 3D CAD model 

of custom designed 15mm x 15mm grids with 10, 4 and 2 layers. 

3.2.4.5 Porosity and Wettability studies 

Apparent porosity of printed constructs with and without microspheres was conducted 

using hexane displacement method according to previously optimized method [406]. Briefly, 

hexane was taken in a graduated cylinder and the initial volume was noted (V1), freeze-dried 

constructs were immersed in hexane for 20 minutes to reach equilibrium and the volume was 

noted down (V2) and finally the constructs were carefully removed without squeezing and the 
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reduced volume was noted down (V3). The apparent porosity was calculated based on the 

formula: 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =
𝑉1−𝑉3

𝑉2−𝑉3
× 100 

Biomaterial ink with or without microspheres were poured onto a glass slide to form a 

layer and photocrosslinked. The photocrosslinked layers were subjected to aqueous contact 

angle measurement using a Drop Shape Analyzer (KRUSS, DSA25). 5 μL of deionized water 

was used to form pendant droplets on the coated surfaces followed by contact angle 

measurement after 30s.  

3.2.5 3D Fabrication of Dual Ink Gradient Constructs 

Bioinks were fluorescently labelled using 2 different colours (red/pink and green/yellow) 

and encapsulated within the optimized biomaterial-ink for printing. A gradient grid model with 

the an outer section of Ink1 (green), an inner section of Ink 2 (red) and an intermediate section 

of Ink 1 and Ink 2 in alternating layer was used for the mimicking the gradient of growth factor 

laden spheres required for the zonal differentiation of mesenchymal stem cells. The constructs 

were freeze-dried and electron microscopic imaging was carried out to reveal the presence of 

microspheres within the 3D printed constructs. 

The CAD model of a human meniscus was used according to our previous study [46] to 

fabricate a proof-of-concept construct with the dual biomaterial-ink. An intact meniscus was 

printed and a meniscus with a defined full thickness defect was fabricated. The defect site was 

modelled, larger part in the middle was assigned fibrochondrogenic with alternating ink 1 and 

ink 2 layers while the outer part was assigned to ink 1 (yellow) and inner part to ink 2 (pink). 

Thereafter the defect replacement construct was printed using the dual biomaterial-ink strategy 

and evaluated for conformity of shape, size and geometry along with the regions of the menisci 

namely, outer, middle and inner regions. 

3.2.6 Swelling study 

3D printed constructs were subjected to swelling studies to determine the water uptake 

ratio using a previously established protocol. In brief, grid-infill constructs (n=3, with and 

without microspheres) were weighed post fabrication (Wf) to determine their initial weight. 

Henceforth, these constructs were immersed in phosphate buffered saline (PBS; pH 7.4) and 

the weight of the constructs was measured post water uptake (Ws) at various time intervals after 
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gently dabbing off the excess PBS. Weight gain (%) was calculated using the following 

equation: % 𝑊𝑒𝑖𝑔ℎ𝑡 𝐺𝑎𝑖𝑛 = (
𝑊𝑓−𝑊𝑠

𝑊𝑠
) × 100 

3.2.7 Degradability study 

Degradability study was carried out for the constructs in-vitro (with and without the 

microspheres) both in the presence of protease XIV (Sigma-Aldrich, ≥3.5 U/mg) [413] as well 

as saline (PBS, pH 7.4). Initial dry weights (Wi) of the 3D printed constructs (n=3, with and 

without microspheres) was measured and these were immersed in either 0.5 U/ml protease XIV 

containing PBS or control saline (PBS, pH 7.4) at 37 °C. The constructs were weighed 

intermittently for the remaining mass (Wr) after washing in saline (PBS, pH 7.4) and freeze-

drying. The % weight remaining was calculated from day 1 to day 35 as follows: 

%𝑊𝑒𝑖𝑔ℎ𝑡 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 = (
𝑊𝑟

𝑊𝑖
) × 100 

3.2.8 Confined uniaxial compressive and cyclic compressive mechanical testing 

Compressive mechanical strength of the constructs (with and without microspheres) was 

carried out using a universal tensile testing machine (Model 5944, Instron, USA). 3D printed 

constructs (with and without microspheres) of dimensions 7x7x7mm3 were subjected to 

uniaxial compressive strain of 60% at a crosshead speed of 5 mm/min under hydrated 

conditions (PBS, pH 7.4). The compressive stress-strain curve was plotted for the various 

constructs and the average compressive strength modulus was calculated for each construct at 

peak strain. Uniaxial cyclic compression was carried out at 20% strain over 100 cycles at 

crosshead speed of 5 mm/s for determining the durability of the constructs. Compressive stress-

time graphs were plotted for the first and last 20 cycles along with the compressive stress-strain 

hysteresis loop of the first and last cycle to visualize any deviation during the test. 

3.2.9 Biological Characterization 

3.2.9.1 Cell Isolation and seeding on microsphere laden constructs 

Primary porcine adipose derived mesenchymal stem cells (pADMSCs) were isolated 

from porcine belly fat samples in accordance with previously published protocols [425]. 

Briefly, subcutaneous fat tissue was procured from the local abattoir in cold PBS. The 

surrounding dermal and muscle tissues are removed, the fat is minced finely and washed gently 

with PBS containing penicillin (100 units/mL, Gibco, USA), streptomycin (100 μg/mL, Gibco, 

USA) and amphotericin-B (2.5 μg/mL, Gibco, USA) for sterilization. Minced and sterile fat 
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tissue was digested using collagenase enzyme solution (type-IA, (≥ 125 CDU/mg, Sigma, 

USA, 0.1 %wt/v) made in incomplete DMEM under constant agitation (2 h, 37 °C). The 

digested suspension was neutralised with equal volume serum supplemented medium and 

centrifuged (300g, 15 min) hence, pelleting down the stromal vascular fraction (SVF). The 

obtained SVF was washed with complete medium, passed through a cell strainer (40µm) and 

plated in cell culture dishes. The plated cells were maintained in high glucose DMEM 

supplemented with 10 % (v/v) FBS, 1X antibiotic/antimycotic solution, 2 mM L-glutamine 

(Gibco, USA) and 1 ng/mL basic fibroblast growth factor (bFGF) (Sigma, USA). The cells 

were used within passages 3 to 7 for seeding during the biological evaluation of 3D printed 

constructs.  

Scaffolds of grid infill with 4 mg of blank microspheres/ml of biomaterial-ink were 

fabricated under sterile conditions with a 22G needle (to avoid nozzle clogging) and photo-

crosslinked using a 40W LED light source of 405 nm wavelength for 30 seconds. This was 

followed by a conditioning cycle in cell culture medium for 12 h prior to seeding. The scaffolds 

were seeded with cells at previously used cell density of 104 cells/mm2 for assessing their 

viability and proliferation. 

3.2.9.2 Cell Viability and Proliferation 

Cellular viability of the pADMSCs seeded onto the blank microsphere laden constructs 

was evaluated using the live-dead assay where live cells are stained with calcein-AM and dead 

cells are stained with ethidium homodimer solutions using manufacturer’s protocol (Sigma-

Aldrich). Cell seeded constructs were gently washed with PBS (pH 7.4) and incubated in a 

solution of calcein-AM (40 nM) and ethidium homodimer (20 nM) solution. The constructs 

were gently washed with PBS prior to flourescence imaging using an inverted fluorescence 

microscope (EVOS FL digital microscope). 

Alamar blue based cellular proliferation study was performed on the blank microsphere 

laden cell seeded constructs (n=3). Constructs were seeded with pADMSCs at 104 cells/mm2 

and Alamar blue (Invitrogen) assay was done after 1, 7, 14 and 21 days of incubation by 

following manufacturer’s protocol. Briefly, cell seeded constructs were incubated with 10% 

(v/v) Alamar blue dye in culture medium for 3 h. 100 µL of conditioned alamar containing 

culture media was read at 570/600 nm using microplate reader (Tecan Infinite Pro, Switzerland) 

and the results have been represented as normalized Alamar units for different culture 

timepoints. 
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3.2.9.3 DNA and Sulphated GAG content 

DNA and sGAG content was evaluated for gradient scaffolds with growth factor loaded 

and blank microspheres (4mg/ml) using previously optimized protocols [414]. Briefly, 

pADMSC seeded (n=3) gradient constructs (104 cells/mm2) were collected at various time 

points and digested for 16 h using papain solution containing 125 μg per mL papain, 5 mM L-

cysteine, 100 mM Na2HPO4, and 5 mM EDTA (pH 6.2) at 60 °C. Thereafter, PicoGreen based 

DNA quantification was carried out using the kit following manufacturer’s protocol. Digested 

samples were centrifuged and 25 μL of it was taken, added with 75 μL of 1× TE buffer and 100 

µL of Quant-iT PicoGreen reagent (1:200 dilution in 1 x TE buffer). Florescence was measured 

with an excitation/emission maxima of 480/528 nm using a spectrophotometer (TECAN 

infinite M200 pro). Further, Papain digested sample was used to measure the total sulphated 

GAG (sGAG) content using 1,9-dimethylmethylene blue (DMMB) assay. 50 μL of the papain 

digested sample was added with 200 μL DMMB reagent and absorbance was measured 

immediately at 525 nm using a spectrophotometer (Multiskan Sky, Thermofisher Scientific, 

USA). The total sGAG content as well as the DNA normalized sGAG content were plotted. 

3.2.9.4 Total Collagen content 

Hydroxyproline content was used as a metric to measure the total collagen content of the 

different sections of the cell seeded scaffolds (n=3). Samples were collected and acid 

hydrolysed in oil bath. Post hydrolysis, the hydroxyproline was quantified using p-

dimethylaminobenzaldehyde (PDAB, Sigma-Aldrich, USA) and chloramine-T (Sigma-

Aldrich, USA) [415]. Rat tail collagen was used to make a standard curve and the 

hydroxyproline (HYP) content was plotted after normalization with DNA content of the 

respective constructs. 

3.2.9.5 Gene Expression Studies 

Total RNA was isolated from the different sections of the cell-seeded scaffolds (n=3) at 

various culture time points using TRIzol reagent (Sigma-Aldrich). Isolated mRNA content was 

quantified using nanophotometer instrument (Implen, Germany). cDNA was synthesized from 

the isolated mRNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems) 

in a PCR thermal cycler (Applied Biosystems). Further the synthesized cDNA was used for 

real-time PCR using SYBR Green master mix reagent (Invitrogen) in a qPCR (QuantStudio 5, 

Applied Biosystems, USA) for fibrochondrocytic genes, i.e., aggrecan, sox-9, collagen Iα and 
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collagen IIα genes. The final reaction volume for qPCR was kept 20 μL and the standard run 

conditions of holding stage (50 °C for 2 min, 95 °C for 10 min) and cycling stage (40 cycles of 

95 °C for 15 s, and 60 °C for 45 s) was used. Relative expression of aggrecan, sox-9, collagen 

Iα and collagen IIα genes were quantified by normalizing to glyceraldehyde-3-phosphate-

dehydrogenase (GAPDH) as the endogenous housekeeping gene. The results were analyzed 

through Ct method (2−ΔΔCt). The primer sequences used have been listed in Table 1. 

Table 3.1: Primer sequences used for gene expression analysis 

Gene Sequence Accession No. 

Porcine aggrecan 

(ACAN)  

F:5ʹ-CCCAACCAGCCTGACAACTT-3ʹ 

R:5ʹ-CCTTCTCGTGCCAGATCATCA-3ʹ  

NM_001164652.1  

Porcine sox-9  

(sox 9) 

F:5ʹ-TTCCGCGACGTGGACAT-3ʹ 

R:5ʹ-GGCGGCAGGTACTGGTCAAACTC-3ʹ  

NM_213843.1  

Porcine Collagen I  

(Col I) 

F:5ʹ-AGAAGAAGACATCCCACCAGTCA-3ʹ 

R:5ʹ-AGATCACGTCATCGCACAACA-3ʹ 

XM_021067153.1 

Porcine Collagen II  

(Col II) 

F:5ʹ-CAGGTGAAGGTGGGAAACCA-3ʹ 

R:5ʹ-ACCCACGAGGCCAGGA-3ʹ 

AF201724.1 

Porcine GAPDH  

(GAPDH) 

F:5′-TCGGAGTGAACGGATTTGG-3′ 

R:5′-CCAGAGTTAAAAGCAGCCCT-3′  

NM_001206359.1 

 

3.2.9.6 Macrophage stimulation and TNF-α release 

In vitro immunogenic response was assessed using mouse macrophages (RAW 264.7 

cells, National Center for Cell Science, NCCS, Pune) according to previously described 

protocol [46, 425, 429]. Mouse macrophages were seeded at 5 × 104 cells per well in a 24-well 

plate (n=4) and cultured for 24 h and subjected to treatment with constructs leachate for 24 h 

and the conditioned media was collected thereafter. Additionally, we seeded macrophages on 

the microsphere laden constructs (n=4) and incubated them for 24 h and 48 h and collected 

conditioned culture medium at 24 h and 48 h. The conditioned media were collected for ELISA 

based quantification of the released TNF-α following manufacturer’s protocol (Invitrogen, 

USA). Lipopolysaccharide (LPS, Sigma-Aldrich, USA) at 1000 ng/mL was used as positive 

control, and untreated cells (TCP) were taken as a negative control. 
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3.2.9.7 Immunohistological staining 

Porcine stem cells were seeded onto zonal constructs and cultured for 21 days to evaluate 

the zone-specific ECM deposition. The cultured constructs were incubated in 10% neutral 

buffered formalin (NBF) for 24 h for fixation and thereafter washed with PBS. The fixed 

constructs were further permeabilized using 1% (v/v) triton-X 100 in PBS for 1 hr at room 

temperature followed by blocking using 10% (w/v) bovine serum albumin in PBS for 2 hr. 

Thereafter, the constructs were co-stained with mouse mono-clonal anti-collagen I and rabbit 

poly-clonal anti-collagen II primary antibodies (ABCAM, USA) respectively for 2 hr. The 

constructs were further stained with secondary anti-mouse or anti-rabbit antibodies for the 

respective primary antibodies for 2 hr and counterstained with DAPI (300nM, Thermofisher 

Scientific, USA) for 20 min before imaging. The fluorescent micrographs were obtained using 

an inverted fluorescence microscope (Axio Observer, Zeiss, Germany). The images obtained 

from different constructs (n=8) were used for calculating the field of view area stained with 

either collagen I and aggrecan or collagen I and collagen II by using Fiji (NIH ImageJ software) 

following previously defined protocol [449] to determine the expression ratio of ECM 

components. 

3.2.10 Statistical Analysis 

All experimental data have been reported in the form of mean ± standard deviation (n ≥ 

3). Statistical analysis was carried out by one-way analysis of variance (ANOVA) using Origin 

9.1 (OriginLab, USA), and a Tukey test assessed the variance across groups. Groups were 

considered to possess statistically significant difference when *p ≤ 0.05. 
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3.3 Results 

3.3.1 Fabrication and characterization of growth factor loaded gelMA microspheres 

The microspheres were fabricated using 7.5% w/v gelMA with the flow rates for aqueous 

and oil phases were kept at 20 µl/min and 2000 µl/min (Figure 3.3A) for an optimal size of 

below 200 µm (Figure 3.3B I and ii). These spheres were washed thoroughly for removing 

traces of oil. The removal of oil is necessary for loading the microspheres and for the 

microspheres to reach swelling equilibrium. The sphere diameters post swelling were found to 

be 107.55 ± 16.68 µm and the distribution of the same is shown in (Figure 3.3C). This step 

was performed before freeze-drying to get the equilibrium diameter of the spheres post loading. 

The water uptake ratio of the freeze-dried microspheres was found to reach equilibrium within 

20 minutes at ~8 times (Figure 3.3D). The loading efficacy of the spheres showed similar 

trends as to previously reported in the literature (Figure 3.3E) for gelMA microspheres [424, 

445] [22,46]. The CTGF was loaded at 153.75 ± 7.55 ng/mg and TFGβ3 was loaded at 39.76 

± 3.38 ng/mg within the gelMA microspheres. These were further encapsulated within the 

biomaterial ink and the release profile was obtained from the crosslinked printed constructs. 

The profile revealed 39.54 ± 0.44 % release of CTGF and 45.93 ± 0.40% release of TFGβ3 

after a period of 15 days (Figure 3.3F). These would further lead to the differentiation of stem 

cells seeded onto the scaffolds in a variable manner according to the different zones of 3D 

printed constructs. The release profiles were fitted using Korsmeyer peppas model and the n 

values were found to be <0.5 indicating the release to be Fickian diffusion which is ideal for 

sustained release over longer duration and known to be characteristic of silk fibroin-based 

matrices (Figure 3.3F-G) [266, 425, 450]. 
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Figure 3.3: (A) Representative micrographs of (i) Fluorescent dye loaded and (ii) Swollen 

crosslinked gelMA Microspheres. (B) Microsphere diameter calculated using ImageJ post 

swelling equilibrium. (C) Swelling ratio of gelMA microspheres. (D) Amount of CTGF and 

TGFβ3 loaded onto gelMA microspheres determined using ELISA. (E) Cumulative release of 

CTGF and TGFβ3 from microsphere encapsulated printed constructs for a period of 15 days 

determined using ELISA. Release profile of (F) TGFβ3 and (G) CTGF fitted using Korsmeyer 

peppas model with (i) curve fit and (ii) model equation and fit values.  

3.3.2 Formulation of photocrosslinking bioink and its printability characterization 

The bioink composition was found to be printable when the percentage of gelMA and 

silkMA were raised over 1% (w/v) and 4% (w/v) respectively at 20°C (Figure 3.4A) while 

keeping the amount of A. assama SF constant at 1% (w/v). Hence, eliminating the boundary 

conditions, the final composition of the bioink for further experimentation was determined to 

be 7% (w/v) of gelMA, 2% (w/v) of silkMA (BMMA) and 1% (w/v) of A. assama SF. This 

bioink showed optimal printability at 20°C and hence was further used for the encapsulation 

of the microspheres. A concentration of 4 mg/ml of microspheres was chosen for the optimal 

loading and release profiles of the ink while maintaining printability. This 4 mg/ml loaded ink 

was used to test the influence of microsphere encapsulation on its rheological properties. The 

bioink was found to be shear thinning (Figure 3.4C-F) both with and without the microspheres. 

Though a ~10 fold reduction in the viscosity of the bioink was observed at higher shear strain 
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(Figure 3.4C), it does not effect the self-standing nature of the bioink post printing.  Moreover, 

the bioink was stable under varying frequency within the linear viscoelastic range with and 

without the encapsulation of microspheres (Figure 3.4F). The gel strength of bioink does not 

vary significantly in this scenario due to a similar strength within the LVER region. The bioink 

blend was stable and highly viscous under temperatures lower than 25°C (Figure 3.4D) both 

with and without the microspheres, hence temperatures 20-25°C can be used for printing. The 

bioink was found to retain its strength when subjected to multiple high stress-strain cycles 

(Figure 3.4E) with and without the microspheres. Though a slight decrease in the viscosity is 

observed post recovery but the bioink possesses amicable gel strength for printing self-standing 

structures. The characteristic amide I, II and III peaks were visible in the infrared spectra of 

silkMA, A. assama SF, gelatin and the crosslinked and uncrosslinked bioink compositions 

(Figure 3.4B). Moreover, the glycidyl methacrylate peaks were visible in the gelMA, silkMA, 

and uncrosslinked and crosslinked bioink spectra. The shift in the cardinal regions of amide I 

(1710–1590 cm−1), amide II (1570–1480 cm−1) and amide III (1270–1200 cm−1) regions were 

visible between the crosslinked and uncrosslinked bioinks as well as the bioink components 

[46].  

The developed inks were further tested for their gelation, printing resolution and buckling 

effect to determine their suitability for fabrication of full thickness meniscal constructs. Both 

with and without microspheres the inks were found to be suited for apt resolution when checked 

with a 22-gauge nozzle (Figure 3.4G and 3.4H). The buckling test showed little to no deviation 

in the microspheres loaded ink at the longest distance, while the ink without microspheres 

showed considerable buckling. This might be owed to the better packing density within the ink 

as the microspheres add to the solid volume of the ink. Further, the printing assessment showed 

excellent printing resolution of grid constructs of 2, 5 and 10 layers for both micro-sphere 

loaded as well as bare inks (Figure 3.4I and 3.4J). These microsphere laden inks were further 

used for printing physiologically relevant meniscal constructs. 

 

 

 

 

 

 

TH-3393_176106019



Results  Chapter 3 

103 
 

 

Figure 3.4: (A) Printability matrix of the bioink for obtaining the optimized bioink composition. 

(B) Infrared spectra of silkMA(BMMA), gelMA, A. assama SF (AA), crosslinked biomaterial-

ink (CBIO) and uncrosslinked biomaterial-ink (UBIO). The red region denotes amide I, blue 

region denotes amide II, green region denotes amide III and yellow region denotes the 

methacrylation (MA) peaks. Rheological properties of the optimized biomaterial-ink 

composition with 4mg/ml microspheres and without microspheres obtained through (C) 

amplitude sweep, (D) temperature sweep, (E) 3Interval Thixotropy Test (3ITT) and (F) 

temperature sweep. Gelation, printing resolution and buckling test for (F) biomaterial-ink and 
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(G) microsphere loaded biomaterial-ink. 2, 5 and 10 layer grid constructs 3D printed using (I) 

biomaterial-ink and (J) microsphere loaded biomaterial-ink. 

3.3.3 3D Printing of microsphere laden constructs and their characterization 

Microsphere laden inks were used for the defect mitigation of a proof-of-concept 3D 

printed meniscus. A full thickness defect replica was printed and the defect site was 

subsequently modelled (Figure 3.5A). The modelled meniscus defect was printed with the dual 

bioink strategy with an outer region (green), inner region (pink/red) and the middle orange 

region. The shape, geometry and conformity of the printed construct was found to be excellent 

and the construct was fitting in the defect site in a facile manner. This defect site modelling 

could be used for fabrication of patient specific 3D printed constructs using the one-step 

photopolymerizable bioinks and used by surgeons to suture into place or by the virtue of 

surgical glue. The hence fabricated construct could be made to conform to various irregular 

meniscectomies for healing of menisci. Furthermore, constructs were printed using the dual 

ink strategy and a gradient could be observed when fluorescently tagged spheres were 

encapsulated in the bioinks (Figure 3.5B). The green labelled microspheres were exclusive to 

the outside section labelled ink 1 while the red labelled microspheres were exclusive to the 

inside section labelled ink 2. The intermediate section showed the presence of both green and 

red fluorescence prominently. This gradient dual ink printing would be ideal for printing 3D 

constructs with CTGF and TGFβ3 loaded microspheres encapsulated within the silkMA-

gelMA-AASF blend bioink. The presence of methacrylated components aids in the quick one 

step fabrication of the printed constructs ensuring no settling of the microspheres within the 

bioink post printing [424, 435]. The microsphere laden constructs were analyzed using electron 

microscopy and the microspheres were found to be within the struts (Figure 3.5C). 4 mg/ml 

microsphere encapsulation within the biomaterial-ink was used for 3D printing constructs that 

have been compared with the constructs without microspheres and evaluated for their favorable 

physicochemical properties. 
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Figure 3.5: (A) Representative figure demonstrating the meniscal repair using dual 

biomaterial-ink zonal printed constructs. The defect site has been modeled and fabricated using 

the dual biomaterial-ink 3D printing strategy and the resultant 3D construct has been 

incorporated into the defect site to elucidate the congruence of the printed construct. The 

symbols represent O: outer zone, M: middle zone and I: inner zone. The red dotted boxes 

represent defect site and the blue dotted box represent the 3D printed construct. (B) 

Representative fluorescent labelled colored dye laden grid constructs showing the dual bioink 

printing strategy for gradient formation. Scale Bar: 1000µm (C) Representative FESEM 
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images of microspheres within the 3D printed constructs at (i) lower and (ii) higher 

magnification. 

 

3.3.4 Swelling and degradability of 3D printed constructs with and without microspheres 

The constructs with microspheres gained significantly higher 66.19 ± 3.31% weight as 

compared to the constructs without microspheres which only gained 47.62 ± 4.22% weight 

after 96 hours of incubation in PBS at 37ºC (Figure 3.6A). The higher absorption could be 

attributed to the presence of microspheres within the printed constructs and hence is favourable 

for the diffusion to and from the constructs. This swelling potential is essential for the rapid 

exchange of growth factors, nutrients as well as the waste products to and from the 3D printed 

constructs ensuring optimal cellular response [46, 365, 451]. The inclusion of gelMA 

microspheres led to slight reduction of contact angle and increase in hydrophilicity. The contact 

angle was found to be 63.5±0.2 angle without the microspheres which reduced to 61.3±0.1 with 

the microspheres (Figure 3.6D). The least reduction in weight of the printed constructs was 

observed in PBS after 35 days (5 weeks) of incubation (Figure 3.6B). Constructs with 

microspheres (82.58 ± 5.92%) had a higher weight remaining as compared to constructs 

without microspheres (65.89 ± 2.98%) after 5 weeks in PBS. Similarly, under enzymatic 

conditions, constructs without microspheres degraded quicker and showed lower weight 

remaining (26.75 ± 1.20%) after 5 weeks than the constructs with microspheres (31.69 ± 

5.97%). The presence of microspheres was found to decelerate the rate of degradation due to 

the higher packing density of the bulk volume of the constructs. This was also evident from the 

reduced apparent porosity of constructs with the microspheres (56.1±1.7%) as compared to 

constructs without the microspheres (63.4±1.5%) (Figure 3.6C). The rate of degradation needs 

to be optimized for the resorption of the constructs while the regeneration process in underway 

and needs to be evaluated in vivo for further optimization [449]. 

  

3.3.5 Mechanical durability evaluation of 3D printed constructs with and without 

microspheres 

The compressive mechanical strength of photocrosslinked constructs was found to be 

amicable (Figure 3.6E-H) w.r.t. the native tissue strength and complies with the strength 

reported earlier [46]. The compressive strength of the constructs with microspheres (129.47± 

2.39 kPa) was found to increase significantly as compared to the constructs without the 

microspheres (94.09 ± 12.42 kPa) (Figure 3.6E). The packing density increase due to the 

presence of microspheres could be attributed for this significant increase in the strength of the 
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photo-crosslinked constructs. The representative stress-strain curves (Figure 3.6F) of the 

printed constructs with and without microspheres shows that the compression profile was 

similar but the elasticity was higher without the microspheres. 

Thereafter the cyclic compression of 100 cycles was performed on the grid infill 

constructs (Figure 3.6G and 3.6H) for evaluating the long-term compression stability of the 

constructs and their recovery post relaxation. Both the microsphere laden (Figure 3.6G) and 

bare constructs (Figure 3.6H) yielded similar stability under hyperphysiological compression 

of 20% [46, 416] for over 100 cycles and underwent slight strain hardening. This prolonged 

exposure to compressive stresses ensures the durability of the constructs due to the high cyclic 

load-bearing nature of the menisci. 

 

Figure 3.6: (A) Swelling of 3D printed constructs measured at various intervals with and 

without microspheres. (B) Degradation profile of 3D printed constructs with and without 
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microspheres in the presence of protease XIV and in PBS. Microspheres were incorporated at 

4mg/ml of biomaterial-ink. (C) Apparent porosity percentage for 3D constructs with and 

without microspheres measured using hexane displacement method. (n=8). (D)  Representative 

contact angle measurement images and values carried out for the biomaterial-ink compositions  

without microspheres and with microspheres. (n=3). (E) Compressive moduli of 3D printed 

constructs with and without microspheres. (F) Representative stress-strain curve for 60% 

compression of 3D printed constructs with and without microspheres. (G) (i) Compressive 

cyclic testing of constructs with microspheres. (Made using www.biorender.com) (ii) 

Compressive moduli of 3D printed constructs for first and last 20 cycles of the 100 cycles at 

20% compressive strain with 5mm/s cross head speed. (iii) The stress-strain curves of cycle 1 

and cycle 100 for constructs. (H) (i) Compressive cyclic testing of constructs without 

microspheres. (Made using www.biorender.com) (ii) Compressive moduli of 3D printed 

constructs for first and last 20 cycles of the 100 cycles at 20% compressive strain with 5mm/s 

cross head speed. (iii) The stress-strain curves of cycle 1 and cycle 100 for constructs. * and Δ 

represents p≤0.05. 

3.3.6 Biological compatibility of blank microsphere laden constructs  

ADSCs have been reported extensively for in vivo and clinical meniscus regeneration 

applications due to their multipotency, proliferation and ease of derivation from autologous 

sources [452-454]. Hence ADSCs derived from porcine sources were used for further 

biological evaluation of our constructs in vitro. Constructs with 4mg/ml of blank microspheres 

were printed and seeded with pADMSCs for evaluating their preliminary biocompatibility 

through cellular viability and proliferation studies.  The seeded pADMSCs were found to be 

viable for 21 days as shown by the micrographs taken at day 1, 7, 14 and 21 (Figure 3.7B). 

The green color signifies viable cellular population, and any bright red dots signify the dead 

cells. The cells could be seen to be evenly distributed on the constructs and increasing in 

number over the culture period. The proliferation of cells observed by alamar blue assay 

(Figure 3.7C) shows ~2 folds increase in the viable cell population over the period of 21 days. 

The DNA estimation yielded a similar trend as shown in the cellular proliferation assay. DNA 

content of the constructs increased from 17.78 ± 1.69 ng per unit wet weight of constructs on 

day 7 to 29.72 ± 6.12 ng per unit wet weight of constructs on day 21 (Figure 3.7D). The rise 

in DNA content is significant on day 14 but steadily increases on day 21. The sulphated GAG 

deposited by the seeded pADMSCs was found to significantly increase from 2.68 ± 0.27 µg to 

4.63 ± 0.20 µg and then steadily rises to 4.86 ± 0.81 µg when normalized to the wet weight of 

the constructs as observed on day 7, 14 and 21 respectively (Figure 3.7Ei). Post normalization 

to the DNA content of the constructs the rise in sGAG content increased significantly from 

68.14 ± 12.29 µg on day 7 to 113.18 ± 7.69 µg on day 21 (Figure 3.7Eii). The sGAG deposition 

showed the bias brought about by the blank microsphere laden constructs on the pADMSCs 

for chondrogenic differentiation [4, 12, 23, 124, 147]. This might be due to the presence of 
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mulberry and non-mulberry silk fibroin blend and gelatin which has been well-known matrices 

for creating a chondrogenic differentiation bias and maintenance of stem cells towards 

chondrogenic lineage [365, 414, 427, 455-457]. Moreover, the presence of RGD sequences in 

the non-mulberry SF and gelMA aids in the proliferation and maintenance of seeded pADMSCs 

[46, 365]. The murine macrophages were subjected to different time points of exposure in the 

form of construct leachates as well as seeding on the constructs with blank microspheres and 

the secreted TNF-α was determined by the virtue of ELISA. The constructs show excellent 

immuno-compatibility (Figure 3.8A). The constructs had an identical response to the tissue 

culture plate (negative control) which was significantly (~5 times) lower secretion of TNF-α 

than the LPS treated positive control. This would aid in the union of the constructs and reduce 

the chances of rejection caused by the acute inflammation. This response of the 3D printed 

constructs is in accordance with our previous silk-based matrices, composites and bioinks and 

biomaterial inks [46, 365] [429]. 

 

Figure 3.7: (A) Biological assessment of blank microsphere laden constructs with porcine 

ADSCs. (Made using www.biorender.com) (B) Live-dead imaging of porcine ADSCs seeded 

onto microsphere laden 3D printed constructs with blank microspheres 1,7, 14 and 21 days of 

culture. The magnified areas have been marked with white circles. Scale bar: 200µm. (C) 

Cellular proliferation determined by Alamar Blue assay on the blank microsphere laden 

constructs. (D) DNA content normalized to wet weight of constructs (E) (i) sGAG content 
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normalized to wet weight of constructs and (ii) sGAG content normalized to DNA content of 

the constructs at 7, 14 and 21 days for constructs with blank microspheres. Microspheres were 

incorporated at 4mg/ml of biomaterial-ink. * represents p≤0.05. 

3.3.7 Growth factor-loaded microsphere-laden 3D constructs for zonal differentiation 

towards meniscal phenotypes 

The DNA estimation of different zones of the growth factor microsphere laden constructs 

yielded varying patterns of proliferation of cells within the different regions (Figure 3.8B ii). 

The rise in DNA content is significant on day 14 and day 21 in all the regions of the constructs 

and though the amount of DNA differs in the initial growth phase of 14 days, within the inner, 

middle and outer zones, the final content of DNA is similar in all zones after 21 days of 

incubation showing a significant rise at every analysis time point. The DNA content increases 

significantly from 44.42 ± 8.46 ng to 393.85 ± 46.53 ng in the outer zone, 50.72 ± 10.71 ng to 

314.99 ± 35.57 ng in the middle zone and 31.20 ± 21.82 ng to 477.76 ± 68.30 ng in the inner 

zone from day 7 to day 21 respectively in all the cases. The sulphated GAG deposited by the 

seeded pADMSCs was found to significantly increase on day 14 and day 21 as compared to 

the estimated amounts on day 7. The highest rise was observed on day 21 within the middle 

and inner zones as the chondrogenic and fibrochondrogenic phenotypes were dominant in these 

regions. However, sGAG content rise was also observed in the outer region as well due to the 

presence of growth factors within the conditioned media (Figure 3.8B iii). Post normalization 

to the DNA content of the constructs the rise in sGAG content was found to increase 

significantly from 2.65 ± 0.46 µg to 36.93 ± 10.31 µg in the outer zone, 5.07 ± 1.07 µg to 66.20 

± 9.75 µg in the middle zone and 4.44 ± 0.84 µg to 56.87 ± 15.64 µg in the inner zone from 

day 7 to day 21, respectively in all the cases.  
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Figure 3.8: (A) (i) In vitro immuno-compatibility assay. (Made using www.biorender.com) (ii) 

TNFα secretion by mouse macrophages treated with tissue culture dish (PC), LPS (NC) or 

construct leachate and seeded onto 3D printed constructs after 24h and 48h of seeding. (B) (i) 

Biochemical Estimation of growth factor loaded microsphere laden constructs. (Made using 

www.biorender.com) (ii) DNA Content, (iii) sGAG content and (iv) Hydroxyproline (HYP) 

content deposited by differentiating mesenchymal stem cells seeded in the Outer, Middle and 

Inner regions of growth factor microsphere laden gradient constructs post normalization with 

DNA content. a-k represents p≤0.05. 

The hydroxyproline (HYP) content which signifies the total collagen deposited by the 

seeded pADMSCs was found to significantly increase on day 21 as compared to the estimated 

amounts on day 7 in all the regions. The highest rise on day 14 was observed within the outer 

zone i.e., by the fibrogenic phenotype while the total collagen content rose to comparative 

levels by day 21 in all the zones (Figure 3.8B iv). Post normalization to the DNA content of 

the constructs the rise in HYP content was found to increase significantly from 4.67 ± 0.18 µg 

to 9.02 ± 0.37 µg in the outer zone, 4.90 ± 1.45 µg to 8.03 ± 1.43 µg in the middle zone and 

4.88 ± 0.46 µg to 8.14 ± 0.62 µg in the inner zone from day 7 to day 21, respectively in all the 

cases. TGFβ3 has been well known to drive chondrogenesis in MSCs under in vitro and in vivo 

conditions while significantly promoting cellular proliferation and collagen and sGAG 

synthesis [430, 458, 459]. The significant rise in total collagen and significantly higher sGAG 

deposition in the TGFβ3 loaded inner region was observed in the biochemical profile indicating 

chondrogenic differentiation of pADMSCs in the inner region of construct. Concurrently, the 

significant rise in total collagen deposition accompanied by lower sGAG deposition in the 

CTGF loaded outer region was observed in the biochemical profile indicating fibrogenic 

differentiation of pADMSCs in outer region of construct. CTGF has shown strong fibrogenic 
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differentiation bias on MSCs in vitro and in vivo while significantly promoting collagen I 

deposition and cellular proliferation with minimal chondrogenic bias [440, 441, 460]. Both 

TGFβ3 and CTGF induce cellular proliferation which was indicated by the high cellular 

proliferation in both the inner and outer regions. The pADMSCs seeded in the middle region 

received a simultaneous high concentration of CTGF and TGFβ3 leading to high sGAG 

deposition, total collagen deposition and cellular proliferation. This could be attributed to the 

well reported fibrochondrogenic bias on MSCs caused by a simultaneous exposure to CTGF 

and TGFβ3 [460, 461]. Further corroboration of the differentiation bias indicated by the ECM 

deposition profile was observed in the gene expression profile of the inner, middle and outer 

region cells (Figure 3.9A). The cells within the inner zone showed upregulation of 

chondrogenic markers i.e. sox-9 from ~2 folds on day 7 to ~5.9 folds on day 21 (Figure 3.9D), 

aggrecan from ~2.5 folds on day 7 to ~4.8 folds on day 21(Figure 3.9E) and collagen II from 

~4 folds on day 7 to ~15 folds on day 21 (Figure 3.9C) while downregulation was seen with 

collagen I from ~0.5 folds on day 7 to no expression on day 21 (Figure 3.9B). Consequently, 

the outer region showed upregulation of the fibroblastic marker collagen I from ~1.5 folds on 

day 7 to ~16 folds on day 21 (Figure 3.9B). Chondrogenic markers for the outer i.e. collagen 

II, sox-9 and aggrecan either remained within the basal expression levels till day 14 or were 

found to be downregulated or unexpressed (collagen II) on day 21(Figure 3.9C-E). The basal 

level expression of aggrecan could be correlated to the elevated sGAG deposition in the outer 

region during the culture period. The cells seeded in the middle region demonstrated 

upregulation of expression for both chondrogenic markers sox-9 from ~1.5 folds on day 7 to 

~5 folds on day 21 (Figure 3.9D), aggrecan from ~1.3 folds on day 7 to ~5.8 folds on day 21 

(Figure 3.9D) and collagen II from ~2 folds on day 7 to ~3 folds on day 21 (Figure 3.9C) as 

well as fibroblastic marker collagen I from ~3 folds on day 7 to ~13 folds on day 21 (Figure 

3.9B). The sGAG secretion could also be correlated to the expression profile of aggrecan. These 

gene expression and matrix deposition profiles demonstrate the fibrochondrogenic 

differentiation of stem cells to match the cellularity and ECM deposition of the meniscal tissue 

[29, 153, 154, 224, 244]. 

TH-3393_176106019



Results  Chapter 3 

113 
 

 

Figure 3.9: (A) Heat-map of relative expression profile for the fibrochondrogenic genes within 

the various regions of the zonal constructs. Individual relative expression profiles of (B) 

Collagen I (Col I), (C) Collagen II (Col II), (D) sox9 and (E) Aggrecan (ACAN) genes of 

differentiating mesenchymal stem cells seeded in the Outer, Middle and Inner regions of growth 

factor microsphere laden gradient constructs. a-k represents p≤0.05.  

Furthermore, the zonal constructs were immunostained for determination of gradient 

deposition of collagen I and collagen II from outside to inside, produced as a result of the 

microspheres, which is characteristic of the meniscus tissue (Figure 3.10A). The constructs 

were stained with collagen I and collagen II and the various regions showed the difference in 

expression of both the ECM proteins (Figure 3.10B-D). The stained areas were evaluated using 

ImageJ and percentage of stained areas was found for collagen I and collagen II (Figure 

3.10D). Inner regions were found to express significantly higher collagen II, the outer regions 
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were found to possess significantly higher deposits of collagen I. The intermediate regions were 

found to possess collagen I and collagen II in the approximate ratio of 60:40 which indicates 

the presence of fibrochondrogenic phenotype [2]. Hence, the constructs were found to mimic 

the in vivo ECM deposition schema and could be used as an acellular treatment modality for 

full thickness meniscal tears and resections. Further, in vivo functional evaluation needs to be 

performed for determining the healing potential of the developed meniscal constructs. 

 

Figure 3.10: (A) Schematic representation of the 3D printing and seeding of pADMSCs before 

culture. Collagen I (red) and collagen II (green) co-stained and nucleus (DAPI, blue) counter 

stained images from (B) inner, (C) middle and (D) outer regions of the zonal constructs. The 

white dotted lines indicate the edges of the 3D printed struts. Scale bar: 500µm. (E) Percentage 

Area FOV calculated using ImageJ for the different regions. 
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3.4 Discussion 

Meniscus is divided into chondrogenic inner, fibrochondrogenic middle and fibroblastic 

outer zones which are in tandem with the presence of vasculature in the menisci [30]. The inner 

and intermediate regions are largely avascular and the outer region receives scanty blood 

supply. This leads to inadequacies in the healing of full thickness meniscus tears and surgical 

resections. Implants that mimic the meniscus architecture as well as the zonal cellular and 

biochemical makeup are of prime importance in this regard. Here we aimed to develop growth 

factor loaded microsphere laden biomaterial inks suitable for 3D printed meniscal implants that 

show recapitulation of the zonal phenotypic and biochemical makeup of the native menisci. 

We fabricated gelMA microspheres using a customized microfluidic device and loaded with 

CTGF and TGFβ3 as fibroblastic and chondrogenic differentiation factors respectively using 

physical adsorption method. This was followed by the optimization of the photo-crosslinking 

mulberry and non-mulberry silk-based biomaterial ink blend. These loaded microspheres were 

further encapsulated within the ink and co-deposited to mimic the zonal morphology of the 

meniscus. The characterization of microspheres, microsphere laden bioinks and growth factor 

microsphere loaded 3D printed constructs was carried out in steps to determine their efficacy 

for meniscal tissue engineering applications.  

The microfluidic fabrication yielded microspheres of uniform size and they were 

comparable to the previously observed sizes using the same technique [424]. The fabricated 

microspheres could uptake saline and reach equilibrium quickly. This behaviour further 

assisted in the loading of the microspheres with the growth factors (CTGF and TFGβ3) by the 

virtue of adsorption. The microspheres demonstrated a similar trend of adsorption as reported 

before [424, 445]. The further encapsulation of these growth-loaded microspheres could show 

a sustained release for 15 days following Fickian model which has been observed typically for 

silk matrices [266, 425, 450]. Further, the optimized bioink composition was used to 

encapsulate the microspheres. The Higher percentage of gelMA was deemed essential for the 

printabilty due to the optimal shear thinning property rendered by the thermo-reversible nature 

of gelatin [204, 365, 435, 462]. Gelatin is known to act as a bulking agent in silk based bioinks 

and its methacrylated form adds to the ease of construct fabrication [266] [54]. We found the 

ink to be thinning with increased temperature and shear while it also showed gel strength 

recovery of the bioink post high shear indulgence. All of these characteristics are essential for 

ensuring optimal printability using extrusion-based modality [204]. The bioink demonstrated a 

shift in the amide peaks before and after crosslinking mainly due to the interaction between 
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silkMA and A. assama  [46, 365] rendering its stability while the methacrylate peak shift could 

be attributed to the photocrosslinking induced by the 405 nm light irradiation [435]. 

Furthermore, the signature peaks of methacrylate were visible in the methacrylated 

components, i.e., gelMA, silkMA and the bioinks. This was in accordance with the previously 

observed peaks of silkMA [435]. These bioink further showed optimal printability with and 

without the microspheres. The microspheres laden constructs using one-step dual bioink 

fabrication approach could recapitulate the 3 zones of the menisci. Further these constructs 

were taken for physio-chemical evaluation and the constructs with the microspheres showed 

better higher saline uptake, slower degradability, better wettability and lower porosity as 

compared to those without the microspheres. Furthermore, the microsphere loaded constructs 

showed higher compressive modulus and similar cyclic compression resistance. Biologically, 

the blank microsphere loaded constructs could show cellular proliferation and sGAG 

deposition over 21 days. Further, the growth factor loaded microsphere encapsulated constructs 

were found to significantly enhance cellular proliferation and induce fibrogenic differentiation 

in outer, fibrochondrogenic in the middle and chondrogenic differentiation in the inner region. 

This could be credited to the CTGF [440, 441, 460] released from the outer, CTGF and TFGβ3 

[460, 461] co-released from the middle and TFGβ3 [430, 458, 459] released from the inner 

region. The collagen I/collagen II ratio was also found to mimic the regional variations of the 

native meniscus. 
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3.5 Salient Outcomes and Findings  

1. We developed a growth factor loaded gelMA microsphere incorporated biomaterial ink blend 

that consists of silkMA, gelMA and AASF (muga) for 3D printing meniscal defect implants 

to potentially treat full thickness meniscal defects.  

2. Our developed photo-curable ink showed optimal printability and sustained release of the 

growth factors from the encapsulated microspheres over long duration.  

3. The fabricated constructs showed optimal swelling, long term degradability and robust 

mechanical properties essential for the fabrication of meniscal tissue engineering constructs.  

4. The dual biomaterial-ink fabrication strategy was able to support zone-specific differentiation 

of pADMSCs as could be seen from the gene expression, biochemical ECM deposition and 

the immunostaining evaluation of the zonal constructs.  

5. These 3D printed constructs could potentially be used as patient specific cell free approach 

for the healing of full thickness meniscal defects with the potential to aid in the chondrogenic, 

fibrochondrogenic and fibroblastic differentiation bias in the inner, middle and outer zones 

respectively.
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Development of photo-crosslinked silk-based 

autologous growth factor loaded 3D 

constructs for patient-specific treatment of 

partial and full thickness meniscal defects 

This chapter reports photo-crosslinkable silkMA/gelMA/poly-ethylene glycol di-methacrylate (PEGDMA) 

based biomaterial-inks enriched with freeze-dried human growth factor rich plasma (GFRP) for 3D printing-based 

treatment of large and small meniscal tears. We screened the inks for their rheological properties, shape fidelity, 

printability, mechanical characteristics, porosity, swelling and GFRP release. Printed constructs were further evaluated 

for in vitro biological functionality using neo-natal human stem cells via proliferation, fibrochondrogenic differentiation 

and meniscus-specific ECM deposition.  

  CHAPTER 4 
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ABSTRACT 

Non-healing tears in the avascular regions are followed with partial or full meniscectomy 

and  are causatives of knee osteoarthritis and concurrent lifestyle hindrances in the young, adult 

and aged alike. Here we report ingenious photo-polymerizable autologous growth factor loaded 

3D printed scaffolds for full/partial thickness meniscal defects. A shear thinning photo-

crosslinkable silkMA-gelMA-PEGDMA biomaterial-ink was formulated and loaded with 

freeze-dried growth factor rich plasma (GFRP) derived from photoactivation of platelet 

enriched human plasma. The biomaterial-ink exhibits optimal rheological properties and shape 

fidelity for 3D printing. Initial evaluation revealed that the 3D printed scaffolds possess 

mechanical characteristics mimicking the native meniscus, favourable porosity and swelling 

characteristics and demonstrated sustained GFRP release. Further GFRP laden 3D scaffolds 

were screened with human neo-natal stem cells in vitro. Biomaterial-ink comprising of 25 

mg/ml of GFRP (GFRP25) was found to be amicable for meniscus tissue engineering. Hence, 

GFRP25 ink was further evaluated for the rigorous rheological compliance, long term 

degradability (>6 weeks), GFRP release (>5 weeks) and mechanical durability (3 weeks). The 

sustained release of GFRP from the GFRP25 scaffolds aided in the proliferation of human neo-

natal stem cells, while the gene expression and extracellular matrix deposition profile 

confirmed the meniscus-specific fibrochondrogenic differentiation of the seeded stem cells. 

Furthermore, GFRP25 constructs showed minimal inflammatory cytokine response in vitro and 

amenable in vivo immuno-compatibility. The GFRP25 biomaterial-ink composition and the 

printed 3D scaffolds could be a potential patient-specific treatment modality for meniscal 

defects. 
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4.1 Introduction 

Knee menisci are a pair of fibrocartilaginous avascular viscoelastic tissues. They are 

macro-structurally semi-lunar wedges and act as a congruent cushion between the femoral 

condyle and tibial plateau. Meniscal tissue injuries and tears caused by sports injuries, old age 

and accidents [42] are a major cause of pain and discomfort among various groups of the 

populace. These tears lead to joint destabilization and further to osteoarthritic developments if 

left untreated in the long run. The conventional treatment modalities include surgical resection 

of partial or total meniscus [2, 378] which is sometimes followed up with the application of 3D 

meniscal implants fabricated using natural [463], synthetic [89] or hybrid materials [421] . 

Suturing of smaller tears is a common clinical practice as well. There is an urgent need of 

personalized 3D meniscal implants in the clinical scenario. This is a resultant of many factors 

such as the non-conformation of artificial meniscal implants due to manual shaping and sizing 

of fabricated (one-size-fits-all) implants, the infection risks from allografts, inconsistent 

mechanical compliance of the graft; being either too brittle or too stiff; as well as the poor 

biological integration of synthetic implants [79, 422, 464].  

Meniscus is a complex mechanically active tissue, which bears the weight of the body 

and undergoes numerous cycles of confined compression. The meniscal tissue is majorly made 

up of collagen I and collagen II in varying ratios as well as glycosaminoglycans with respect to 

the region of the menisci [4, 23]. The major cellular phenotype within the menisci are 

fibrochondrocytes which confer the fibroblastic as well as chondrocytic extracellular matrix 

makeup [5] and they receive their nutrition via diffusion from the synovial capsule. The 

implants fabricated for menisci are hence sought to be mechanically resilient while being 

biologically active for efficient integration with the surrounding residual meniscal tissue at the 

suturing points post resection. This resilience could be improved with the shape and size 

congruence with the patient’s own menisci, obtained via the MRI scanning and 3D modelling 

workflow for implant fabrication [5, 46].  

3D printing/bioprinting has been a modality of choice for various tissue engineering 

scaffold and construct fabrication in the recent times [204]. Conventionally meniscal tissue 

engineering has attracted fabrication of composite scaffolds that consist of thermoplastic 

polymers and bioactive polymers such as chitosan, extracellular matrix, fibrin [138, 139, 372]. 

The presence of thermoplastics though aids in the mechanical stability, their meagre 

degradability, potentially harmful degradation products and potential for failure encourages the 

development of biomaterial-inks that can endure the loading of meniscal tissues while 
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providing the necessary bioactivity, degradability and tissue integration potential. 

Photocrosslinking polymers such as silkMA, gelMA, PEGDMA, PEGDA, carMA and HAMA 

have been envisaged for biomaterial-inks as they possess facile and rapid crosslinking under 

visible light, safe encapsulation of cells and growth factors and high mechanical and physico-

chemical resilience [465]. Though photo-initiator concentration needs to be optimized for 

minimal loss of cellular viability for their optimal application [266].  

The deficient healing of meniscus is due to the absence of vasculature in the mature 

human menisci [5]. This could be addressed by loading the implants with the growth factors 

derived from the patient’s own plasma. Platelet rich plasma (PRP) is reported in literature as an 

autologous source of growth factors [466]. It has been typically applied as an injectable gel for 

musculoskeletal tissue regeneration applications [467, 468]. Growth factors can be obtained by 

infrared light based photoactivation of platelets as reported in the literature [469]. Further the 

platelets can be removed to ensure minimal immunogenicity  [470, 471]. This would lead to 

growth factor rich plasma (GFRP) without the platelets can be used for tissue engineering 

applications. PRP has been reported to contain meniscus regenerating growth factors such as 

CTGF and TGFβ3 but lacks the mechanically stability for meniscal applications [472]. CTGF 

and TGFβ3 are known to induce meniscus regeneration by aiding in tissue resident meniscus 

cell recruitment, cellular proliferation and fibrochondrogenic differentiation bias [302]. GFRP 

could be encapsulated within suitable biomaterial-inks that lead to a sustained release pattern 

and aid in the regeneration of the meniscus without the potential for any immunogenic reaction 

from the platelets. 

Human Wharton’s jelly derived mesenchymal cells (hwJMSCs) are a nascent source of 

stem cells gaining recognition for their regenerative potential and applicability in clinical 

settings. There are several ongoing clinical trials involving hwJMSCs for the treatment and 

therapeutics [473]. Hence, these stem cells could be chosen for the evaluation of 3D printed 

constructs owing to their clinical relevance. 

In this study we have formulated a photocrosslinkable biomaterial-ink blend that 

comprises of silkMA, gelMA, PEGDMA, lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

(LAP) as the photo-initiator and varying amounts of freeze-dried GFRP (GFRP0, GFRP1, 

GFRP10, GFRP25 and GFRP50). This biomaterial-ink blend shows the necessary shear 

thinning rheology for the fabrication of highly intricate architecture. The photo-crosslinking 

could be achieved using a visible light source of 405 nm wavelength in 60 s, making the 
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fabrication a one-step process. The fabricated constructs were initially screened for their 

printability, porosity, water uptake, mechanical resilience, ability to support growth and 

proliferation of human Wharton’s jelly derived mesenchymal stromal cells and ability to 

promote glycosaminoglycan deposition. This aided in the selection of GFRP25 (25 mg/ml 

GFRP) biomaterial-ink which was further evaluated for potential treatment of meniscal tears. 

The GFRP25 biomaterial-ink was rheologically characterized to ensure optimal printability for 

larger constructs. This was evaluated in a proof-of-concept anatomically relevant in vitro 

meniscus defect replica where the GFRP25 biomaterial-ink demonstrates the shape fidelity and 

printability required for printing patient-specific meniscus constructs. GFRP25 biomaterial-ink 

The GFRP25 constructs demonstrated prolonged slow degradability for >6 weeks under 

enzymatic and saline conditions and the sustained release of GFRP from the constructs was 

observed for >5 weeks. GFRP25 constructs were found to bear 2000 cycles of 0-20% confined 

compression/day for 3 weeks and their stress-strain hysteresis curve was monitored on days 1, 

7, 14 and 21. Further, biological characterization of GFRP25 using hwJMSCs revealed the 

fibrochondrogenic differentiation competency of the constructs via the upregulation of 

fibrochondrogenic genes as well as deposition of meniscus specific extracellular matrix (ECM) 

components i.e., collagen I, collagen II and aggrecan after 21 days of culture. Additionally, the 

GFRP25 constructs were evaluated for their immuno-compatibility in vitro (murine and human 

monocyte derived macrophages response) via the release profile of inflammatory cytokine 

(TNFα and IL-1β). In vivo subcutaneous implantation in rabbit model for 1 and 3 weeks was 

carried out for assessing degradability and biocompatibility of the biomaterial-ink constructs. 

GFRP25 biomaterial-ink was evaluated for potential one-step facile fabrication of patient 

specific constructs to treat partial or full thickness meniscal defects. 

4.2 Materials and Methods 

4.2.1. Formulation of Biomaterial-ink Composition and 3D printing 

4.2.1.1. Preparation of Bombyx mori silk fibroin methacrylate (silkMA) 

Methacrylated B. mori silk fibroin (silkMA) was prepared using a pre-optimized protocol 

[435]. Briefly, B. mori cocoons were chopped, degummed in boiling 0.02M sodium carbonate 

solution (Na2CO3) for 30 min, washed thoroughly using distilled water, and air dried to obtain 

the degummed fibres. Obtained degummed fibres were dissolved in lithium bromide (LiBr, 

9.3M) under stirring for 1h at 60°C. To this silk-LiBr solution, glycidyl methacrylate (GMA) 

was added at a feed ratio 0.06:1 while continuously stirring and further incubating at 60°C to 

react for 3h. This solution is further dialysed using a 12-14kDa cut-off dialysis membrane 
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against double distilled water for 96h to remove the unreacted GMA and residual LiBr and 

obtaining the regenerated B.mori silk fibroin methacrylate (silkMA). Gravimetric 

determination as sued to determine the concentration of silkMA and it was used as a stock for 

further use. 

4.2.1.2. Preparation of gelatin methacrylate (gelMA) 

Gelatin methacrylate (gelMA) was prepared according to the protocol mentioned 

previously with slight modification [447]. Briefly, gelatin type A from porcine skin was 

dissolved in 0.1M carbonate-bicarbonate buffer (CB buffer, pH 9.2-10.6) while stirring and 

maintaining at 60°C. The pH was adjusted to 9 using NaOH before reaction and methacrylic 

anhydride (MA, 94%) was added dropwise to the solution mixture at the feed ratio of 0.1:1 at 

intervals of 10-11 minute, while constantly adjusting the pH to 9 and thereafter allowed to react 

for 1.5h at 60°C. pH of the solution was adjusted to pH 7.4 using 1N HCl to stop the reaction. 

Obtained reaction mixture was dialyzed against double distilled water in a 12kDa cut-off 

dialysis membrane for 120h at 600C for removal of excess unreacted MA and any other 

byproducts. The dialyzed gelMA was frozen at -80°C and freeze-dried for storage and further 

reconstitution.  

4.2.1.3 Preparation of freeze-dried growth factor rich plasma (GFRP) 

Preparation for freeze-dried photoactivated platelet rich plasma lysate was carried out by 

introducing certain modifications in a protocol previously mentioned [469]. Platelet 

concentrate bags were secured from blood bank of GNRC hospital (Guwahati, Assam, India) 

before expiration and transported rapidly to laboratory under shaking conditions. The platelet 

bags were procured and used with appropriate collection, processing and handling protocols 

reviewed and approved by Institutional Ethics Committee, Institute of Neurological Sciences 

Trust, GNRC Hospitals (Reference no. Inst/AS/2015/RR-2018/EC-104). Initially platelet bags 

were collated from ≥5 patients to remove batch-to-batch variability of experimental results. 

The collated platelet-enriched-plasma (PEP) was taken further for platelet concentration by 

centrifuging at 300xg for 8 min at 12°C to separate platelet and buffy coat layer from the 

residual cells such as RBC. Obtained suspension was centrifuged at 1000xg for 10 min at 16°C 

to obtain the platelet pellet and plasma supernatant. The supernatant was reduced to 1/3rd of the 

volume and platelet pellet was gently resuspended to obtain platelet rich plasma suspension. 

This suspension was poured onto petri dishes kept in an ice bath for photoactivation using a 

polychromatic infrared light source (600-1300 nm, Philips R95) from a distance of 30 cm along 

TH-3393_176106019



Materials and Methods  Chapter 4 

 

126 
 

the central axis of the lamp for 15 min. The growth factor rich activated PEP was centrifuged 

at 1000xg for 15 min at 16°C to pellet down the platelets. The growth factor rich supernatant 

plasma was collected, freeze-dried and stored at -20°C under sterile conditions for further use. 

This freeze-dried form of the photoactivated growth factor rich plasma is referred to as GFRP 

in further mentions. Batches of freeze-dried GFRP isolated from multiple patients (n=3) was 

reconstituted at 1 mg/5 ml concentration in saline and used for the estimation of growth factors 

TGFβ3 and CTGF using ELISA kits (Krishgen biosystems, USA) following the manufacturers 

protocols for the respective kits. 

4.2.1.4. Preparation of photo-crosslinking biomaterial-ink blend and 3D printing GFRP 

laden constructs 

silkMA, gelMA and PEGDMA stocks were sterilized by autoclaving and stock solution 

of lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Sigma Aldrich, U.S.A.) was filter 

sterilized (0.22μm). Concisely, the biomaterial-ink hydrogel blend was formulated by mixing 

silkMA, gelMA, PEGDMA (polyethylene glycol dimethacrylate, Mn 700, Sigma Aldrich, 

U.S.A.) and LAP to reach a final concentration of 5% (w/v), 10% (w/v), 5% (w/v) and 0.4% 

(w/v) respectively by mixing at 40°C under aseptic conditions until a uniform blend was 

obtained with no precipitating residues. Thereafter the blend was cooled to room temperature 

and GFRP was added at 0 - 0.5 % w/v to reach GFRP0, GFRP1, GFRP10, GFRP25 and 

GFRP50 blends (as shown in Table 4.1) in a sterile environment and pipetted until a uniform 

hydrogel is obtained. This biomaterial-ink blend was further used in uncrosslinked and 

crosslinked forms for 3D printing constructs for physico-chemical, mechanical and biological 

characterizations. 

Table 4.1: Biomaterial-ink compositions 

Nomenclature Composition 

GFRP (mg/ml ink) Polymers LAP 

GFRP0 0 

silkMA: 5% w/v 

gelMA: 10% w/v 

PEGDMA: 5% w/v 

0.4% w/v 

GFRP1 1 

GFRP10 10 

GFRP25 25 

GFRP50 50 
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The constructs were printed using a BioX (Cellink, Sweden) bioprinter set with a 

temperature-controlled extruder at 18-20°C extruder temperature, print bed temperature at 

10°C, a 22G blunt stainless-steel nozzle, print speed of 5-8 mm/s and 150-180 kPa pneumatic 

pressure. Grid designs with custom-made GCODES were printed for the various 

physicochemical, mechanical and biological experiments and the dimensions have been 

specified in the subsequent sections for each experiment. The constructs were crosslinked from 

a distance of 4 cm for 5 s along the central axis after printing each layer using the printer’s 405 

nm LED light source. The constructs were finally crosslinked for 20 s post printing full 

dimensions using a 405 nm, 40 W LED light source. A custom-made 3D model gcode (Figure 

4.1A) with varying gap between strands was used to determine the printing resolution of 

GFRP0, GFRP1, GFRP10, GFRP25 and GFRP50 constructs. A custom-made 3D printed PLA 

mold (Figure 4.1B) was used to determine the buckling effect of GFRP0, GFRP1, GFRP10, 

GFRP25 and GFRP50 biomaterial-inks. Further another custom-made grid model (Figure 

4.1C) was used to print the 2, 4 and 8 layered constructs of GFRP0, GFRP1, GFRP10, GFRP25 

and GFRP50 biomaterial-inks. 

 

Figure 4.1: (A) 3D CAD model for evaluation of printability of various inks. (B) 3D CAD model 

of custom designed PLA construct for evaluation of buckling in ink. (C) 3D CAD model of 

custom designed 15mm x 15mm grids with 8, 4 and 4 layers. 
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4.2.2 Preliminary Rheological Characterization of Biomaterial-ink Blend 

Biomaterial-ink compositions with varying amounts of GFRP were characterized 

rheologically in uncrosslinked forms through various tests to understand their flow 

characteristics using an MCR 302 rheometer (Anton Paar, Austria). Amplitude sweep, 

frequency sweep, temperature sweep as well as 3ITT (three-interval thixotropy) were 

performed on biomaterial-inks using stainless steel parallel plate (PP25, 25 mm diameter). For 

each test, the biomaterial-ink compositions were pipetted onto the temperature controlled lower 

plate of rheometer, and the gap in between the plates was set at 0.5mm. For amplitude sweep, 

the shear strain was varied from 0.001-1000% at constant angular frequency of 1 rad s-1. The 

obtained linear viscoelastic region (LVER) of respective biomaterial-ink blend composition 

was further used to perform frequency sweeps. The angular frequency was varied from 0.01 to 

100 rad s−1 at a constant shear strain amplitude of 1% to find out the stability of the biomaterial-

ink blends at various frequencies of shear. Furthermore, temperature sweeps of the biomaterial-

ink blends were performed over a wide range of 4°C to 45°C at constant angular frequency (1 

rad s−1) and shear strain amplitude (1%) to ascertain the temperature induced transition 

causative of the printable temperature range. This was followed by the 3ITT (three-interval 

thixotropy) test where biomaterial-inks were exposed to alternating cycles of long duration low 

shear strain amplitude (1%), low angular frequencies (1 rad s−1) intercepted by short stretches 

of high shear strain (100%), high angular frequencies (100 rad s−1) to evaluate the printability 

and self-standing nature of the biomaterial-ink. 

4.2.3 Characterization of Printed 3D Constructs 

4.2.3.1 Physiochemical characterization 

4.2.3.1.1 Surface topography using Electron Microscopy 

Microarchitecture, pore size and pore size distribution of the biomaterial-inks was 

observed using field emission scanning electron microscopy (FESEM, Sigma, ZEISS, U.S.A) 

with an accelerative voltage of 2 kV. Constructs were printed of dimensions 7x7x7 mm3 and 

crosslinked. These constructs were freeze-dried and cut into sections for electron microscopy. 

The sectioned constructs were sputter-coated with gold before analysis. Further it was scanned 

under FESEM under high vacuum conditions. 
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4.2.3.1.2 Fourier Transform Infrared (FTIR) Spectroscopy 

The infrared spectroscopy was done for ascertaining the structural conformational 

analysis of individual components as well as the blended biomaterial-inks via attenuated total 

reflection (ATR) mode of FTIR (Shimadzu, IR Affinity-1S WL). The components i.e., 

including silkMA, gelMA, PEGDMA, biomaterial-ink without GFRP (GFRP0) and 

biomaterial-ink with highest concentration of GFRP (GFRP50) were freeze dried and placed 

over the ATR crystal. Thereafter, spectra of all the samples were obtained in the range of 500 

and 2500 cm–1, a spectral resolution of 4 cm-1 and with 32 scan averages. Background readings 

were deducted from sample readings and all the spectra were noted at room temperature. 

Thereafter, the characteristic peak of individual components of biomaterial-ink, GFRP0 and 

GFRP50 were observed for changes caused by the photo-crosslinking and methacrylation. 

4.2.3.1.3 Water uptake study 

Water uptake behaviour of the constructs printed with different GFRP concentrations was 

studied based on previously mentioned protocol [435]. Concisely, the initial weight of 3D 

printed constructs (n = 5) was noted after freeze-drying (Wi) and they were subsequently 

incubated in phosphate buffered saline (PBS, pH 7.4, 37°C) until they attained equilibrium. 

Weight of swollen construct (Ws) were measured using a microbalance at various time intervals 

by slowly dabbing off the excess PBS using a wet tissue paper. Swelling ratio was expressed 

using the following equation: 𝑊𝑎𝑡𝑒𝑟 𝑈𝑝𝑡𝑎𝑘𝑒 (%) =  
𝑊𝑠

𝑊𝑖
× 100 

Where, Ws denotes the weight of construct measured after different time intervals and Wi 

represents initial weight of construct. 

15 x 15 x 1 mm3 constructs were fabricated for all the compositions and photographic images 

were captured for the printed constructs in their freeze-dried state and after reaching swelling 

equilibrium. 

4.2.3.1.4 Enzyme-assisted and saline based degradation profile 

The in vitro enzyme assisted degradation study was performed on the 3D constructs with 

different GFRP concentrations based on previously mentioned protocol [46]. Degradation of 

silk based matrices have been found to accelerated under low doses of protease XIV (0.1 U/ml) 

as compared to very high doses of MMP-1 (8750 U/ml, 1.25 µg/ml) and MMP-2 (313 U/ml, 

12.5 µg/ml) [474]. These MMP concentrations are significantly higher than the physiological 

TH-3393_176106019



Materials and Methods  Chapter 4 

 

130 
 

levels of MMPs in vivo after injury [475]. Protease XIV was hence chosen at a concentration 

of 0.5 U/ml for in vitro degradation evaluation. This study was conducted over the period of 45 

days while incubating in PBS or a solution of protease XIV (from Streptomyces griseus, 3.5 

units/mg, Sigma-Aldrich, U.S.A.). The 3D printed constructs (n = 5) were immersed in either 

non-proteolytic PBS solution (pH 7.4) or proteolytic PBS solution (pH 7.4) containing 0.5 U/ml 

protease XIV at 37°C. Constructs immersed in non-proteolytic PBS solution were considered 

as control for comparison of stability of hydrogels. Constructs were incubated by replacing 

enzyme solution every 2 days for a period of 45 days. Additionally, 0.05% (w/v) sodium azide 

was added to the enzyme solution for preventing microbial growth. The constructs were 

retrieved at different time points, weighed and the remaining mass was recorded for each time 

point. The consequent percentage of mass remaining was expressed as follows: 

%𝑊𝑒𝑖𝑔ℎ𝑡 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 =
𝑊𝑟

𝑊𝑖
 ×  100 

Where, Wr represent weight of construct measured after n days and Wi represent initial weight 

of construct. 

4.2.3.1.5 Hexane displacement porosity estimation 

Porosity of 3D printed constructs was analysed using predefined hexane displacement 

method [406]. In brief, the printed constructs of equal size (n = 4) were immersed in 13 mL of 

hexane (V1) for 20 min each. Thereafter, the overall volume of hexane along with hexane-

soaked constructs (V2) was noted. Thereafter, the hexane-soaked constructs were removed and 

the residual volume of hexane solution in graduated cylinder (V3) was noted. Discrepancy in 

volume of hexane due to evaporation was eliminated by keeping another graduated cylinder 

with hexane and without constructs as control. The percentage porosity of hydrogel constructs 

was calculated according to the equation: 𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =
𝑉1−𝑉3

𝑉2−𝑉3
× 100 

Where (V1 - V3) denotes volume of hexane impregnated within printed constructs whereas (V2 

- V3) denotes total volume of construct. 
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4.2.3.1.6 Cumulative release of GFRP 

Cumulative release of platelet rich plasma lysate was evaluated by estimating the leachate 

derived from the printed constructs with varying amounts of GFRP in the biomaterial-ink 

composition. The initial amount of GFRP loaded into each construct (W1) was noted according 

to the initial volume of the biomaterial-ink required for printing of each construct (n = 4). 

Further these constructs were incubated in PBS (pH 7.4) supplemented with 0.05% (w/v) 

sodium azide at 37°C over 40 days with complete removal and replacement of the incubation 

solution at various time intervals (0,1,3,5,7,14,21,28 and 40 days). Thereafter, 20 μL of leachate 

containing PBS was added with 200 μL of Bradford reagent (SIGMA-Aldrich, USA) for 20 

min and the absorbance was read at 525 nm. The amount of GFRP proteins leached out (W2) 

was determined from the standard curve and the cumulative GFRP release (%) was measured 

using the formula: 𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝑜𝑓 𝐺𝐹𝑅𝑃 (%) =
𝑊2

𝑊1
 ×  100 

Where, W1 represents initial amount of GFRP encapsulated into the printed constructs 

(mg) and W2 denotes the amount of leached GFRP in the solution (mg). 

4.2.3.2 Compressive strength evaluation of printed constructs 

Acellular printed constructs (n = 5) were fabricated in 8x8x8 mm3 dimension and 

incubated to reach swelling equilibrium in phosphate buffered saline (PBS, pH 7.4) at 37°C. 

Thereafter, uniaxial confined compressive stress test of the printed constructs was carried out 

using a universal tensile testing machine (Model 5944, Instron, USA) armed with a 100 N load 

cell. Printed constructs were exposed to a uniaxial confined compressive strain of 60% at rate 

of 5 mm min-1. Further, the compressive stress vs strain curve was plotted and the mean 

compressive modulus as well as young’s modulus was calculated using Bluehill 3 software. 

Additionally, printed constructs were also exposed to uniaxial compressive cyclic strain of 20% 

for 50 cycles of compression at a rate of 5 mm/min. While GFRP25 printed constructs were 

subjected to 2000 cycles of compression at the same rate every day and data was recorded after 

different intervals of incubation in PBS (1, 5, 7, 14 and 21days). The compressive stress-strain 

curve, compressive stress-cycle count curve of first 10 cycles and last 10 cycles as well as the 

hysteresis loop of compressive stress-strain for 1st cycle and last cycles were plotted to compare 

the aberration in terms of strength and stress profile of the constructs during the experimental 

duration for initial evaluation. GFRP25 constructs were analyzed via hysteresis stress-strain 

curves for cycle 1 and 2000 for all timepoints.  
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4.2.3.3. Printing a proof-of-concept 3D meniscal defect implant 

An intact meniscus from our previous work [46] was printed and a defect was introduced 

in the same. Thereafter the CAD model of the defect was developed. It was printed using 

GFRP25 biomaterial-ink. These constructs were further used for evaluating the print fidelity of 

the biomaterial-ink, shape congruence of the printed constructs and the ability of the 

biomaterial-ink for printing full thickness meniscal defects. 

4.2.4 Biological evaluation of printed constructs 

4.2.4.1 Isolation of Wharton’s Jelly Stem cells and cell seeding on printed constructs 

Wharton’s jelly stem cells were harvested from freshly collected Human umbilical cords 

through an explant-based method. The isolation protocol was in accordance with the previously 

established protocol [449]. Human umbilical cord was procured from GNRC Hospital 

(Guwahati, Assam, India) with appropriate collection, processing and handling protocols 

reviewed and approved by Institutional Ethics Committee (Institute of Neurological Sciences 

Trust, GNRC Hospitals; Reference no. Inst/AS/2015/RR-2018/EC-103). For the transport of 

cords, ice cold sterile PBS (pH 7.4) was used, and they were processed within 2-3 hours of 

procurement. Sterile PBS was used to wash the cord tissue in order to remove remnant blood. 

Further, Wharton’s jelly was dissected out from cord tissue used as explants. The explants were 

observed for the outcoming migrated cells which were trypsinized and reseeded to expand 

further. A preoptimized growth medium of DMEM (Gibco, USA); glucose 4500 mg/L 

supplemented with 10 % fetal bovine serum, FBS (Gibco, USA), 1X antibiotic-antimycotic 

mix (Gibco, USA) supplemented with 2ng/ml basic fibroblast growth factor (bFGF) was used. 

For the biological characterization of injectable hydrogel, cells within passage number of 3-8 

were used. 

Constructs of various groups GFRP0, GFRP1, GFRP10, GFRP25 and GFRP50 were 

printed in aseptic conditions and hwJMSCs were seeded on them. Cellular seeding density was 

maintained at 104 cells per mm2 of constructs as per previous protocol [46]. Thereafter, the cell 

seeded 3D constructs were cultured in cell culture medium DMEM (high glucose, Gibco, 

USA); supplemented with 10 % fetal bovine serum, FBS (Gibco, USA), 1X antibiotic-

antimycotic mix (Gibco, USA)) in an incubator at 37°C with 5% CO2 and 85% humidity for 

their biological evaluation. 
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4.2.4.2 Biochemical analysis 

Cell seeded printed constructs (n =4) of previously mentioned dimensions were utilized 

for estimation of DNA content and sGAG content following previously established 

protocol[46]. Concisely, cells seeded printed constructs of each group GFRP0, GFRP1, 

GFRP10, GFRP25 and GFRP50 were collected after different incubation time intervals of 

1,7,14 and 21 days and digested using papain digestion cocktail (5 mM L-cysteine, 5 mM 

EDTA, 100 mM Na2HPO4 and 125 μg/mL papain, pH 6.2) for 16 h at 60°C in a hot air oven. 

Thereafter, picoGreen DNA assay kit (Invitrogen, USA) was used to estimate DNA content in 

accordance with the manufacturer’s protocol. The digested samples were centrifuged and 25 

μL of supernatant was diluted using 75 μL of 1X TE buffer. Thereafter, each sample was added 

with 100 μL of Quant-iT PicoGreen reagent (1:200 dilution in 1x TE buffer) and quantification 

was carried out using a microplate reader (Tecan infinite M200 PRO) with an excitation and 

emission maxima of 480 and 528 nm respectively. Standard curve for the DNA content 

estimation was generated using lambda phage DNA. 

For quantification of deposited sGAG by the seeded hwJMSCs, 1,9-dimethylmethylene 

blue (DMMB) reagent was used according to previously optimized protocols [435]. In brief, 

200 μL of DMMB reagent was added to 20 μL of papain digested samples and the absorbance 

was read at 525 nm. Chondroitin-6-sulfate (Sigma Aldrich, USA) was used to prepare the 

standard curve for sGAG quantification. 

4.2.4.3. Cellular viability assay 

Cell viability of the hwJMSCs seeded upon GFRP25 constructs was screened using 

live/dead assay kit. The assay dye solution was formulated by mixing calcein-AM (2 μM) and 

ethidium homodimer (4 μM) solutions (pH 7.4) following manufacturer’s protocol (Sigma-

Aldrich, USA). Cell viability was observed after 1,7,14 and 21 days of culture. Cell seeded 

printed constructs were washed mildly with PBS (pH 7.4) followed by incubation with calcein-

AM and ethidium homodimer solution at 37°C and 5% CO2 for 40 min. Thereafter, the live/dead 

reagent was aspirated, and the constructs were washed briefly in PBS before being visualized 

under an inverted fluorescence microscope (Nikon TiU2, Nikon, Japan). Green fluorescence 

by viable cells indicated integral plasma membrane and intracellular esterase activity that 

changes calcein AM to calcein while, dead cells were identified by the red fluorescence of 

ethidium homodimer entering inside through damaged plasma membranes. 
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4.2.4.4 Gene expression profile by Real-Time PCR analysis 

Complete RNA was isolated from hwJMSCs seeded GFRP25 constructs (n = 4), after 

different incubation time points of 1,7,14, and 21 days, using TRIzol (Sigma Aldrich, USA) 

following our previously established protocol [476]. Briefly, cells seeded constructs were taken 

in tubes with TRI reagent and chopped with microscissors on ice container. The chopped 

constructs were then centrifuged at speed of 13000xg for 10 min and 4°C and the supernatant 

were relocated into fresh tubes to which chloroform was added and centrifuged. Then the upper 

aqueous layer was carefully removed into fresh tubes followed by addition of isopropanol to 

obtain mRNA. This mRNA was further pelleted using centrifugation and washed using pre-

chilled DNA diluent (EtOH). The pellet was then air dried in laminar flow and reconstituted in 

nuclease free water. mRNA concentration was determined using microdrop spectrophotometric 

plate bundled with Multiskan Sky (Thermofisher Scientific, USA) and followed by cDNA 

synthesis using high capacity cDNA reverse transcription kit (Applied Biosystems, USA) and 

a PCR thermal cycler (Applied Biosystems, USA). Obtained cDNA was further used to perform 

real-Time PCR using the primer sequences for various human genes (listed in Table 4.2) and 

SYBR Green reagent (Invitrogen, USA) in a QuantStudio 5 (Applied Biosystems, USA) real-

time PCR machine The run was carried under the set conditions of the holding stage (50°C for 

2 min, 95°C for 10 min) and cycling stage (40 cycles of 95°C for 15 s and 60°C for 45 s). The 

results obtained were analysed by normalizing using β-actin, the endogenous housekeeping 

gene as well as the expression on day 1 via Ct method (2−ΔΔCt). 
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Table 4.2: Primer sequences used for gene expression analysis 

Gene Sequence Accession No. 

Human sox-9 

 (sox-9) 

F:5ʹ-TTCCGCGACGTGGACAT-3ʹ 

R:5ʹGGCGGCAGGTACTGGTCAAACTC-3ʹ 
NM_213843.1 

Human Aggrecan 

 (acan) 

F:5ʹ-CCCAACCAGCCTGACAACTT-3ʹ 

R:5ʹ-CCTTCTCGTGCCAGATCATCA-3ʹ 
NM_001164652.1 

Human collagen Iα  

 (col I) 

F:5ʹ-AGAAGAAGACATCCCACCAGTCA-3ʹ 

R:5ʹ-AGATCACGTCATCGCACAACA-3ʹ 
XM_021067153.1 

Human collagen IIα 

 (col II) 

F 5′-CAGGTGAAGGTGGGAAACCA-3′ 

R 5′-ACCCACGAGGCCAGGA-3′ 
AF201724.1 

Human runx-2/cbfa-1 

 (runx-2) 

F 5′-GACTGTGGTTACCGTCATGGC-3′ 

R 5′-ACTTGGTTTTTCATAACAGCGGA-3′ 
NM_001015051.4 

Human osteocalcin 

 (OCN) 

F 5′-GTAGTGAAGAGACCCAGGCG-3′ 

F 5′-CGGATTGAGCTCACACACCT-3′ 
NM_199173.6 

Human Beta Actin 

 (β-actin) 

F: 5ʹ-CACCATTGGCAATGAGCGGTTC 

R:5ʹ- AGGTCTTTGCGGATGTCCACGT-3ʹ 
NM_001101 

 

4.2.4.5 Macrophage stimulation and inflammatory cytokine release profile 

In vitro immunomodulatory response of printed GFRP25 composition was performed by 

using RAW 264.7 cells (mouse macrophages, acquired from National Center for Cell Science, 

NCCS, Pune) by estimating the amount of TNF-α (Tumor Necrosis Factor) and IL-1β 

(Interleukin 1β) released. RAW 264.7 cell lines were maintained in DMEM supplemented with 

10% FBS, 1% anti-anti at 37°C and 5% CO2 prior to seeding. The cells were seeded at the 

density of 5 × 104 cells per well in a 24-well plate and grown for 24 h. Four groups were taken 

into consideration for the in vitro study, a negative control group (Tissue culture plate without 

hydrogel), a positive control group (Lipopolysaccharide, 1000 ng ml-1, LPS from Escherichia 

coli, Sigma Aldrich, USA) and two Experimental groups comprising of both printed GFRP25 

constructs or their leachates in media. Thereafter, printed constructs were placed on seeded 

cells, or the cells were treated with the leachate medium derived from the constructs after 24 h. 

Post 24 h of stimulation the culture media with the released cytokines was collected for each 

group and used for the quantification of TNF-α and IL-1β release using their respective ELISA 

kits following the manufacturer’s (Krishgen Biosystems, USA) protocol. 
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THP-1 (human monocyte cell line) procured from NCCS were cultured in suspension in 

RPMI 1640 media (Sigma Aldrich, USA) by observing standard protocols. THP-1 cells were 

seeded at a density of 5 × 104 cells per well in a 24-well plate or on the printed constructs at the 

same density for differentiation into adherent macrophages (M0) by treating with 100 ng mL−1 

(162 nM) phorbol 12-myristate 13-acetate (PMA) (Sigma Aldrich, USA) for 24h. 

Consequently, the M0 macrophages in the well plate were treated with the leachate medium 

from the printed constructs, while the seeded cells were cultured on the printed constructs for 

24 h while keeping 1000 ng ml-1 LPS stimulated cells as positive and unstimulated cells as 

negative controls in the well plate. The conditioned media were collected and used for the 

determination of human TNF-α and IL-1β released by the macrophages using respective ELISA 

kits in agreement to the manufacturer’s (Krishgen Biosystems, USA) protocols. 

4.2.4.6 In vitro immuno-fluorescence staining 

3D printed GFRP25 constructs were seeded with hwJMSCs at previously mentioned 

density and cultured in basal medium for 21 days. Post incubation the constructs were preserved 

in 10% neutral buffered formalin (NBF) for 24 hr and thereafter washed with PBS. The fixed 

constructs were further permeabilized using 1% (v/v) triton-X 100 in PBS for 1 hr at room 

temperature followed by blocking using 10% (w/v) bovine serum albumin in PBS for 2 hr. 

Thereafter, the constructs were co-stained with mouse mono-clonal anti-collagen I, and rabbit 

poly-clonal anti-aggrecan or rabbit poly-clonal anti-collagen II primary antibodies (ABCAM, 

USA) respectively for 2 hr. The constructs were further stained with secondary anti-mouse or 

anti-rabbit antibodies for the respective primary antibodies for 2 h and counterstained with 

DAPI (300 nM, Thermofisher Scientific, USA) for 20 min before imaging. The fluorescent 

micrographs were obtained using an inverted fluorescence microscope (Axio Observer, Zeiss, 

Germany). The images obtained from different constructs (n = 8) were used for calculating the 

field of view area stained with either collagen I and aggrecan or collagen I and collagen II by 

using Fiji (NIH ImageJ software) following previously defined protocol [477] to determine the 

expression ratio of ECM components. 

4.2.4.7 In vivo biocompatibility of acellular biomaterial-ink 

In vivo biocompatibility of the scaffolds was assessed by implanting acellular GFRP25 

biomaterial-ink into subcutaneous abdominal pockets of adult New Zealand white rabbits. The 

experimental and animal handling protocols were reviewed and sanctioned by the Institutional 

Animal Ethical Committee (IAEC), West Bengal University of Animal and Fishery Sciences 
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(WBUAFS), West Bengal, India (Registration No. 763/GO/Re/SL/03/CPCSEA/02/2021-22 

dated26.4.2022). Three healthy adult rabbits of either sex, each weighing 1.5 - 1.8 kg were 

used. Subcutaneous pockets were surgically created by making two small incisions in the 

thoracolumbar regions on either side, then two sterile biomaterial-ink constructs (one per 

pocket, sterile, 5 mm × 5 mm × 1 mm) was inserted per animal (n = 6) put under anesthesia 

using Xylazine hydrochloride (5 mg/kg body weight; Injection xylaxin, Indian 

Immunologicals, Ahmedabad, India) and ketamine hydrochloride (33 mg/kg body weight; 

Ketalar, Parke-Davis, Hyderabad, India) intramuscularly. Thereafter the pockets were closed in 

place via surgical staples and the animals were closely monitored. The wound areas were 

cleaned superficially every day with 10% povidone–iodine draped dressing gauge and animals 

of each group received Meloxicam (0.3 mg/kg body weight; Injection Melonex, Intas 

Pharmaceuticals India, Ahmadabad, India) injection daily intramuscularly for 3 days. Three 

animals were sacrificed, after 1 week and the rest three animals after 3 weeks, by cervical 

dislocation. The implant site tissue surrounding the samples was retrieved along with the 

biomaterial-ink constructs and preserved for histological processing in 10% NBF for 24 h, 

followed by PBS wash and embedding in cryo-sectioning medium and freezing at -20°C for 6 

hr. The tissue sectioning was done in a cryostat (CM1860 UV, Leica, Germany) with 18µm 

thick section and immunostained using DAPI for visualization of nuclei and anti-CD68 

fluorescence-based antibody to observe the infiltration of cells and macrophages within the 

implanted biomaterial-ink constructs. Micrographs and z-stacked composites of stained 

sections were obtained using an inverted fluorescence microscope (Axio Observer, Zeiss, 

Germany). 

4.2.5 Statistical analysis and image processing 

Experiments that are quantitative by nature were performed in n≥3 and the results were 

represented as mean ± standard deviation. For statistical analysis of the data, one way ANOVA 

was carried out using Tukey’s method. Statistical analysis and plotting were carried out with 

the help of OriginPro 2021 software (OriginLab corporation, USA) to analyse the significant 

difference between various sampling groups. Variations between groups of *p ≤ 0.05 were 

denoted to be statistically significant. All image processing and quantification were carried out 

using ImageJ and ZenBlue (Zeiss, Germany). 
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4.3 Results 

4.3.1 Formulation and Characterization of Biomaterial-ink blend 

Biomaterial-ink preparation was carried out in stages. Collated platelet rich plasma 

containing platelets was derived from ≥5 different patients to eliminate batch-to-batch 

variation. This collated platelet containing plasma was photo-activated followed by discarding 

of platelets to obtain the GFRP enriched with growth factors. This GFRP was freeze-dried 

(Figure 4.2A) and thereafter the obtained powder was used for further experiments. The GFRP 

lysate was reconstituted in saline and quantified for fibro-chondrogenic factors TGFβ3 and 

CTGF. TGFβ3 was found to be 798.5±172.2 pg and CTGF was found to be 1560.9±118 pg in 

every mg of reconstituted freeze-dried GFRP (Figure 1B). These growth factors stored within 

the 3D printed constructs along with plasma proteins are poised for potential regeneration of 

the largely avascular menisci. Secondly, the biomaterial-ink blend was formulated by blending 

silkMA, gelMA, PEGDMA, and LAP. This blend was labelled GFRP0. Further the various 

biomaterial-ink compositions were formulated as given in Table 4.1, but GFRP addition post 

50 mg/ml was not carried out due to solubility and dispersion issues (data not presented here). 

The infrared spectroscopic analysis of gelMA, silkMA(BMMA), PEGDMA, GFRP0 and 

GFRP50 biomaterial-inks was carried out (Figure 4.2C). All the protein polymers or the 

biomaterial-ink blends were found to show the cardinal peaks in the amide I (1710–1590 cm−1), 

amide II (1570–1480 cm−1) and amide III (1270–1200 cm−1) regions. Peak shifts were observed 

from amide I (from ~1635 cm−1 to ~1650 cm−1 ), amide II ( from ~1546 cm−1 to ~1539 cm−1 ) and 

amide III (~1247 cm−1 to ~1244 cm−1 ) regions in the GFRP0 and GFRP50 biomaterial-inks 

when compared with gelMA and silkMA. Moreover, the signature peak was observed in the 

940-950 cm−1 region among all the components due to the presence of methacrylate groups.  

Shear thinning is a crucial feature that determines applicability of biomaterial-inks in 

micro-extrusion-based 3D printing. Preliminary rheological characterization of all the GFRP 

containing biomaterial-inks was carried out via amplitude sweep at 20°C to evaluate their shear 

thinning natures. All the compositions were found to be gradually shear thinning post ~100% 

shear strain. All biomaterial-ink compositions were found to be rapidly shear thinning at higher 

strain percentages (Figure 4.2D). Further the inks were assessed for their temperature induced 

gelation using temperature sweep and evaluation of loss factor (tan δ) (Figure 4.2E-F). tan δ 

was found to go below 1 for GFRP0 at 19.87°C, GFRP1 and GFRP10 at 20.87°C, GFRP25 and 

GFRP50 at 21.87°C, which indicate their temperature-induced gelation. Hence, printing 

temperatures for all biomaterial-inks could be set at 20°C. 
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Figure 4.2: (A) Schematic representation of the isolation procedure of GFRP: platelet enriched 

plasma (1) bags are procured from the blood bank and collected in centrifuge tubes (2). 

Thereafter, a preliminary centrifugation is performed (3) to further concentrate the plasma 

followed by its activation (4-6) and henceforth the platelets are separated using centrifugation 

(7) and the plasma with the growth factors is freeze-dried (8-9) for further use (Made with 

www.biorender.com). (B) ELISA based quantification of growth factors in reconstituted freeze-

dried GFRP. (C) FTIR spectra of various biomaterial-ink components and the biomaterial-ink 

without GFRP (GFRP0) and with highest GFRP (GFRP50). (D) Amplitude sweep of the 
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various biomaterial-ink compositions with increasing concentrations of GFRP. (E) Complex 

viscosity and (F) Loss factor of GFRP loaded biomaterial-inks observed under changing.  

 

Inks demonstrated higher complex viscosity with the increase in the amount of GFRP 

lysate within the ink. High viscosity was demonstrated by GFRP0, GFRP1, GFRP10, GFRP25 

and GFRP50 inks ensued with their shear thinning nature. Due to the shear thinning observed 

at 20°C, printability was assessed at extruder temperature of 20°C. The influence of GFRP on 

printability was assessed by comparing the gelation, filament extrusion, buckling and 3D 

fabrication of 2, 4 and 8 layer grid constructs using all the biomaterial-inks at 20°C (Figure 4.3 

and 4.4). The gelation (Figure 4.4 A-E) and printing resolution (Figure 4.3) were found to be 

improved with the addition of higher amounts of GFRP. The slight buckling that was observed 

in the GFRP0 ink (Figure 4.3 A) is found to reduce further with GFRP1, GFRP10, GFRP25 

and GFRP50 (Figure 4.3  B-E). This might be the resultant of a higher biomaterial-ink protein 

content, enhanced viscosity and better shear thinning of the ink. The 2-, 4- and 8-layer 

structures were found to be stable and showed apt resolution with all GFRP concentrations 

(Figure 4.3 A-E iii) in the biomaterial-inks. The grid structures were stable due to the quick 

photo-polymerization post fabrication of each layer demonstrating minimal shape distortion of 

lower layers. 
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Figure 4.3: Printability assessment of biomaterial-inks (A) GFRP0, (B) GFRP1, (C) GFRP10, 

(D) GFRP25 and (E) GFRP50. (i) Printing resolution assessment using successively reducing 

gaps between filaments. (ii) Buckling test using successively increasing gaps between pillars. 

(iii) Layered fabrication of 2, 4 and 8 layered constructs. 
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Figure 4.4: Gelation of the ink generating uniform thread at 20°C for (A) GFRP0, (B) GFRP1, 

(C) GFRP10, (D) GFRP25 and (E) GFRP50 biomaterial-inks 

 

4.3.2 Physical, mechanical and GFRP release evaluation of 3D printed constructs 

Water uptake, construct porosity and the micro-porous nature of the 3D printed constructs 

is a crucial factor for the efficient uptake of nutrients and potential homing of resident meniscal 

progenitors and synovial capsule stem cells. All the inks were used to print 3D constructs for 

various physical and mechanical characterization. All constructs were freeze-dried and 

immersed in PBS. All constructs showed rapid uptake (>3.5 times of respective dry weight) of 

PBS while reaching a swelling equilibrium in 1000 min (~16 h). This is essential for the nutrient 

uptake and survivability of cells seeded on the constructs. GFRP25 and GFRP50 construct 

groups showed highest water uptake ratios (~5 times of respective dry weight) (Figure 4.5A) 

as compared to the other groups. The images showing the minimal changes in construct shape 

and geometry (Figure 4.6), occurring due to the water uptake until equilibrium, show the 

stability of the constructs and the aptness of the biomaterial-inks for shape conformal meniscus 

tissue engineering constructs. 3D printed constructs of each group were subjected to hexane 

displacement analysis to quantify the percentage porosity of the printed struts apart from the 

macro-porous nature of the constructs. The constructs were found to possess increasing 

porosity values when the GFRP concentration reduced within the biomaterial-ink formulation 

(Figure 4.5B) suggesting compaction due to the rise in GFRP concentration for GFRP10, 

GFRP25 and GFRP50 inks. The percentage porosity values for the various groups have been 

listed in Table 4.3. 

Table 4.3: Percentage porosity of various 3D printed constructs 

GFRP concentration 

(mg/ml) 

3D Printed Sample Group Porosity (%) 

0 GFRP0 71±4.2 

1 GFRP1 70.7±3.5 

10 GFRP10 56.7±11.9 

25 GFRP25 53.5±7.9 

50 GFRP50 50.6±8.2 

TH-3393_176106019



Results  Chapter 4 

 

143 
 

The confined compressive and confined cyclic compression properties assessed for the 

grid constructs 3D constructs printed using the GFRP loaded biomaterial-inks showed their 

excellent compatibility for meniscus tissue engineering applications. The confined 

compressive properties of the different GFRP ink printed constructs was measured till 60% 

compressive strain and representative stress-strain curve for GFRP0, GFRP1, GFRP10, 

GFRP25 and GFRP50 (Figure 4.5C-D) showed >110 kPa compressive moduli. The 

compressive moduli calculated at the highest strain was found to be 180.4±16.7 kPa for 

GFRP0, 176.7±22.2 kPa for GFRP1, 143.6±5.7 kPa for GFRP10, 140.8±10.7 kPa for GFRP25 

and 131.7±16 kPa for GFRP50 compositions (Figure 4.5D). The compressive modulus 

reduced w.r.t. the increase in GFRP content of the biomaterial-ink. 3D printed constructs were 

subjected to 50 cycles of 20% compression and representative compressive stress-cycle count 

graphs for cycles 1-15 and 35-50 cycles were showed minimal deviation in the compressive 

stress values (Figure 4.5E). In congruence, the cycle 1 and cycle 50 stress-strain hysteresis 

curves also depicted minimal deviation (Figure 4.5F i-v). These demonstrate the stability of 

the crosslinked constructs under repeated cyclic compression. 

The cumulative protein release profile for 3D printed constructs of varying GFRP 

concentrations while incubated in saline demonstrates the ability of the constructs to act as a 

reservoir for plasma proteins and growth factors (Figure 4.7A). The GFRP0 and GFRP1 

constructs released miniscule quantities of protein with a cumulative amount of 0.48±0.15 mg 

and 0.95±0.09 mg respectively after 10 days. This shows the stability of the photocrosslinked 

protein components of the biomaterial-inks (silkMA and gelMA) within the printed constructs 

and eliminates any influence they might have on the subsequent release profile assessment of 

the other constructs with higher amounts of GFRP encapsulation. Consequently, higher 

cumulative release of protein was found to occur in a sustained fashion from the GFRP10 

(5.25±1.07 mg), GFRP25 (8.98±1.35 mg) and GFRP50 (12.64±1.23 mg) construct groups over 

10 days of incubation in saline. This sustained release is essential for the preservation of growth 

factors within the constructs and their sustained release for maturation of cells seeded on the 

constructs. 
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Figure 4.5: (A) Water uptake ratio of freeze-dried constructs until equilibrium. (B) Porosity of 

3D printed constructs with the various GFRP concentrations. (C) Representative stress-strain 

curve and (D) compressive moduli for the 3D printed constructs of various GFRP loaded 

biomaterial-inks upon confined uniaxial compression. (E) Representative compressive stress-

cycle count graphs first 15 and last 15 cycles of confined uniaxial cyclic compression. (F i-v) 

Compressive stress-strain hysteresis curves for their first and last cycle for 3D printed 

constructs of various GFRP loaded biomaterial-inks. *p≤0.05 
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Figure 4.6: Freeze-dried constructs (top row) and constructs after swelling equilibrium in 

saline (bottom row) for various GFRP biomaterial-inks. 

 

4.3.3 Human stromal cell biocompatibility for screening of biomaterial-inks for 3D printing 

The GFRP based ink compositions showed amenable physico-chemical and mechanical 

behaviour and hence they were exposed to biocompatibility assessment to gain insights into 

the effect brought about by the varying GFRP concentrations. hwJMSCs were seeded on the 

3D printed GFRP0, GFRP1, GFRP10, GFRP25 and GFRP50 construct groups and were 

subjected to MTT based cytotoxicity evaluation and all the constructs showed no reduction in 

cellular viability on day 1 and day 3 of evaluation (Figure 4.7B) and were found to support 

cellular proliferation. Further, the construct groups seeded with hwJMSCs were cultured for 21 

days and the amount of DNA was quantified to evaluate the cellular proliferation (Figure 

4.7C). The DNA content increased for all the construct groups over the period of 21 days. A 

significant increase from 15.65±2.39 ng/mg, 15.28±1.95 ng/mg, 15.44±3.43 ng/mg, 

15.52±2.51 ng/mg and 15.68±1.89 ng/mg to 62.36±3.89 ng/mg, 64.46±4.99 ng/mg, 72.65±4.39 

ng/mg, 84.76±4.84 ng/mg and 85.66±3.98 ng/mg was observed in GFRP0, GFRP1, GFRP10, 

GFRP25 and GFRP50 groups. The increase in GFRP25 and GFRP50 groups after 14 and 21 

days of culture was found to be significantly higher than the other groups. Furthermore, the 

estimation of sGAG from media and digested constructs was carried out as a preliminary 

evaluation for assessing the differentiation potential of hwJMSCs towards fibro-chondrogenic 

phenotype (Figure 4.7D-E). The sGAG content was found to rise significantly from 2.34±0.89 

µg/mg, 4.21±0.87 µg/mg, 4.91±0.68 µg/mg, 3.63±0.78 µg/mg and 5.23±0.89 µg/mg on day 1 

to 26.78±3.48 µg/mg, 27.87±2.96 µg/mg, 39.78±2.79 µg/mg, 48.67±3.86 µg/mg and 

50.29±3.79 µg/mg on day 21 for GFRP0, GFRP1, GFRP10, GFRP25 and GFRP50 constructs 
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respectively. The sGAG content normalized with the DNA content showed significant rise in 

all groups from day 1 to day 21. GFRP25 and GFRP50 constructs showed significant sGAG 

deposited per ng of DNA on day 7, 14 and day 21 and were significantly better than other 

groups with lower GFRP content. Concomitant to the DNA content, while being significantly 

higher than GFRP0, GFRP1 and GFRP10 groups, there was non-significant differences 

amongst the sGAG content on GFRP25 and GFRP50 constructs after day 14 and day 21 of 

incubation. Owing to the significantly better biological response, GFRP25 group was further 

subjected to physicochemical, mechanical and biological characterization. 

 

Figure 4.7: (A) Cumulative release of protein from various 3D printed constructs without 

GFRP (GFRP0) and with GFRP (GFRP1, GFRP10, GFRP25, GFRP50). (B) MTT based 

cellular viability of hwJMSCs seeded on 3D printed constructs of various GFRP loaded 

biomaterial-inks. (C) DNA estimation, (D) total sGAG estimation and (E) DNA normalized 

sGAG content for hwJMSCs seeded 3D printed constructs with various GFRP loaded 

biomaterial-inks. *p≤0.05 
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4.3.4 Suitability of GFRP25 ink for treatment of full thickness meniscal defects 

4.3.4.1 Rheological characterization and printing a proof-of-concept meniscal defect construct 

Post initial physicochemical, mechanical and biological screening, GFRP25 ink was 

further evaluated for its rheological nature to ensure high fidelity and self-standing printing. 

The GFRP25 biomaterial-ink was subjected to amplitude sweep at 18°C and the biomaterial-

ink was found to undergo shear-thinning after experiencing ≥102% shear strain (Figure 4.8A 

i). This increase in linear viscoelastic region (LVER) could be attributed to the lower 

temperature of evaluation. The LVER from this test was further used to conduct the frequency 

sweep and the GFRP25 blend showed a drop in viscosity as the frequency increased from 0.01-

100 rad/s and stabilized beyond 1 rad/s (Figure 4.8A ii). The multiple interval thixotropy 

revealed that the GFRP25 blend could undergo multiple cycles of shear thinning from 

>105mPa.s in the low shear conditions to <102mPa.s in the higher shear conditions (Figure 

4.8A iii). The temperature induced change in viscosity was observed in the GFRP25 blend from 

>105mPa.s to 103mPa.s at ~18°C (Figure 4.8A iv). The replicative response of GFRP25 ink 

ensures reduced variability of the flow behaviour, essential for practical applications. The 

GFRP25 blend viscosity was found to be optimal at 18°C, hence 18°C was further utilized for 

printing. To evaluate the real-world applicability of GFRP25 ink for fabrication of full-

thickness shape-conformal meniscus constructs a proof-of-concept meniscal construct was 

fabricated and a defect was introduced in the same (Figure 4.8B, highlighted red box). The 

defect was further modelled and was found to be 16 layer thick. GFRP25 ink was used along 

with a 22G blunt needle to fabricate a construct for filling the void (Figure 4.8B). The ink 

showed amicable print fidelity and the fabricated construct demonstrated shape conformity. 

This, in essence, shows the potential for patient-specific fabrication of full thickness meniscal 

defects post resection of tears via the developed modality. 
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Figure 4.8: (A) Rheological evaluation of GFRP25 biomaterial-ink through (i) amplitude 

sweep, (ii) frequency sweep, (iii) thixotropy test and (iv) temperature sweep. (B) Proof-of-

concept fabrication of full thickness meniscal defect construct using GFRP25 biomaterial-ink 

with the respective workflow. 

4.3.4.2 Sustained GFRP release and long-term degradability of GFRP25 constructs 

The GFRP25 constructs, encapsulating plasma proteins and the growth factors, are 

poised to act as a reservoir for the healing of avascular regions of the meniscus. Furthermore, 

the sustained release of encapsulated plasma proteins is indicative of the release of the growth 

factors as the construct components degrade minimally under saline (Figure 4.10A). The 

GFRP25 constructs were incubated in saline for longer duration and the cumulative GFRP 

release percentage was found to be 60.02±10.04% after 40 days of incubation (Figure 4.10A). 

The curve fitting of this release profile using the Korsmeyer-Peppas model yielded close 

convergence to a gradient based Fickian diffusion model (K=22.3 ± 0.6 and n= 0.26 ± 0.01) 

(Figure 4.9). This is indicative of the sustained release of GFRP from the 3D printed constructs 
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that would act as a precursor for the differentiation of stromal cells. The GFRP25 constructs 

showed struts of ~200µm in their freeze-dried state as could be seen from the representative 

electron micrograph of a construct (Figure 4.10C).  

 

Figure 4.9: (A) Fitting of cumulative GFRP release profile using Korsmeyer-Peppas model 

where the red line represents the fitted curve and the table shows the parameters derived from 

the fitting. (B) Cumulative GFRP release and the fitted curve plotted against log(time). 

Degradation profile is crucial in dictating the stability of the constructs during meniscus 

regeneration and hence its potential applicability in the healing of the meniscus in vivo. While 

the degradation in vivo is dictated by various modulatory enzymes in the ECM such as matrix 

metalloproteinases, protease XIV was chosen for determination of degradability of GFRP25 

constructs under non-specific proteolytic conditions. GFRP25 constructs were kept in saline as 

well as enzyme solution to evaluate the degradability of the same for 45 days (>6 weeks). The 

enzyme mediated degradation resulted in a residual construct weight of 76.8±3.5% and saline 

incubated constructs maintained a mean weight of 98.5±1.2% after 45 days of incubation 

(Figure 4.10B). This slow degradability could be attributed to the presence of PEGDMA and 

stability of photo-crosslinked polymers. 

4.3.4.3 Long-term cyclic mechanical stability of GFRP 25 constructs 

Meniscus tissue is subjected to numerous cyclic compressive stresses every day and these 

forces need to be accounted for while designing meniscus tissue scaffolds to ensure durability 

during the healing of avascular areas of meniscus [454]. The 3D printed GFRP25 scaffolds 

were subjected to a regimen of 2000 cycles of 20% uniaxial confined compressive strain each 

day for 21 days (Figure 4.10D). The corresponding hysteresis stress-strain curve of 2000th 

cycle for days 1, 5, 7, 14 and 21 (Figure 4.10E) shows highest strength on day 1 and thereafter 

subsequent reduction in strength from day 5 onwards but the reduction in strength is minimal 

thereafter and the constructs retain their strength till day 21. The stress-strain hysteresis curve 

of cycle 1 and cycle 2000 for day 1, 5, 7, 14 and 21 respectively (Figure 4.10F-J) show 
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minimal deviation between the first and last cycle of compression. Hence the stability of the 

GFRP25 3D printed constructs was established over 42000 cycles of interspersed compressive 

stress. 

  

Figure 4.10: (A) Cumulative release of GFRP from 3D printed GFRP25 constructs over 40 

days. (B) Enzymatic and saline induced degradation profile for 3D printed GFRP25 constructs 

over 45 days. (C) Electron micrograph of GFRP25 constructs. (D) Schematic showing the 

cyclic uniaxial compressive evaluation regimen of the GFRP25 constructs. Representative 

hysteresis curve of GFRP 25 constructs at (E) cycle 2000 after 1, 5, 7, 14 and 21 days of 

incubation in saline and cycle 1 and cycle 2000 on (F) day 1, (G) day 5, (H) day 7, (I) day 14 

and (J) day 21 post incubation in saline. 
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4.3.4.4 Viability of hwJMSCs on GFRP25 constructs 

GFRP25 constructs seeded with hwJMSCs demonstrate excellent viability and cellular 

proliferation, which is a remnant observation of the DNA estimation. Live dead staining of 

hwJMSCs seeded on GFRP25 constructs was conducted on day 1, 7, 14 and 21 and the 

representative micrographs show cells on the struts (Figure 4.11A-D). The cells were found to 

be viable and evenly distributed along the struts of the construct as well as visibly proliferate 

in 21 days (Figure 4.11A-D iv). These indicate the requisite suitability of the GFRP25 

constructs to support stromal cells and sustain their proliferation over 3 weeks.  

4.3.4.5 Human and murine macrophage-based in vitro immuno-genic reaction to GFRP25 

constructs 

In vitro immuno-compatibility of GFRP25 constructs was done by exposing them to 

murine and human monocytes derived macrophage cell lines and determining their 

macrophage-stimulation ability. Both GFRP25 constructs and GFRP25 construct-derived 

leachate media showed excellent immuno-compatibility and induced minimal secretion of 

inflammatory cytokines from murine macrophages as compared to the positive control (LPS 

stimulated). They demonstrated response more in tandem with the negative control of tissue 

culture dish.  

The murine macrophages released 403.7 ± 60.1 pg/ml and 515.5 ± 8.7 pg/ml of TNF-α 

when incubated with constructs (CON) and construct leachate (LM) from GFRP 25 constructs, 

which was significantly lower to the 1657.9 ± 39.8 pg/ml secreted by the LPS treated 

macrophages and in tandem with 512.4 ± 19.8 pg/ml secreted by the unstimulated macrophages 

on TCP (Figure 4.11E ii). Similarly, the murine macrophages were found to secrete 338.4 ± 

48.4 pg/ml and 490.2 ± 19.5 pg/ml of IL-1β when incubated with constructs (CON) and 

construct leachate (LM) from GFRP 25 constructs, which was significantly lower to the 2753.2 

± 33.7 pg/ml secreted by the LPS treated macrophages and in tandem with 426.8 ± 16.7 pg/ml 

secreted by the unstimulated macrophages on TCP (Figure 4.11E iii). 

The human monocyte derived macrophages released 400 ± 23.8 pg/ml and 40 ± 11 pg/ml 

of TNF-α when incubated with constructs (CON) and construct leachate (LM) from GFRP 25 

constructs, which was significantly lower to the 845.9 ± 45.8 pg/ml secreted by the LPS treated 

macrophages and in tandem with 219.9 ± 35.7 pg/ml secreted by the unstimulated macrophages 

on TCP (Figure 4.11F ii). Similarly, the human macrophages were found to secrete 64 ± 3 

pg/ml and 62 ± 11.9 pg/ml of IL-1β when incubated with constructs (CON) and construct 
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leachate (LM) from GFRP 25 constructs, which was significantly lower to the 204 ± 22.8 pg/ml 

secreted by the LPS treated macrophages and in tandem with 34 ± 1.9 pg/ml secreted by the 

unstimulated macrophages on TCP (Figure 4.11F iii). 

 

Figure 4.11: (A-D) (i) Lower and (iii) higher magnification micrographs and their respective 

3D surface plots (ii and iv) showing live (green) and dead (red) hwJMSCs cultured on GFRP25 

constructs after 1, 7, 14 and 21 days of culture.  (E) (i) Schematic showing the in vitro immuno-

compatibility using murine RAW 264.7 macrophage cells (Made using www.biorender.com). 

ELISA based quantification of (ii) TNF-α and (iii) IL-1β released by murine macrophage cells. 

(F) (i) Schematic showing the in vitro immuno-compatibility using human monocyte (THP-1 

cells) derived macrophage cells (Made using www.biorender.com). ELISA based quantification 

of (ii) TNF-α and (iii) IL-1β released by human macrophage cells. TCP (tissue culture plate) 

and LPS (lipopolysaccharide) were taken as positive and negative controls and CON 
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(constructs) seeded and LM (construct leachate medium) treated cells were taken as 

experimental groups. *p≤0.05 

4.3.4.6 Fibro-chondrogenic differentiation of hwJMSCs on GFRP25 constructs 

Subsequently the expression of fibrochondrogenic genes specific to meniscal phenotypic 

differentiation, i.e. the chondrogenic (aggrecan , sox-9 and collagen II) and fibroblastic 

(collagen I) was evaluated and normalized using the housekeeping gene βactin as well as the 

day 1 expression and shown as a heatmap of the relative expression (2-ΔΔCt) (Figure 4.12A). 

Aggrecan (acan) was found to be upregulated >13 folds on day 7 and was significantly 

upregulated by ~28 folds on day 14 and >31 folds on day 21 (Figure 4.12B). Sox-9 (sox9) was 

found to be upregulated by >14 folds on day 7 and significantly upregulated by ~22 folds on 

day 14 and >24 folds on day 21 (Figure 4.12C). Collagen I (Col I) also showed an upregulation 

of >8 folds on day 7 and significantly higher upregulation of ~20 folds on day 14 and >22 folds 

on day 21 (Figure 4.12D). Concomitantly, collagen II (col II) showed an upregulation of >9 

folds on day 7 and it further increased significantly to ~17 folds on day 14 and >19 folds on 

day 21 (Figure 4.12E). The upregulation of both chondrogenic and fibroblastic genes clearly 

demonstrate the fibrochondrogenic differentiation of the seeded stromal cells. Due to GFRP 

being a mixture of growth factors, osteogenic genes namely runx-2 (runx2) and osteocalcin 

(OCN) were also checked for their expression as their expression/up regulation might be 

indicative of ectopic mineralization. Runx-2 (runx2) expression was found to be ~0.8 folds on 

day 7 and ~0.6 folds on day 14 and the gene was unexpressed on day 21 (Figure 4.12F). 

Concurrently, the expression of osteocalcin was also found to be ~0.7 folds on day 14 and it 

remained unexpressed on day 7 and day 21 (Figure 4.12G). This downregulation indicates the 

minimal possibility of ectopic mineralization w.r.t. the GFRP released from the GFRP25 

constructs. 
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Figure 4.12: (A) Heatmap of the gene expression profile (2-ΔΔCt) of hwJMSCs seeded on 

GFRP25 constructs. Individual expression profiles (2-ΔΔCt) of hwJMSCs seeded on GFRP25 

constructs for (B) aggrecan (acan), (C) collagen I (colI), (D) sox-9 (sox9), (E) collagen II (col 

II), (F) cbfa-1 or runx-2 (runx2) and (G) osteocalcin (OCN) genes after 7, 14 and 21 days of 

incubation after normalization with housekeeping (βactin) and day 1 expression. *p≤0.05 
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Consequently, enhanced protein level synthesis and deposition of fibrochondrogenic 

extracellular matrix could be seen in the immuno-stained constructs (Figure 4.13B-C) which 

is in tandem with the sGAG deposition observed in Figure 4.7D-E. This substantiates the 

differentiation bias produced by the GFRP growth factors being released from the GFRP25 

constructs. This is critical for the efficient support and differentiation of resident MSCs from 

the meniscus, infrapatellar-fat-pad and synovial fluid. The hwJMSC seeded on GFRP25 

constructs were matured for 21 days and the GFRP induced differentiation into 

fibrochondrogenic phenotype (Figure 4.13A) was evaluated by the virtue of antibody staining 

of the meniscus-specific chondrogenic ECM proteins (aggrecan, collagen II) and fibroblastic 

ECM protein (collagen I) deposited by the differentiated cells. The cells were found to 

differentiate into fibrochondrogenic phenotype and the deposition of aggrecan (ACAN) was 

colocalized with collagen I (col I) (Figure 4.13C) and the deposition of collagen II (col II) was 

also found to be colocalized with collagen I (Figure 4.13B). The respective areas of aggrecan, 

collagen I and collagen II were calculated using ImageJ from various fields of view (FOV) 

(Figure 4.13D). Collagen I and aggrecan co-stained sections were found to possess 53.2 ± 

2.2% and 46.8 ± 2.2% covered by aggrecan and collagen I respectively. Concurrently, collagen 

I and collagen II co-stained sections were found to possess 56.8 ± 3.6% and 43.2 ± 3.6% 

covered by collagen I and collagen II respectively. This observed ~60:40 ratio of collagen I and 

collagen II is a potent indication of fibrochondrogenic differentiation [23]. 
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Figure 4.13: (A) Schematic representation of hwJMSC seeding on GFRP25 constructs (Made 

with Www.biorender.com). Representative co-stained micrographs of hwJMSCs after 21 days 

of incubation on GFRP25 constructs with (B) nuclei (DAPI, blue), collagen II (COL II, green), 

collagen I (COL I, red) and merged images and (C) nuclei (DAPI, blue), aggrecan (ACAN, 

green), collagen I (COL I, red) and merged images. (D) Percentage area field of view (FOV) 

calculated from immuno-stained micrographs (n=8) depicting the expression of collagen I (Col 

I), aggrecan (acan) and collagen II (Col II). 

4.3.4.6 In vivo bio-compatibility and immuno-compatibility of GFRP25 ink  

The slow degradation and the minimal infiltration of CD68+ macrophages was observed 

in GFRP25 biomaterial-ink constructs that were retrieved after 1 week and 3 weeks of 

subcutaneous implantation in rabbits (Figure 4.14B-E) indicating excellent in vivo immuno-

compatibility. The macrophage and cellular infiltration from the host tissue (marked as H) to 

the GFRP25 hydrogels (marked as BI) were found to be superficial as can be seen in the lower 

and higher magnification micrographs both at 1 week (Figure 4.14B-C) and at 3 weeks (Figure 
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4.14E). Furthermore, the macrophages were found to be reduced significantly after 3 weeks as 

compared to the 1 week, indicated by the reduced CD68+ cells (Figure 4.14F). This slower 

degradability is potentially advantageous for the potential treatment of slow healing avascular 

regions of the meniscus and retention of meniscus stability.  

 

Figure 4.14: (A) Schematic depicting the subcutaneous implantation of GFRP25 biomaterial-

ink constructs in rabbit model (Made using www.biorender.com). CD68 (green) and DAPI 

(blue) stained micrographs of GFRP25 biomaterial-ink constructs retrieved after sub-

cutaneous implantation of (B-C) 1 week and (D-E) 3 weeks. The BI marks biomaterial-ink 

region and H marks the host tissue regions. (B and D) Representative low magnification images 

and (C and E) high magnification 3D maximum intensity projection orthogonal images. (i) 

Merged images, (ii) DAPI stained images, (iii) CD68 stained images and (iv) 3D surface plot 

of CD68 staining. (F) CD68+ positive cells calculated as a function of the % Area FOV using 

ImageJ. *p≤0.05 
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4.4 Discussion 

In this study, we 3D printed autologous growth factor loaded photo-crosslinking blend of 

silkMA, gelMA and PEGDMA into constructs for potential application in meniscus tissue 

engineering and treatment of partial and full-thickness meniscus resection. The blending of 

shear thinning viscoelastic gelMA and PEGDMA with silkMA enabled 3D printing of grid 

constructs at 20°C temperature (5-8 mm/s speed and at extrusion pressure of <180kPa) using a 

22G nozzle. Further, these printed structures were crosslinked using visible LED light source 

(405 nm) within a span of 60s to yield mechanically resilient 3D constructs mimicking the 

native strength of both porcine [418] and human [31] meniscal tissue. Photo-polymerizable 

blend of silkMA/gelMA/PEGMDA as our base blend of polymers aided in achieving facile 

crosslinking using photopolymerization, endowing high biocompatibility, ensuring mechanical 

strength and resilience, and instant applicability which are essential for meniscal tear 

management [266].  

The initial screening was conducted using increasing amounts of GFRP lysates (GFRP0, 

GFRP1, GFRP10, GFRP25 and GFRP50) in the base biomaterial-ink to evaluate the changes 

in functionality brought about by the encapsulated GFRP within the fabricated constructs in 

the domains of mechanical, physico-chemical and biological aptness for meniscal tissue 

engineering. Amide peak shifting within our biomaterial-ink blends were indicative of the 

crosslinking due to photopolymerization as observed previously for silkMA [435], gelMA and 

PEGDMA [478]. Initial amplitude sweep and temperature sweep assessment revealed the 

temperature induced gelation of all ink compositions and shear thinning of the ink at 20°C that 

is required for apt printability using micro-extrusion method [204]. We observed apt printing 

resolution and minimal layer distortion for all biomaterial-inks and the increased GFRP 

addition reduced buckling effect for GFRP25 and GFRP50 inks. This ensures better shape 

fidelity and printability of the biomaterial-inks. The constructs were found to uptake >3 times 

their dehydrated weight in saline within 30 minutes and reach equilibrium state of after 16h, 

indicating efficient media adsorption by the constructs, essential for exchange of nutrients and 

metabolites for the constructs [46, 365, 451]. The rehydrated morphology and size of the 

printed constructs was almost identical to their dehydrated state. Apart from the microporosity 

provided by the 3D grid, the porosity of the struts was found to be >50% for all inks, which is 

essential for two-fold benefit of nutrient exchange and sustained release of GFRP.  

The printed grid constructs were subjected to physiologically relevant mechanical 

strength evaluation, pertinent for survival of meniscal tissue engineering scaffolds within the 
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knee joint. The constructs were exposed to confined compressive loading of 60% and hyper-

physiological 20% cyclic confined compressive strain of 50 cycles for all the GFRP loaded 

compositions [46, 416]. All the constructs printed using various biomaterial-ink compositions 

showed a compressive modulus comparable to or greater than the equilibrium modulus of both 

native porcine [418] and human [31] meniscal tissue. Typically, menisci undergo 5-15% 

compressive strain in physiological loading conditions [46, 107]. But even hyper-physiological 

strains of 20% in a cyclic manner resulted in minimal deviation in the stress-strain cycle of our 

fabricated constructs, demonstrating the requisite initial stability for healing. 

Protein leaching of printed GFRP0, GFRP1, GFRP10, GFRP25 and GFRP50 constructs 

in saline revealed that the leachate consisted of GFRP and was minimally affected by the ink 

components as observed in the release profile of GFRP0 and GFRP1 constructs for 10 days. 

Hence, GFRP caused no hindrance in the crosslinking of ink components and could be released 

in a sustained manner from the constructs. The constructs could act as growth factor reservoirs 

for regeneration of avascular meniscal defects [115, 442, 479].  

Our ingenious procedure of photoactivating PRP and isolating GFRP by platelet 

elimination and freeze-drying from multiple collated platelet enriched plasma bags aids in the 

standardization of the presence of growth factors and plasma proteins within the biomaterial-

inks. Interestingly, as opposed to previous applications [304-306], the sustained release of 

plasma proteins and growth factors from 3D printed constructs is a crucial advancement in the 

use of GFRP for meniscus tissue engineering applications. Seeded hwJMSCs were found to be 

viable after day 1 and day 3 with no reduction in viability. DNA quantification showed 

proliferation in the higher GFRP containing groups. GFRP25 and GFRP50 constructs 

performed significantly better in terms of cellular proliferation and sGAG deposition per unit 

DNA, while there was no significant difference between the GFRP25 and GFRP50 groups. 

sGAG is a crucial ECM component of meniscus [4], hence the 3 week assessment of sGAG 

deposition was used as parameter for selection of GFRP25 over other groups for further 

extensive evaluation in vitro. 

Extensive rheological evaluation of the GFRP25 biomaterial-ink yielded similar results 

to initial evaluation. The thermo-reversible nature of gelMA and PEGDMA was evident in the 

amplitude sweep and temperature sweep [424]. Furthermore, thixotropy test showed the 

reversible thinning and regaining of gel strength for GFRP25 ink over multiple cycles [425]. 

The proof-of-concept GFRP25 printed construct mimicking the artificially resected portion of 
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our previously used meniscus model [46] demonstrated the congruence that could be achieved 

with minimal deviation ensuring patient-specificity.  

GFRP25 constructs demonstrate sustained GFRP release over 40 days (>5 weeks) 

following a Fickian diffusion model and acted as a growth factor reservoir [477]. Furthermore, 

the excellent long term stability of GFRP25 constructs in enzymatic conditions over 45 days 

(>6 weeks) in vitro indicates the durability, desirable for slow healing of avascular meniscus 

[301, 454]. GFRP25 constructs could also sustain their mechanical stability over the period of 

3 weeks for 42000 cumulative cycles of hyper-physiological (20%) compressive strain and 

demonstrated fatigue resistance comparable to previous reports for constructs and native 

meniscus during extended compressive cycling [416, 480]. 

Biologically, the GFRP25 constructs showed uniform distribution of live hwJMSCs 

seeded on them for 21 days and resulted in their fibrochondrogenic differentiation. The 

hallmarks of fibrochondrogenic differentiation aggrecan, sox-9, collagen I and collagen II [481, 

482] were found to be upregulated while early osteogenic marker runx-2 [483] and late 

osteogenic marker osteocalcin [484] were found to be significantly downregulated for the stem 

cells seeded on GFRP25 constructs. This indicated minimal potency of GFRP25 constructs 

towards the ectopic bone formation. Marked expression of aggrecan, collagen I and collagen 

II was visualized in the immunofluorescence-based co-staining of cultured hwJMSCs seeded 

GFRP25 constructs after 3 weeks. This gene expression and ECM protein deposition profile 

implicates the fibrochondrogenic differentiation of the hwJMSCs seeded on GFRP25 

constructs [108, 382, 485, 486]. Furthermore, the collagen I and collagen II expression could 

mimic the high collagen I/collagen II ratio of meniscus fibrocartilage [18, 487]. 

Immuno-compatibility of 3D printed constructs is a vital criterion for its application in 

vivo and subsequent prevention of graft rejection which may be accompanied by acute 

inflammation and non-integration with the host tissue [488, 489]. In vitro evaluation of our 

GFRP25 constructs demonstrated minimal release of inflammatory cytokine (TNFα and IL-1β) 

by murine and human macrophages as observed for the unstimulated control. Furthermore, in 

vivo assessment in rabbit subcutaneous pockets showed the significantly reduced CD68+ cells 

(macrophages) in the vicinity of the implanted biomaterial-ink constructs which mimics our 

previously reported instances of minimal in vivo immunogenicity of silk and gelatin based 

matrices [46, 365, 424, 425]. This might also have been aided by the GFRP released from our 

constructs. GFRP is a major fraction of PRP, which has been traditionally reported to possess 
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anti-inflammatory and tissue remodelling effects in various tissues [466], especially in 

osteoarthritic knee [490]. This indicates the immuno-compatible nature of GFRP25 

biomaterial-ink that would aid in the future in vivo functional assessments in animal knee 

meniscus defect models. Future in vivo evaluation has been planned in smaller animal models 

with major full-thickness meniscal defects for evaluation of healing potential of GFRP25 

constructs, the cytokine profile of the knee joint upon application and the effect on the articular 

cartilages. Subsequent optimizations in the degradability and GFRP loading could be done for 

the larger animal trials w.r.t. to the duration of healing hence ascertaining the clinical 

significance of the developed biomaterial-ink. Additionally, 3D printed shape conformal 

GFRP25 constructs could be seeded with progenitor cells and pre-matured in vitro (under static 

environment as demonstrated in this work or dynamically in a bioreactor) to further accelerate 

the healing process. This would eliminate the drawbacks caused by the paucity of progenitors 

in vivo.  
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4.5 Salient outcomes and Findings 

1. We developed an array of GFRP loaded photo-crosslinking biomaterial-ink (GFRP25) for 

potential meniscus tissue engineering applications.  

2. GFRP25 biomaterial-ink showed facile and rapid fabrication potential, physiologically 

relevant mechanical properties, optimal porosity, amicable water uptake characteristics, long-

term stability profile of >6 weeks under enzymatic conditions in vitro and in vivo stability for 

3 weeks in rabbit model.  

3. We demonstrated a proof-of-concept 3D printed defect filling regimen using the GFRP25 

biomaterial-ink. GFRP was released from the printed constructs in a sustained manner over 

the period of >5 weeks in vitro.  

4. hwJMSCs seeded on the printed GFRP25 scaffolds proliferated, differentiated into 

fibrochondrogenic phenotype and deposited fibrochondrogenic matrix over 3 weeks in vitro.  

5. The GFRP25 printed 3D constructs elicited minimal inflammatory response in vitro and in 

vivo. We envisage that the developed photo-crosslinkable autologous growth factor loaded 

GFRP25 biomaterial-ink composition holds great potential for future applications in treatment 

of full thickness meniscal tears in vivo in animal models and could be optimized for further 

clinical applications in the future.
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Formulation of an injectable silk-based 

autologous growth factor incorporated photo-

polymerizing hydrogel for patient-specific 

repair of meniscal defects and its functional 

analysis in rabbit meniscus defect model 

This chapter describes the development of a patient-specific facile approach in the form of a 

silkMA/gelMA/PEGDA hydrogel loaded with the patient-derived autologous growth factor rich plasma that can 

be promptly photopolymerized (60s) for the treatment of small meniscal tears. The injectable hydrogel composition was 

assessed for swelling, degradability, compressive and tensile mechanical properties and sustained release of growth factor 

rich plasma. Human neonatal stem cells were encapsulated in the hydrogel for biological evaluation and assessed for 

proliferation, fibrochondrogenic differentiation, meniscus-specific matrix deposition and in vitro immunogenicity. Pilot-

scale in vivo evaluation of hydrogel composition was conducted in rabbit meniscal tears and compared to untreated 

control. 

  CHAPTER 5 

TH-3393_176106019



 

165 

 

 

Outcomes of this chapter are published as: 
Ashutosh Bandyopadhyay, Baishali Ghibhela, Sayanti Shome, Debajyoti Pal, Samit K. Nandi, 
Biman B. Mandal. Silk-based injectable photocurable hydrogel loaded with autologous growth 
factors for patient-specific repair of meniscal defects in vivo. Applied Materials Today. 2024, 
37, 102111. DOI: 10.1016/j.apmt.2024.102111 

TH-3393_176106019



Abstract  Chapter 5 

 
 

166 

 

ABSTRACT 

Meniscus tears and injuries in the avascular region often lead to pain, swelling and 

locking of the knee joint due to the non-healing nature of fibrocartilaginous tissue. The current 

mandate of partial meniscectomy leads to osteoarthritis and loss of integrity of the knee joint. 

Stabilization of the torn meniscal tissue must be achieved at the earliest to prevent damage to 

articular cartilage. We have developed a patient-specific facile approach in the form of a silk-

based injectable hydrogel blend comprising of silk fibroin methacrylate, gelatin methacrylate, 

polyethylene glycol diacrylate and patient-derived autologous growth factor rich plasma  

(GFRP) for ameliorating meniscal tears. Our hydrogel could be crosslinked promptly within 

60 s and demonstrated robust physicochemical and mechanical resilience in vitro. The 

injectable hydrogel demonstrated amicable shear thinning, optimal water uptake behaviour 

(~1.2 times), sustained release of GFRP proteins (>70%) over 40 days and an intricate 

microporous architecture. We could observe sustained degradability (~40%) over 85 days 

under enzymatic conditions in vitro. Photocrosslinking imparts our hydrogel composition with 

physiologically relevant compressive strength and ample tensile strength to retain their position 

and aids in their stability over 3 weeks of confined cyclic compression cycles. Hydrogel-

encapsulated human-derived neonatal mesenchymal stem cells showed >3 times proliferation, 

in vitro migration, fibrochondrogenic differentiation and meniscus-specific extracellular matrix 

deposition after 3 weeks. Our hydrogel demonstrated minimal in vitro immunogenicity when 

presented to murine and human macrophages. A pilot-scale in vivo evaluation demonstrated the 

healing capacity of the injectable hydrogel composition in full-thickness tears of rabbit menisci 

compared to untreated counterparts after 8 weeks of treatment. Our patient-specific 

photopolymerizable injectable hydrogel could be a potential translational treatment modality 

for various partial and full-thickness meniscal tears in vivo. 
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5.1 Introduction 

Knee menisci are largely avascular fibrocartilage tissues that suffer significant injuries in 

the form of tears [68]. Restricted healing of meniscus tears renders the knee joint inflamed and 

painful. Meniscal tears lead to osteoarthritis if left intreated. The current treatment modalities 

include suturing of tears or resecting out the damaged portions [68] and sporadically using 

meniscal implants made of natural, synthetic or hybrid materials [421]. These approaches might 

lead to the protection of articular cartilage for varied durations, but often are accompanied by 

non-healing or compromised healing of the tears and hence are insufficient in preventing 

osteoarthritis at later stages [491]. The non-conformation of most implants, risk of allograft 

infections and the poor synthetic material integration necessitates the development of 

appropriate treatment modality for facile minimally invasive treatment of meniscal tears at an 

early stage to attain integration and healing of the tears [92]. 

Conventionally, repair and regeneration of large meniscal tears is carried out using 

patient-preferred meniscal graft of natural or synthetic polymers after partial or total 

meniscectomy. In many cases, smaller tears of the menisci are either resected out or sutured for 

potential healing [2, 378]. These treatment approaches meet with several difficulties related to 

compromised mechanical durability, improper shape conformity, absence of bioactivity, post-

treatment osteoarthritis or post-surgical complications leading to the displacement of grafts and 

destabilization of menisci. The current FDA-approved implants for menisci are either made 

from natural materials (collagen) [492] or synthetic materials (polyurethane) [89]. Both 

categories of implants are not patient-specific and are fabricated according to a one-size-fits-

all approach and require shaping by the surgeons on the operating table. Moreover, these 

implants are unsuitable for smaller meniscal tears which need partial or total debridement 

before implantation. Failure is typically associated with both kinds of implants due to non-

integration or breakage (synthetic material) [98] and shrinking (natural material) [379]. Past 

studies have indicated promising results in the regeneration of whole meniscus by the virtue of 

3D bioprinted constructs [113] and cell-laden conventional [493], electrospun [222] or 

decellularized matrix-derived scaffolds [494]. However, smaller irregular meniscal tears need 

to be addressed as their resection could destabilize the knee joint and their suture might fail 

upon constant compression and relaxation cycles due to small tissue suture margins. For 

translational needs, the application of non-patient or patient-derived stem cells and 

decellularized matrix could pose challenges such as discrepancy in the choice of stem cell 

sources, adverse reactions to allogenic or xenogenic extracellular matrix and difficult 
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regulatory approval process. Moreover, the repair of small irregular tears is difficult using 

scaffolds and 3D printed constructs due to the issues of shape and mechanical conformity. So 

there is a need for facile therapeutic approaches for smaller meniscal tear healing. Hence, an 

in-situ crosslinking hydrogel composition loaded with a patient-specific growth factor pool 

with the necessary degradability, mechanical strength, biocompatibility and regenerative 

capacity could be ideal for the irregular partial and full-thickness meniscal defects of smaller 

sizes.  

Injectable hydrogels have been studied for the minimally invasive treatment of various 

diseases and tissue defects as they have the inherent property to conform to non-geometric 

spaces, act as suitable vehicle for the delivery of growth factors, drugs and molecules and act 

as viable scaffolding materials for the migration and proliferation of cells [380]. There are 

various methods reported for the preparation of crosslinked hydrogels including physical, 

chemical and pH-induced crosslinking [380]. Recently, photoactivation has emerged as a facile 

and rapid approach for crosslinking hydrogels/hydrogel blends with photoactivated precursor 

polymers (modified with photo-crosslinkable functional groups) such as B. mori silk fibroin 

methacrylate (silkMA), gelatin methacrylate (gelMA), hyaluronic acid methacrylate (HAMA), 

polyethylene glycol dimethacrylate (PEGDMA), polyethylene glycol diacrylate (PEGDA) and 

carrageenan methacrylate (carMA) [495, 496]. These polymers have been used for tissue 

engineering and as bioinks/biomaterial inks for 3D printing. They could hence be rheologically 

tuned to conform to injectable hydrogel applications. We have previously explored silkMA, 

gelMA, PEGDA and PEGDMA in various blends for bioprinting/3D printing applications, 

which suggest their suitability in potential injectable treatment approaches [266]. 

Platelet rich plasma (PRP) is a rich cocktail of autologous growth factors suspended in 

the plasma and has been used as an injectable treatment approach for musculoskeletal tissue 

regeneration [466]. Reports of infrared light photoactivated PRP lysate devoid of the cells have 

been a bane to this scenario as they minimize the chances of immune response while preserving 

all the growth factors [497]. PRP has shown effectivity in healing meniscal defects due to the 

presence of fibroblastic (CTGF, PDGF, FGF) and chondrogenic (TGFβ) growth factors [303]. 

Conventionally PRP lysate has been employed in its injectable liquid or semi-gelled state, but 

recently freeze-dried PRP has also been reported as a growth supplement [472]. Owing to its 

mechanically weak nature PRP gel is ineffective for direct applications in knee meniscus 

scaffolding, which require stable, supportive constructs that can be load bearing while aiding 

regeneration. Hence PRP could be incorporated into mechanically resilient treatment modalities 
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after removal of platelets and freeze-drying, and could be used as a rich source of sustained 

releasing growth factors in the treatment of meniscal injuries. Human Wharton’s jelly derived 

mesenchymal cells (hwJMSCs) are gaining traction due to their inherent regenerative potential 

and applicability in clinical settings. Several ongoing clinical trials are using hwJMSCs for the 

treatment and therapeutic applications in diabetic foot ulcers, spinal cord injury, myocardial 

infarction and knee osteoarthritis [473]. Advancement of tissue engineering and organ 

regeneration-based strategies has caused a rise in the cryo-preservation of umbilical cords for 

eventual isolation and patient-specific treatment application of Wharton’s jelly derived neonatal 

mesenchymal stem cells [498]. Hence, these stem cells are a lucrative option for the evaluation 

of treatment modalities with potential clinical relevance. 

Here, we have reported an in situ photo-crosslinkable blend of silkMA, gelMA, PEGDA 

and GFRP along with lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photoinitiator, 

that could be crosslinked using a visible light of 405nm wavelength in 60s. The formed 

hydrogels have been assessed extensively for their rheological properties, chemical 

conformation changes through infrared spectroscopy, mechanical properties, swelling 

behaviour, cross-sectional topography and porosity as well as long-term degradability 

properties. These hydrogels have been gauged for their potential of acting as a growth factor 

reservoir with sustained release of GFRP proteins encapsulated within the blend. Furthermore, 

the biological characterization of these hydrogels using human Wharton’s jelly mesenchymal 

stromal cells (hwJMSCs) has been carried out, in tandem, for cellular proliferation and 

migration for 21 days. The cells encapsulated within the hydrogels have been evaluated for 

their gene expression profile to determine the potential fibro-chondrogenic differentiation 

commitment created by the presence of GFRP. The constructs have been digested to check for 

the biochemical deposition of sulphated glycosaminoglycans (sGAG) and cryo-sectioned and 

immuno-stained for the evaluation of the presence of the collagen I, collagen II and aggrecan 

secreted by the hydrogel encapsulated cells after 21 days of culture. Additionally, murine and 

human macrophages have been used for the in vitro evaluation of the release of inflammatory 

cytokines when cultured in the presence of hydrogel composition or its leachate thereof. These 

hydrogels have been further used for treatment of full-thickness meniscal defects in rabbit 

model. After 8 weeks, the hydrogel treated menisci demonstrated visible healing of the defects 

as compared to the un-treated control menisci. Hereby, we hypothesize that the developed 

hydrogel composition could be used for the potential patient-specific treatment of both minor 

and major meniscal tears. 
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5.2 Materials and methods 

5.2.1 Preparation of Bombyx mori silk fibroin methacrylate (silkMA) and gelatin 

methacrylate (gelMA) and isolation of growth factor rich plasma (GFRP) 

Methacrylated B. mori silk fibroin (silkMA) was prepared using a pre-optimized protocol 

[435] . Briefly, B. mori cocoons were chopped, degummed in boiling 0.02M sodium carbonate 

solution (Na2CO3) for 30 min, washed thoroughly using distilled water, and air dried to obtain 

the degummed fibres. Obtained degummed fibres were dissolved in lithium bromide (LiBr, 

9.3M) under stirring for 1h at 60°C. To this silk-LiBr solution, glycidyl methacrylate (GMA) 

was added at a feed ratio 0.06:1 while continuously stirring and further incubating at 60°C to 

react for 3h. This solution is further dialysed using a 12-14kDa cut-off dialysis membrane 

against double distilled water for 96 h to remove the unreacted GMA and residual LiBr, 

obtaining the regenerated B. mori silk fibroin methacrylate (silkMA). Gravimetric 

determination was used to determine the concentration of silkMA and it was used as a stock for 

further use. 

Gelatin methacrylate (gelMA) was prepared according to the protocol mentioned 

previously with slight modification[447]. Briefly, gelatin type A from porcine skin was 

dissolved in 0.1M carbonate-bicarbonate buffer (CB buffer, pH 9.2-10.6) while stirring and 

maintaining at 60°C. The pH was adjusted to 9 using NaOH before reaction and methacrylic 

anhydride (MA, 94%) was added dropwise to the solution mixture at the feed ratio of 0.1:1 at 

intervals of 10-11 min, while constantly adjusting the pH to 9 and thereafter allowed to react 

for 1.5h at 60°C. pH of the solution was adjusted to pH 7.4 using 1N HCl to stop the reaction. 

Obtained reaction mixture was dialyzed against double distilled water in a 12kDa cut-off 

dialysis membrane for 120h at 600C for removal of excess unreacted MA and any other 

byproducts. The dialyzed gelMA was frozen at -80°C and freeze-dried for storage and further 

reconstitution.  

Preparation for freeze-dried growth factor rich plasma (GFRP) was carried out by 

introducing certain modifications in a protocol previously mentioned[469]. Platelet concentrate 

bags were secured from blood bank of GNRC hospital (Guwahati, Assam, India) with 

appropriate collection, processing and handling protocols reviewed and approved by 

Institutional Ethics Committee, Institute of Neurological Sciences Trust, GNRC Hospitals 

(Reference no. Inst/AS/2015/RR-2018/EC-104). Platelet bags were collected well before 

expiration and transported rapidly to laboratory under shaking conditions. Initially, the platelets 
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were concentrated by centrifuging at 300xg for 8 min at 12°C to separate platelet and buffy coat 

layer from the residual cells such as RBC. Obtained suspension was centrifuged at 1000xg for 

10 min at 16°C to obtain the platelet pellet and plasma supernatant. The supernatant was reduced 

to 1/3rd of the volume and platelet pellet was gently resuspended to obtain platelet rich plasma 

suspension. This suspension was poured onto petri dishes kept in an ice bath for photoactivation 

using a polychromatic infrared light source (600-1300nm, Philips R95) from a distance of 30cm 

along the central axis of the lamp for 15min. The growth factor rich activated PRP was 

centrifuged at 1000xg for 15 min at 16°C to pellet down the platelets. The growth factor rich 

supernatant was collected, freeze-dried and stored at -20°C under sterile conditions for further 

use. This freeze-dried form of the growth factor rich plasma is referred to as GFRP in further 

mentions.  

5.2.2 Preparation of photo-crosslinking hydrogel blend and its physico-chemical 

characterization 

SilkMA, gelMA and PEGDA stocks were sterilized by autoclaving and stock solution of 

lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Sigma Aldrich, U.S.A.) was filter 

sterilized (0.22μm). Concisely, the injectable hydrogel blend was formulated by mixing 

silkMA, gelMA, PEGDA (polyethylene glycol diacrylate, Mn 700, Sigma Aldrich, U.S.A.) and 

LAP to reach a final concentration of 5% (w/v), 10% (w/v), 5% (w/v) and 0.4% (w/v) 

respectively by mixing at 40°C under aseptic conditions until a uniform blend is obtained with 

no precipitating residues. Thereafter the blend was cooled to room temperature and GFRP was 

added at 0.25% (w/v) to the blend in a sterile environment and pipetted until a uniform hydrogel 

is obtained. This hydrogel blend was further used in uncrosslinked and crosslinked forms for 

fabrication of constructs for physico-chemical, mechanical and biological characterizations. 

5.2.2.1 Rheological characterization of silk-based injectable hydrogel 

Injectable hydrogel composition was characterized rheologically in both crosslinked and 

uncrosslinked forms through various tests to understand its flow behaviour and stability using 

an MCR 302 rheometer (Anton Paar, Austria). Amplitude sweep, frequency sweep, temperature 

sweep as well as 3ITT (three-interval thixotropy) were performed on hydrogel using stainless 

steel parallel plate (PP25, 25 mm diameter). For each test, the hydrogel composition was 

pipetted onto the temperature controlled lower plate of rheometer, and the gap in between the 

plates was set at 0.5mm. For the amplitude sweep, the shear strain was varied from 0.001-

1000% at 25°C and constant angular frequency of 1 rad s-1. The obtained linear viscoelastic 
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region (LVER) of gel in both crosslinked and uncrosslinked form was further used to perform 

a frequency sweep of hydrogel in both the states. The angular frequency was varied from 0.01 

to 100 rad s−1 at 25°C and a constant shear strain amplitude of 1% to find out the stability of 

hydrogel at various frequencies of shear. Furthermore, a temperature sweep of the hydrogel 

(crosslinked and uncrosslinked form) was performed over a wide range of 4°C to 45°C at 

constant angular frequency (1 rad s−1) and shear strain amplitude (1%) to ascertain the 

temperature induced transition in crosslinked and uncrosslinked states. This was followed by 

the 3ITT (three-interval thixotropy) test where hydrogel in both the forms was exposed to 

alternating cycles of low shear strain amplitude (1%), low angular frequencies (1 rad s−1) 

interspersed by short stretches of high shear strain (100%), high angular frequencies (100 rad 

s−1) at 25°C to evaluate the injectability and self-standing nature of the hydrogel. 

5.2.2.2 Surface topography and pore size distribution of hydrogels 

Microarchitecture, pore size and pore size distribution of the injectable hydrogel was 

observed using field emission scanning electron microscopy (FESEM, Sigma, ZEISS, U.S.A) 

with an accelerative voltage of 2 kV. The injectable hydrogel constructs were casted into molds 

made of PDMS (polydimethylsiloxane) of the dimensions 7x7x7 mm3 and crosslinked for 60s. 

These constructs were freeze-dried and cut into sections for electron microscopy. The sectioned 

constructs were sputter-coated with gold before analysis. Further, it was scanned under FESEM 

under high vacuum conditions and the pore diameter of constructs were calculated using Fiji 

(ImageJ 1.53p, Wayne Rasband, NIH, U.S.A.) by randomly selecting 50 different pores from 

randomized regions on FESEM micrographs. 

5.2.2.3 Fourier Transform Infrared (FTIR) spectroscopy 

The infrared spectroscopy was done for the structural conformational analysis of 

individual components as well as the blended hydrogel via attenuated total reflection (ATR) 

mode of FTIR (Shimadzu, IR Affinity-1S WL). The components i.e., including silkMA, 

gelMA, PEGDA, uncrosslinked hydrogel and crosslinked hydrogel compositions were freeze-

dried and placed over the ATR crystal. Thereafter, spectra of all the samples were obtained in 

the range of 800 and 2000 cm–1, a spectral resolution of 4 cm-1 and with 32 scan averages. 

Background readings were deducted from sample readings and all the spectra were noted at 

room temperature. Thereafter, the characteristic peak of individual components of hydrogel, 

hydrogel composition and crosslinked hydrogel were observed for changes caused by the 

photo-crosslinking and methacrylation. 
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5.2.2.4 Water uptake study 

Swelling behaviour of the injectable hydrogels was studied based on previously 

mentioned protocol [435]. Concisely, the initial weight of hydrogels constructs (n = 5) was 

noted (Wi) and they were subsequently incubated in phosphate buffered saline (PBS, pH 7.4, 

37°C) until they attained equilibrium. Weight of swollen construct (Ws) were measured using a 

microbalance at various time intervals by slowly dabbing off the excess PBS using a wet tissue 

paper. Swelling ratio was expressed using the following equation: 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 =
𝑊𝑠
𝑊𝑖

 

where, Ws represents the weight of constructs measured after different time intervals 

and Wi represents the initial weight of constructs. 

5.2.2.5 Enzyme-assisted degradation profile 

The in vitro enzyme-assisted degradation study was performed on the injectable hydrogel 

composition based on previously optimized protocol [46]. This study was conducted over the 

period of 90 days while incubating in PBS or a solution of protease XIV (from Streptomyces 

griseus, 3.5 units/mg, Sigma-Aldrich, U.S.A.). The injectable hydrogel constructs (n = 5) were 

immersed in either non-proteolytic PBS solution (pH 7.4) or proteolytic PBS solution (pH 7.4) 

containing 0.5 U ml-1 protease XIV at 37°C. Constructs immersed in non-proteolytic PBS 

solution were considered as control for comparison of stability of hydrogels. Constructs were 

incubated by replacing enzyme solution every 2 days for a period of 90 days. Additionally, 

0.05% (w/v) sodium azide was added to the enzyme solution for preventing microbial growth. 

The constructs were retrieved at different time points, weighed and the remaining mass was 

recorded for each time point. The consequent percentage of mass remaining was expressed as 

follows: %𝑊𝑒𝑖𝑔ℎ𝑡 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 =
𝑊𝑟

𝑊𝑖
 ×  100 

where, Wr represents weight of constructs measured after n days and Wi represents initial 

weight of constructs. 

5.2.2.6 Porosity estimation 

Porosity of injectable hydrogel composition was analysed using predefined hexane 

displacement method [406]. In brief, the hydrogel constructs of equal size (n = 4) were 

immersed in 13 mL of hexane (V1) for 20 min each. Thereafter, the overall volume of hexane 

along with hexane-soaked constructs (V2) was noted. Thereafter, the hexane-soaked constructs 

were removed and the residual volume of hexane solution in graduated cylinder (V3) was noted. 
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Discrepancy in volume of hexane due to evaporation was eliminated by keeping another 

graduated cylinder with hexane and without constructs as control. The percentage porosity of 

hydrogel constructs was calculated according to the equation: 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦(%) =  
𝑉1−𝑉3

𝑉2−𝑉3
× 100 

Where (V1 - V3) denotes volume of hexane impregnated within injectable hydrogel constructs 

whereas (V2 - V3) denotes total volume of construct. 

5.2.2.7 Cumulative release of GFRP 

Cumulative release of growth factor rich plasma was evaluated by estimating the 

leachate derived from the injectable hydrogel composition. The initial amount of GFRP 

loaded into each construct (W1) was noted according to the initial volume of the hydrogel 

required for preparation of each construct (n = 4). Further these constructs were incubated in 

PBS (pH 7.4) supplemented with 0.05% (w/v) sodium azide at 37°C over 40 days with a 

complete removal and replacement of the incubation solution at various time intervals (0, 1, 

3, 5, 7, 14, 21, 28 and 40 days). Thereafter, 20 μL of leachate containing PBS added with 200 

μL of Bradford reagent (SIGMA-Aldrich, USA) for 20 min and the absorbance was read at 

525 nm. The amount of GFRP proteins leached out (W2) was determined from the standard 

curve and the cumulative GFRP release (%) was measured using the formula:  

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑜𝑓 𝐺𝐹𝑅𝑃 (%) =
𝑊1

𝑊2
 ×  100 

Where, W1 represents initial amount of GFRP encapsulated into the hydrogel constructs (mg) 

and W2 denotes the amount of leached GFRP in the solution (mg). 

5.2.3 Mechanical characterization of injectable hydrogel 

5.2.3.1 Compressive strength evaluation of injectable hydrogel 

Acellular injectable hydrogel constructs (n = 5) were fabricated using photo-crosslinking 

in 7x7x7 mm3 dimension PDMS molds and incubated to reach swelling equilibrium in 

phosphate buffered saline (PBS, pH 7.4) at 37°C. Thereafter, uniaxial confined compressive 

stress test of the crosslinked hydrogel constructs was carried out using a universal tensile testing 

machine (Model 5944, Instron, USA) armed with a 100 N load cell. Injectable hydrogel 

constructs were exposed to a uniaxial confined compressive strain of 60% at rate of 5 mm/min. 

Further, the compressive stress vs strain curve was plotted and the mean compressive modulus 

as well as young’s modulus was calculated using Bluehill 3 software. Additionally, hydrogel 
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constructs were also exposed to uniaxial compressive cyclic strain of 20% for 2000 cycles of 

compression at a crosshead speed of 5 mm/min every day for 21 days. A reading was done on 

1, 3, 5, 7, 14 and 21 days and the compressive stress-strain curve hysteresis loop for 1st cycle 

and 2000th cycle were plotted to compare the aberration in terms of strength and stress profile 

of the constructs during the experimental duration. 

5.2.3.2 Tensile strength evaluation of injectable hydrogel 

Tensile strength and young’s tensile modulus of injectable hydrogel constructs were 

estimated using universal tensile testing machine (Model 5944, Instron, USA) equipped with 

100 N load cell. Experiment was executed by creating a major defect in porcine meniscus 

mimicking the radial tear of native meniscus injury (Figure 5.1). Further, two holes were 

punched at the edges of the menisci antero-posteriorly for extension purpose. The defect was 

filled using injectable hydrogel composition and photo-crosslinked for 1 minute using a 405 

nm wavelength 40W LED array. Thereafter, meniscus samples were exposed to 60% tensile 

strain at a crosshead speed of 5 mm/min. Further, the tensile stress-strain and young’s tensile 

moduli were calculated using Bluehill 3 software and plotted using OriginPro 2021 (OriginLab 

corporation, U.S.A.). 

 

Figure 5.1: Representative gross images of the tensile testing of hydrogel in porcine menisci. 
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5.2.4 In vitro Biological evaluation of injectable hydrogel composition 

5.2.4.1 Isolation of Wharton’s Jelly stem cells and cell encapsulation within hydrogel 

constructs 

Wharton’s jelly stem cells were harvested from freshly collected Human umbilical cords 

through an explant-based method. The isolation protocol was in accordance with the previously 

established protocol [449]. Human umbilical cord was procured from GNRC Hospital 

(Guwahati, Assam, India) with appropriate collection, processing and handling protocols 

reviewed and approved by Institutional Ethics Committee (Institute of Neurological Sciences 

Trust, GNRC Hospitals; Reference no. Inst/AS/2015/RR-2018/EC-103). For the transport of 

cords, ice cold sterile PBS (pH 7.4) was used and they were processed within 2-3 hours of 

procurement. Sterile PBS was used to wash the cord tissue to remove remnant blood. Further, 

Wharton’s jelly was dissected out from cord tissue used as explants. Thereafter, explants were 

observed for the outcoming migrated cells which were trypsinized and reseeded to expand 

further. They were grown in a pre-optimized media (DMEM (Gibco, USA); glucose 4500 mg/L 

supplemented with 10 % fetal bovine serum, FBS (Gibco, USA), 1X antibiotic-antimycotic 

mix (Gibco, USA)) further supplemented with 2 ng/ml basic fibroblast growth factor (bFGF). 

For the biological characterization of injectable hydrogel, cells within passage numbers 3-8 

were used. 

Uncrosslinked injectable hydrogel composition along with PRP-lysate was prepared in 

aseptic conditions and hwJMSCs were blended within. These cell-laden hydrogels were poured 

into PDMS molds of 5x5x3 mm3 volumes and photo-crosslinked using 40 W LED light source 

of 405 nm wavelength for 1 min. It was ensured that the cellular density was maintained at 106 

cells per mL of hydrogel. Thereafter, the cell-laden hydrogel constructs were cultured in cell 

culture medium (DMEM (Gibco, USA); glucose 4500 mg/L supplemented with 10 % fetal 

bovine serum, FBS (Gibco, USA), 1X antibiotic-antimycotic mix (Gibco, USA)) in an 

incubator at 37°C with 5% CO2 and 85 % humidity for assessing their viability, compatibility, 

proliferation, infiltration and gene expression. 

5.2.4.2 Cellular viability assay 

Cell viability of the hwJMSCs encapsulated within injectable hydrogel composition was 

screened using live/dead assay kit. The assay dye solution was formulated by mixing calcein-

AM (2 μM) and ethidium homodimer (4 μM) solutions (pH 7.4) following manufacturer’s 
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protocol (Sigma-Aldrich, USA). Cell viability was observed after 1, 7, 14 and 21 days of 

culture. Cell encapsulated injectable hydrogel constructs were washed mildly with PBS (pH 

7.4), followed by incubation with calcein-AM and ethidium homodimer solution at 37°C and 

5% CO2 for 40 min. Thereafter, the live/dead reagent was aspirated, and the injectable hydrogel 

constructs were washed briefly in PBS to remove the extra stain. Further, the constructs were 

visualized under an inverted fluorescence microscope (Nikon Eclipse TiU2, Nikon, Japan). 

Green fluorescence indicates viable cells produced as a result of integral plasma membrane and 

intracellular esterase activity that changes calcein AM to calcein. In contrast, dead cells were 

identified by the entry of ethidium homodimer inside the dead cells through damaged plasma 

membranes and resulting in red fluorescence from the dead cells. 

5.2.4.3 Cellular migration study 

Cellular migration in injectable hydrogel composition was carried out using a previously 

established protocol [285] with slight modification. A layer of injectable hydrogel composition 

was laid upon a 1% (w/v) agarose-coated dish. Thereafter, a void was created in the injectable 

hydrogel composition using a PDMS pillar of 2 mm diameter to which 0.5% (w/v) agarose gel 

laden with hwJMSCs was filled. The migration of cells from agarose gel towards the injectable 

hydrogel composition was observed post-incubation for 1, 7, 14 and 21 days in culture medium 

at 37°C and 5% CO2. In order to visualize the cellular migration, the agarose gel (with any 

residual cells) was carefully removed from the middle cavity space and Hoechst 33342 (Sigma 

Aldrich, USA) nuclei staining dye was used to stain for 30 minutes in dark. Post incubation, 

the images were taken using an inverted fluorescence microscope (Nikon TiU2, Nikon, Japan) 

and stitched using Microsoft Image Composite Editor. Thereafter, these stitched fluorescent 

images were processed using Fiji (ImageJ 1.53p, Wayne Rasband, NIH, U.S.A.) to plot the 3D 

surface profile showing the distribution of cells migrated into the injectable hydrogel 

composition from the agarose gel. 

5.2.4.4 Estimation of DNA and sGAG content 

Cell-laden injectable hydrogel constructs (n =4) of previously mentioned dimensions 

were utilized for estimation of DNA content and sGAG content following previously 

established protocol [46]. Concisely, cell-laden injectable hydrogel constructs were collected 

after different incubation time intervals of 1,7,14 and 21 days and digested using papain 

digestion cocktail (5 mM L-cysteine, 5 mM EDTA, 100 mM Na2HPO4 and 125 μg/mL papain, 

pH 6.2) for 16 h at 60°C in a hot air oven. Thereafter, picoGreen DNA assay kit (Invitrogen, 
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USA) was used to estimate DNA content according to the manufacturer’s protocol. The 

digested samples were centrifuged and 25 μL of supernatant  was diluted using 75 μL of 1X 

TE buffer. Thereafter, each sample was added with 100 μL of Quant-iT PicoGreen reagent 

(1:200 dilution in 1x TE buffer) and quantification was carried out using a microplate reader 

(Tecan infinite M200 PRO) with an excitation and emission maxima of 480 and 528 nm 

respectively. Standard curve for the DNA content estimation was generated using lambda phage 

DNA. 

For quantification of total sulphated GAG (sGAG) the reagent used was 1,9-

dimethylmethylene blue (DMMB). For the study, 200 μL of DMMB reagent was added to 20 

μL of papain digested sample and the absorbance was read at 525 nm. Chondroitin-6-sulfate 

(Sigma Aldrich, USA) was used to prepare the standard curve. 

5.2.4.5 Real-Time PCR analysis 

Complete RNA was isolated from cell-laden injectable hydrogel constructs (n = 4) after 

different incubation time points of 1, 7, 14, and 21 days using TRIzol (Sigma Aldrich, USA) 

following the previously established protocol [476]. Briefly, cells encapsulated injectable 

hydrogel composition were taken in tubes into which TRI reagent was added. Thereafter, the 

constructs were chopped with microscissors on ice container and then centrifuged at speed of 

13000g for 10 min and 4°C. The supernatant collected from the tubes were relocated into fresh 

tubes to which chloroform was added and centrifuged. Then the upper aqueous layer was 

carefully removed into fresh tubes followed by addition of isopropanol to obtain mRNA. This 

mRNA is further collected using centrifugation and the supernatant was carefully removed 

without dislodging the pellet. The pellet was washed using pre-chilled DNA diluent (EtOH) 

and further air-dried in laminar flow to obtain purified mRNA. mRNA concentration was 

determined using microdrop spectrophotometric analysis through Multiskan Sky 

(Thermofisher Scientific, USA) and followed with cDNA synthesis using high capacity cDNA 

reverse transcription kit (Applied Biosystems, USA) and a PCR thermal cycler (Applied 

Biosystems, USA). Obtained cDNA was further used to perform real-Time PCR using the 

primer sequences for human genes (listed in Table 5.1) and SYBR Green reagent (Invitrogen, 

USA) in a QuantStudio 5 (Applied Biosystems, USA) real-time PCR machine. The run was 

carried under the set conditions of the holding stage (50°C for 2 min, 95°C for 10 min) and 

cycling stage (40 cycles of 95°C for 15 s and 60°C for 45 s). The results obtained were analysed 

by normalizing using either only the endogenous housekeeping gene β-actin (2−ΔCt) or with β-
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actin as well as the expression on day 1 normalized to the corresponding β-actin via Ct method 

(2−ΔΔCt). The primer sequences used and the respective accession numbers have been mentioned 

in Table 5.1. 

Table 5.1: Primer sequences for gene expression analysis 

Gene Sequence Accession No. 

Human sox-9  

(sox-9) 

F:5ʹ-TTCCGCGACGTGGACAT-3ʹ 

R:5ʹGGCGGCAGGTACTGGTCAAACTC-3ʹ 

NM_213843.1 

Human Aggrecan 

(acan) 

F:5ʹ-CCCAACCAGCCTGACAACTT-3ʹ 

R:5ʹ-CCTTCTCGTGCCAGATCATCA-3ʹ 

NM_001164652.1 

Human Collagen Iα 

(col I) 

F:5ʹ-AGAAGAAGACATCCCACCAGTCA-3ʹ 

R:5ʹ-AGATCACGTCATCGCACAACA-3ʹ 

XM_021067153.1 

Human Collagen IIα 

(col II) 

F 5′-CAGGTGAAGGTGGGAAACCA-3′  

R 5′-ACCCACGAGGCCAGGA-3′ 

AF201724.1 

Human RUNX-2  

(runx-2) 

F 5′-GACTGTGGTTACCGTCATGGC-3′ 

R 5′-ACTTGGTTTTTCATAACAGCGGA-3′ 

NM_001015051.4 

Human Osteoclacin 

(OCN) 

F 5′-GTAGTGAAGAGACCCAGGCG-3′  

F 5′-CGGATTGAGCTCACACACCT-3′ 

NM_199173.6 

Human β-actin 

(βactin) 

F: 5ʹ-CACCATTGGCAATGAGCGGTTC 

R:5ʹ- AGGTCTTTGCGGATGTCCACGT-3ʹ 

NM_001101 

 

5.2.4.6 Macrophage stimulation and inflammatory cytokine release profile 

In vitro immunomodulatory response of silk-based injectable hydrogel composition was 

performed by using RAW 264.7 cells (mouse macrophages, acquired from National Center for 

Cell Science, NCCS, Pune) by estimating the amount of TNF-α (Tumor Necrosis Factor) and 

IL-1β (Interleukin 1β) released. RAW 264.7 cell lines were maintained in DMEM 

supplemented with 10% FBS, 1% anti-anti at 37°C and 5% CO2 prior to seeding. The cells were 

seeded at the density of 5 × 104 cells per well in a 24-well plate and grown for 24 h. Four groups 

were taken into consideration for the in vitro study, a negative control group (Tissue culture 

plate without hydrogel), a positive control group (Lipopolysaccharide, 1000 ng ml-1, LPS from 

Escherichia coli, Sigma Aldrich, USA) and two Experimental groups comprising of both 

hydrogel constructs or their leachates in media. Thereafter, hydrogel constructs were placed on 

seeded cells or they were treated with the leachate medium derived from the constructs after 24 
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h. Post 24 h of stimulation the culture media with the released cytokines was collected for each 

group and used for the quantification of TNF-α and IL-1β release using their respective ELISA 

kits following the manufacturer’s (Krishgen Biosystems, USA) protocol. 

THP-1 (human monocyte cell line) procured from NCCS were cultured in suspension in 

RPMI 1640 media (Sigma Aldrich, USA) by observing standard protocols. THP-1 cells were 

seeded at a density of 5 × 104 cells per well in a 24-well plate for differentiation into adherent 

macrophages (M0) by treating with 100 ng mL−1 (162 nm) phorbol 12-myristate 13-acetate 

(PMA) (Sigma Aldrich, USA) for 24h. Consequently, these M0 macrophages were treated with 

the leachate medium from the hydrogel constructs as well as the whole hydrogel constructs for 

24 h while keeping 1000 ng ml-1 LPS and unstimulated cells as positive and negative controls. 

The conditioned media were collected and used for the determination of human TNF-α and IL-

1β released by the macrophages using respective ELISA kits in agreement to the manufacturer’s 

(Krishgen Biosystems, USA) protocols. 

5.2.4.7 Cryo-sectioning and immunohistochemistry 

The cell-laden hydrogel constructs were incubated in 10% neutral buffered formalin 

(NBF) for 24 h for fixation. This was followed by cryo-protective fixation in 15% (w/v) sucrose 

for 6 h followed by 30% (w/v) sucrose for 12 h. These constructs were further embedded in 

Polyfreeze (Tissue Freezing Medium, SIGMA, U.S.A.) and snap-frozen to -24°C prior to cryo-

microtomy. The sample blocks were cryo-sectioned with slices of 12–15 μm thickness at -24°C 

using a cryomicrotome (Leica). Obtained cryo-sectioned slices were treated with 0.2% bovine 

serum albumin before immunostaining for removing the non-specific background staining. The 

treated sections were further immuno-stained using antibodies against ACAN (aggrecan) 

(Abcam, USA), COL I (Collagen I, Abcam, U.S.A.) and COL II (Collagen II, Abcam, USA). 

These sections were counted stained using DAPI by the virtue of aqueous mountant Fluormount 

with DAPI (SIGMA, U.S.A.) The co-stained sections were imaged using a fluorescence 

microscope for assessing the deposition of aggrecan, collagen I and collagen II by the hydrogel 

composition encapsulated hwJMSCs undergoing fibro-chondrogenic differentiation in the 

presence of GFRP (Eclipse Ti-2, Nikon, Japan). Co-stained micrographs were further assessed 

for the ratio of col I/col II and col I/acan using percentage area fraction calculated for various 

filed of views (n≥8) using ImageJ (Fiji) software.  
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5.2.5 In vivo functional evaluation in rabbit meniscus defect model 

A pilot scale in vivo functional assessment of the hydrogel composition was assessed by 

implanting acellular hydrogel into meniscal defects of adult New Zealand white rabbits. The 

experimental and animal handling protocols were reviewed and sanctioned by the Institutional 

Animal Ethical Committee (IAEC), West Bengal University of Animal and Fishery Sciences 

(WBUAFS), West Bengal, India (Registration No. 763/GO/Re/SL/03/CPCSEA/02/2021-22 

dated26.4.2022). Six healthy adult rabbits of either sex, each weighing 1.5 - 1.8 kg were put 

under anesthesia with Xylazine hydrochloride (5 mg/kg body weight; Injection xylaxin, Indian 

Immunologicals, Ahmedabad, India) and ketamine hydrochloride (33 mg/kg body weight; 

Ketalar, Parke-Davis, Hyderabad, India) intramuscularly. Knee joints were surgically opened 

to expose the menisci on each leg and full-thickness meniscal defects were created using a 0.5 

mm surgical steel punch (Figure 5.2). The defects were either left blank or filled with the 

injectable hydrogel composition and crosslinked in situ for 60 s using a small hand-held 405 

nm light array. Thereafter the knee joints of the animals were sutured and the animals were 

closely monitored. The sutured areas were cleaned superficially periodically with 10% 

povidone–iodine draped dressing gauge and animals of each group received Meloxicam (0.3 

mg/kg body weight; Injection Melonex, Intas Pharmaceuticals India, Ahmadabad, India) 

injection daily intramuscularly as per prescription. Two animals were sacrificed, after 1 and 8 

weeks respectively by cervical dislocation. The menisci were retrieved with utmost care and 

preserved for histological processing in 10% NBF for 24 h. The fixed samples were washed 

with PBS wash and embedded in cryo-sectioning medium and frozen at -20°C for 6 hr. The 

tissue sectioning was done in a cryomicrotome (CM1860 UV, Leica, Germany) with 18 µm 

thick section. The sections were stained with hematoxylin and eosin to gather an overall view 

and thereafter stained with Masson’s trichrome (MT) and safranin-O/fast green (SO-FG) 

according to established protocols. Stitched brightfield micrographs of H&E and magnified 

micrographs of MT and SO-FG were obtained using an inverted microscope (Eclipse Ti2U, 

Nikon, Japan) for representation of the healing potential of the hydrogel. 
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Figure 5.2: The representative surgical procedure showing opening of the knee joint, creation 

of meniscal defect, application of hydrogel in the created meniscal defects and its crosslinking 

followed by the suturing and closure of knee joint. 

5.2.6 Statistical analysis 

Experiments that are quantitative by nature were performed in quadruplets and the results 

were represented in terms of mean ± standard deviation. For statistical analysis of the data, 

Tukey’s test ANOVA (one-way analysis of variance) was performed. It was carried out with 

the help of OriginPro 2021 software (OriginLab corporation, USA) to analyse the significant 

difference between various sampling groups. Statistically significant variations between groups 

were denoted for *p ≤ 0.05 and #p≤ 0.01. 
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5.3 Results 

5.3.1 Physico-chemical characterization of hydrogel composition 

5.3.1.1 Infrared spectroscopy 

The crosslinking induced conformational changes in the functional groups was evaluated 

through Fourier transform infrared spectroscopy (Figure 5.3A). The infrared spectroscopic 

spectra of silkMA, gelMA as well as the uncrosslinked hydrogel blend (UHYD) and 

crosslinked hydrogel blend (CHYD) were found to possess the signature amide I (1710–1590 

cm−1), amide II (1570–1480 cm−1) and amide III (1270–1200 cm−1) peaks characteristic of the 

proteins present in the hydrogel composition, i.e., silk, gelatin and GFRP. The uncrosslinked 

and crosslinked hydrogel blends showed shift in these peaks due to the crosslinking of the 

components. Additionally, methacrylate peaks at ~951 and ~1165 cm-1 represent the presence 

of methacrylate groups in all the components of the hydrogel as well as the uncrosslinked and 

crosslinked blends. These peaks were also found to shift and widen due to the crosslinking of 

the methacrylate groups. 

5.3.1.2 Rheological characteristics 

The rheological characterizations of the formulated hydrogel blend was carried out in 

both uncrosslinked and crosslinked states through amplitude, frequency, temperature and 3 

interval thixotropy tests (Figure 5.3B). The shear thinning nature of the injectable hydrogel 

blend was found through the amplitude sweep (Figure 5.3B i) where the gel progressively 

underwent shear-thinning from 10-3 to 103 % shear strain within the linear viscoelastic region 

(LVR). The crosslinked hydrogel was found to possess 1000 folds higher viscosity as compared 

to the uncrosslinked hydrogel. Similarly, at constant amplitude and increasing frequency of 

shear strain from 0.01 to 100 rad/sec, the crosslinked and uncrosslinked hydrogels were found 

to undergo thinning and a higher viscosity was possessed by the crosslinked blend (Figure 

5.3B ii). Furthermore, the temperature sweep showed the stability of the crosslinked hydrogel 

(Figure 5.3B iii) under varying temperatures as it remained unaffected with higher viscosity 

from 4°C to as high as 45°C while the uncrosslinked hydrogel thinned rapidly past the 

temperature of 10°C. The injectability and gel strength recovery of the hydrogel was found 

through 3ITT (Figure 5.3B iv). The low shear regions denote the gel strength of both 

crosslinked and uncrosslinked hydrogels but at higher shear strain and frequency the 
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uncrosslinked hydrogel showed major decline in viscosity while the crosslinked gel could hold 

a considerably higher (1000 folds) viscosity and gel strength. 

5.3.1.3 Cross-sectional morphology, pore diameter and porosity 

The hydrogel constructs should possess necessary porosity and pore diameter for cellular 

infiltration and migration and consequent integration of the same with the host menisci. The 

scanning electron micrographs from several sections of the hydrogel were assessed (Figure 

5.3C). The hydrogel constructs were found to possess an overall porous microarchitecture as 

shown in micrographs (Figure 5.3C i-ii). Moreover, the presence of PRP proteins could be 

visualized from the threadlike structures on the struts of the porous microarchitecture (Figure 

5.4). The average dimension of the pores was calculated from different fields of the electron 

micrographs using ImageJ (FIJI) in the vertical and horizontal section to be 67.6µm and 

49.8µm respectively (Figure 5.3D). The apparent porosity of hydrogel constructs was 

evaluated using hexane displacement method which denotes the volume of the microporous 

architecture (Figure 5.3E). The average apparent porosity of the hydrogels was found to be 

~47.5%. 

5.3.1.4 Swelling ratio 

Swelling ratio was evaluated to assess the property of the hydrogel blend to assist in the 

absorption of nutrients and exchange of metabolites from the surrounding medium. The water 

uptake occurring by the immersion of crosslinked hydrogel constructs in PBS (Figure 5.3F) 

was found to be ~1.2 times after the equilibration point of 24 h. 

5.3.1.5 Cumulative release of PRP from hydrogel constructs 

The hydrogel blends were incubated in PBS and their cumulative PRP release 

characteristics was evaluated for 40 days (Figure 5.3G) showing their ability to be used as a 

reservoir of autologous growth factor rich plasma post implantation. The cumulative release 

was found to be gradual and sustained as it reached ~75% over the period of 40 days when 

compared to the initially encapsulated amount. The release profile was found to follow Fickian 

diffusion (Figure 5.5A-B), which is desirable for long-term release in vitro and in vivo. 

Moreover, the release profile of PRP from hydrogel was not affected by the hydrogel 

components as shown by the control hydrogel release profile where negligible cumulative 

protein release was observed as compared to the PRP loaded hydrogel (Figure 5.5C). 

TH-3393_176106019



Results  Chapter 5 

 
 

185 

 

 

Figure 5.3: (A) Infrared spectroscopy spectra of hydrogel composition in crosslinked (CHYD) 

and uncrosslinked (UHYD) forms as well as the various components silkMA (BMMA), gelMA 

(GMA) and PEGDA. (B) Rheological characterization of crosslinked (Cross) and 

uncrosslinked (Unc) hydrogel using (i) amplitude sweep, (ii) frequency sweep, (iii) temperature 

sweep and (iv) 3 interval thixotropy. (C) Electron micrographs of crosslinked hydrogels at 

various magnifications. (D) Pore diameter of the hydrogels measured from electron 

micrographs of horizontal and vertical sections of hydrogels. (E) Porosity of crosslinked 

hydrogels.  (F)  The swelling ratio of crosslinked hydrogel constructs. (G) Cumulative PRP 

release from crosslinked hydrogel constructs calculated for 40 days. 
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Figure 5.4: Representative electron micrographs demonstrating the presence of GFRP within 

the injectable hydrogel at (A) lower and (B) higher magnifications. 

 

Figure 5.5: (A) Fitting of cumulative GFRP release profile using Korsmeyer- Peppas model 

where the red line represents the fitted curve and (B) the table shows the parameters derived 

from the fitting. (C) Cumulative protein release profile of hydrogel composition with GFRP and 

without GFRP for 21 days. 
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5.3.1.6 Degradation profile 

The hydrogel constructs were subjected to both saline (PBS) as well as proteolytic (0.5 

U/ml Protease XIV in PBS) environments to assess their emulated degradation over the period 

of 85 days (Figure 5.6A). The constructs in saline were initially found to swell and gain some 

weight while there was a constant gradual reduction in the weight of the constructs immersed 

in proteolytic environment. After the period of 85 days, the hydrogels in PBS were found to 

degrade minimally and hold >90% of the initial weight. In contrast, their enzymatically treated 

counterparts were found to degrade ~45% and retain >50% of their initial weight after 85 days 

of incubation with alternate day change of protease solution. 

5.3.2 Mechanical properties of the injectable hydrogel 

5.3.2.1 Confined uniaxial compressive properties 

The confined compressive mechanical properties were evaluated by compressing 7x7x7 

mm3 constructs of hydrogel within Teflon molds and the stress-strain curve was obtained for 

the same. The stress-strain curve (Figure 5.6B i) showed almost linear compressive properties 

of the hydrogel up to 60% of compressive strain under confinement. The subsequently derived 

compressive modulus at the highest stress was found to be 676.7 kPa and young’s modulus was 

derived from the initial linear region to be 217.3 kPa (Figure 5.6B ii).  

5.3.2.2 Confined uniaxial cyclic compressive properties 

The constructs of previously mentioned dimensions were subjected to 20% compressive 

strain for 2000 cycles each day for 21 days and the stress-strain graphs were plotted for days 

1, 3, 5, 7, 14 and 21. Cycle 2000 stress-strain curves were plotted (Figure 5.6C i) which show 

hardening of hydrogels until day 5 and thereafter normalization towards the day 1 values and 

eventually reaching below that. The stress-strain curve of the samples on day 1, 3, 5, 7, 14 and 

21 days were plotted (Figure 5.6C iii-viii) for cycle 1 and cycle 2000 to show the changes 

comprehensively. The compressive stress values were found to rise from day 1 to day 3, stay 

above day 1 values till day 5 and then gradually reduce over the period of 21 days with the 

cumulative 42000 cycles of 20% compressive strain being applied on the same construct over 

these periods.  
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Figure 5.6: (A) Degradation profile of crosslinked hydrogel constructs in enzyme and saline 

over 85 days (~12 weeks). (B) (i) Representative stress-strain curve and (ii) compressive and 

young’s moduli derived from confined compressive test of crosslinked hydrogel.  (C) (i) 

Schematic showing the uniaxial cyclic confined compression regimen of injectable hydrogel 

composition. (ii) Stress-strain hysteresis curves of cycle 2000 on days 1, 3, 5, 7, 14 and 21 of 

confined compression carried out on hydrogel constructs. Cycle 1 and cycle 2000 stress-strain 

hysteresis curves of crosslinked hydrogel upon confined compression on (iii) day 1, (iv) day 3, 

(v) day 5, (vi) day 7, (vii) day 14 and (viii) day 21. (D) (i) Schematic showing the regimen of 

tensile test performed for injectable hydrogel composition on porcine menisci ex-vivo (Made 

with www.biorender.com). (ii) Stress-strain curves and (iii) tensile young’s modulus of 

unconfined uniaxial tensile test of injectable hydrogel done in porcine menisci. 
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5.3.2.3 Unconfined uniaxial tensile extension properties 

Major defects created in porcine menisci were treated with the injectable hydrogel 

composition and subjected to 60% extension (Figure 5.6D i). The representative stress-strain 

curves were plotted (Figure 5.6D ii) showing different levels of compressive stress being borne 

by the menisci due to the randomness of the created defects of varying dimensions (Figure 

5.1). The corresponding tensile moduli obtained were found to be ~41.2 kPa (Figure 5.6D iii). 

5.3.3 Biological characterization of hydrogels in vitro 

5.3.3.1 Cellular viability and migration of human neo-natal stem cells on hydrogels 

The viability of hwJMSCs encapsulated within the hydrogels was visualized using live 

dead staining (Figure 5.7A) on days 1, 7, 14 and 21. The constructs showed apt 

biocompatibility and the viable cell population was found to rise from day 1 to day 21 as can 

be observed by the increase in the number of viable green-fluorescent cells within the constructs 

in the representative micrographs. 

The migration of cells was visualized using Hoechst 33342 staining of nuclei of cells 

migrating from the central agarose gel (AG) region to the injectable hydrogel (IJ) composition 

over the period of 21 days as could be seen in the representative stitched micrographs (Figure 

5.7C) as well as the corresponding surface plots showing the cells as peaks all over the 

injectable hydrogel (IJ) constructs (Figure 5.7C). 
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Figure 5.7: (A) Viability of hwJMSCs within the crosslinked injectable hydrogels on (i) day 1, 

(ii) day 7, (iii) day 14 and (iv) day 21. Scale bar: 250µm. (B) Schematic showing the plan 

adapted for migration of hwJMSCs from the center to the periphery of the injectable hydrogel 

(Made with www.biorender.com) visualized using (C) nucleus staining (blue) and their 

respective intensity profile surface plot on (i) day 1, (ii) day 7, (iii) day 14 and (iv) day 21. 

Here, AG denotes the void where the agarose gel was deposited and the IJ denotes the injectable 

hydrogel. Scale bar: 2000µm 
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5.3.3.2 Cellular proliferation and biochemical estimation for ECM deposition by human 

neo-natal stem cells 

Cellular proliferation was evaluated using DNA quantification (Figure 5.8B). Cells were 

found to proliferate as evident from the significant rise in DNA content (>3 times) from 538.96 

± 47.98 ng/construct on day 1 to 1787.64 ± 473.75 ng/construct on day 21 (*p≤0.05). This rise 

corroborates the rise in live cell population in the live-dead micrographs. The sGAG content 

(Figure 5.8C i) was also found to rise in tandem with the DNA content and significantly 

increased (> 5 times) from 113 ± 58.64 µg/construct on day 1 to 552.27 ± 38.23 µg/construct 

on day 21 (*p≤0.05). When normalized with the DNA content on the respective days, the sGAG 

content was found to rise steadily from 262.11 ± 18.48 ng/ng DNA on day 1 to 321.74 ± 68.20 

ng/ng DNA on day 21 (Figure 5.8C ii). 

 

Figure 5.8: (A) Encapsulation of hwJMSCs within the injectable hydrogel composition for 

further in vitro evaluation (Made with www.biorender.com). (B) DNA content, (C)(i) sGAG 

content and (ii) sGAG content normalized with DNA content quantified for hwJMSCs 

encapsulated within crosslinked hydrogels for day 1, 7, 14 and 21. *p≤0.05 

  

TH-3393_176106019



Results  Chapter 5 

 
 

192 

 

5.3.3.3 In vitro response of macrophages 

Murine macrophages were stimulated minimally by the exposure to constructs and the 

leachates derived from them, when compared to the positive control of LPS and were found to 

possess similarity to TCP conditions for both TNF-α (Figure 5.9A ii) and IL-1β (Figure 5.9A 

iii) release. As compared to the 4144.9±99.5pg/ml of TNF-α released by the macrophages 

treated with LPS, the leachate medium (LM) treated macrophages (1307.2±3.9pg/ml) and 

macrophages treated directly (1215±48.7pg/ml) by the injectable hydrogel constructs (HYD) 

released significantly lower (>4 times) concentration of TNF-α and this behaviour was 

comparable to the TCP control (1280.9±49.4pg/ml). Similarly, the LPS treated macrophages 

released IL-1β (1097.8±350.7pg/ml) which was significantly higher (>40 times) than the 

macrophages treated with the leachate medium (LM, 8.9±2.2pg/ml) and the macrophages 

cultured directly in the presence of hydrogel constructs (HYD, 36±22.9pg/ml). This IL-1β 

secretion profile by the LM and HYD treated macrophages was comparable to the TCP grown 

macrophages (8.2±2.9pg/ml). 

The human monocyte-derived macrophages were stimulated minimally by the hydrogels 

and the leachates derived from them, when compared with the TNF-α (Figure 5.9B ii) and IL-

1β (Figure 5.9A iii) release of the positive control treatment of LPS. As compared to the 

845.9±45.8pg/ml of TNF-α released by the macrophages treated with LPS, the leachate 

medium (LM) treated macrophages as well the macrophages treated by the direct presence of 

the injectable hydrogel constructs (HYD) released significantly lower (>3 times) concentration 

of 38.2±11pg/ml and 232.9±22.6pg/ml of TNF-α respectively which was comparable to the 

TCP control (242.7±6.8pg/ml). Similarly, the LPS-treated macrophages released significantly 

higher (>7 times) amount of IL-1β (204.4±22.8pg/ml) as compared to the macrophages treated 

with leachate medium (LM, 27.6±13.1pg/ml) and the macrophages cultured directly with 

hydrogels (HYD, 35.4±14.5pg/ml). This IL-1β release behaviour of LM and HYD was similar 

to TCP grown macrophages ( 34.2±1.5pg/ml). 
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Figure 5.9: (A) (i) Seeding on injectable hydrogel and injectable hydrogel derived leachate 

treatment of murine macrophages (RAW 264.7 cells) (Made with www.biorender.com). (ii) 

TNF-α and (iii) IL-1β secretion estimated using ELISA for murine macrophages. (B) (i) Seeding 

on injectable hydrogel and injectable hydrogel derived leachate treatment of human monocyte 

(THP-1) derived macrophages (Made with www.biorender.com).  Human (ii) TNF-α and (iii) 

IL-1β secretion estimated using ELISA for human macrophages while both being cultured on 

tissue culture plate (TCP) and hydrogel surface (HYD) and treated with LPS (LPS) and 

hydrogel leachate (LM). *p≤0.05, #p≤0.01 
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5.3.3.4 Gene expression profile of encapsulated neo-natal human stromal cells 

The gene expression profile of the encapsulated hwJMSCs cultured in non-differentiating 

media within the hydrogel constructs demonstrated a fibro-chondrogenic bias. The 

differentiation was evaluated by the expression profiles of collagen Iα (col I), collagen IIα (col 

II), aggrecan (acan), SRY-box transcription factor 9 (sox-9), runt-related transcription factor 2 

(runx-2) and osteocalcin (OCN) genes that were normalized to β-actin (β-actin) as a house-

keeping gene (Figure 5.10A). The expression of aggrecan (Figure 5.10B) was found to rise 

from > 2.5 folds on day 7 to ~8 folds on day 14 and be significantly high at >8 folds on day 21 

when normalized to day 1. Sox-9 gene was upregulated >6 folds on day 7, >18 folds on day 14 

and showed significantly high upregulation of >21 folds on day 21 (Figure 5.10C). In tandem, 

collagen II was found to be upregulated by >6 folds on day 7, >13 folds on day 14 and showed 

a significantly high expression of >19 folds on day 21 when compared to day 1 (Figure 5.10D). 

Concomitantly, an upregulation of >4.9 folds on day 7, >14.5 folds on day 14 and a significantly 

high >16.9 folds expression was observed for collagen I (Figure 5.10E). Henceforth, 

osteogenic gene expression profile was also evaluated for the hwJMSCs encapsulated within 

the optimized hydrogel using runx-2 and osteocalcin expression. Minimal expression of ~0.5 

folds on day 7 and day 21 was observed while no expression was observed on day 14 for 

osteogenic differentiation marker runx-2 (Figure 5.10F). Supporting this, osteoblastic marker 

osteocalcin (OCN) was found to be expressed only on day 1 (4.5x10-5) and unexpressed at later 

stages of culture (Figure 5.10G). 
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Figure 5.10: (A) Gene expression profile heatmap showing the variation of fibrochondrocytic 

and osteogenic genes for hwJMSCs cultured within the injectable hydrogel composition (day 1 

values have been used as baseline to normalize fold change values). (B) aggrecan (acan), (C) 

sox-9 (sox9), (D) collagen II (col II), (E) collagen I (col II), (F) runx-2 or cbfa-1 (runx-2) and 

(G) osteocalcin (OCN) genes for hwJMSCs encapsulated within crosslinked hydrogels and 

cultured for 1, 7, 14 and 21 days. runx-2 and OCN have been expressed as ΔCt while the others 

as ΔΔCt values. *p≤0.05 
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5.3.3.5 Meniscus specific ECM deposition in vitro by human neo-natal stromal cells 

Immuno-stained cryosections were stained and showed deposition of aggrecan and 

collagen I (Figure 5.11B i-iv) in the individual as well as merged images showing colocalized 

deposition by the cells around the counter-stained nuclei. Similarly, collagen I and collagen II 

co-stained sections were found to depict similar colocalized deposition of both the ECM 

proteins in the individual as well as merged micrographs (Figure 5.11C i-iv). The percentage 

area per FOV (Figure 5.11D) was found to be 71.7±14.5% (col I) and 25.5±13.9% (acan) for 

col I/acan co-stained sections while it was 56.4±14.9% (col I) and 40.4±14.1%  (col II) for col 

I/col II co-stained images. 

 

Figure 5.11: (A) Immunohistochemistry of hydrogel encapsulated hwJMSCs cultured for 21 

days (Made with www.biorender.com). Co-stained sections for (B) aggrecan (ACAN, green), 

collagen I (COL I, red) and nuclei (DAPI, blue) showing the concurrent deposition of aggrecan 

and collagen I. Co-stained sections for (C) collagen II (COL II, green), collagen I (COL I, red) 

and nuclei (DAPI, blue) showing the concurrent deposition for collagen II and collagen I. Scale 

bar: 250µm for all images. (D) Percentage area covered in field of view quantified using 

ImageJ expressed as ratio for collagen I/aggrecan and collagen I/ collagen II.  
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5.3.4 In vivo functional evaluation for meniscus healing in rabbits 

The pilot scale in vivo functional evaluation yielded positive results in the aspect of 

meniscal healing over 8 weeks. In the first week, animals treated with hydrogel (Figure 5.12A) 

demonstrated the gap being filled with the gel in the cross-sectioned micrographs. Additionally, 

the MT and SO-FG stains showed cellular migration towards the gap. Concurrently, after 1 

week, the blank sample (Figure 5.12B) showed no sign of healing or matrix reorganization, 

and the gross morphology reflected the gap.  

 

Figure 5.12: Representative histological images of rabbit menisci with full thickness meniscal 

defects (A) treated with hydrogel and (B) untreated retrieved from the rabbits 1 week after 

surgery. (i) Micrographs stained with hematoxylin and eosin, (ii) Masson’s trichrome (MT) and 

(iii) safranin-O and fast green (SO-FG). 

 

After 8 weeks, the injectable hydrogel-treated animals showed meniscus healing (Figure 

5.13A) with visible indications of the new matrix formation depicted by the light blue regions 

within the red stained areas in MT stained (Figure 5.13A ii) and the orange region within the 

green stains in the SO-FG stained (Figure 5.13A iii) sections. These indicate the GAG deficient 

regions with new collagen deposition. Concurrently the untreated meniscus though showed 
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matrix reorganization in the MT (Figure 5.13B ii) and SO-FG (Figure 5.13B iii) stained 

regions but showed no signs of healing after 8 weeks.  

 

Figure 5.13: Representative histological images of rabbit menisci with full thickness meniscal 

defects (A) treated with hydrogel and (B) untreated retrieved from the rabbits 8 week after 

surgery. (i) Micrographs stained with hematoxylin and eosin, (ii) Masson’s trichrome (MT) and 

(iii) safranin-O and fast green (SO-FG). 
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5.4 Discussion 

 Meniscus tears and injuries in the avascular regions are mosey in terms of healing. 

Moreover, the healed fibrous tissue formation leads to a mechanically compromised tissue. The 

resection of menisci in partial form or totality leads to poor long-term knee health and 

development of osteoarthritis [499]. The development of biocompatible autologous growth 

factor rich injectable hydrogels is imperative for the formulation of a versatile treatment 

modality for meniscus tears and injuries. Hereby we have developed a rapid polymerizing 

injectable hydrogel composition by blending silkMA, gelMA and PEGDA fortified with GFRP 

(a traditional patient-derived source of growth factors) that could be used for the facile 

treatment of meniscal tears. The developed in situ photo-crosslinking injectable hydrogel would 

conform to the irregular defects with the added vantage of being a patient-specific treatment 

owing to the patient-derived GFRP encapsulation. 

We opted for the photocrosslinking approach owing to its facile nature as well as its 

ability to produce uniform and robust crosslinked structures in ≤60s [435]. This ability also 

ensures the in situ rapid polymerization ability of our composition under in vivo conditions, 

which ensures quick gelation without the need of mixing multiple components during injection 

as observed in multi-component hydrogels previously reported for meniscus healing [386]. The 

presence of silkMA and gelMA ensures biocompatibility as well as cell proliferation, as has 

been reported previously for applications in cartilage [293, 435] and fibrocartilage [144, 373]. 

The blend of gelMA and PEGDA has been previously noted for its suitability in the preservation 

of meniscus cell phenotype and aided in the prevention of dedifferentiation of encapsulated 

meniscus cells [258]. PEGDA also provides the requisite viscoelasticity, mechanical strength 

and durability to the hydrogel composition for its long-term stability in loading and unloading 

conditions [500, 501]. Additionally, the presence of PEGDA and gelMA assists in the shear 

thinning of the hydrogel composition. This is depicted by the rheological evaluation of the 

hydrogel composition. The hydrogel undergoes shear thinning in both crosslinked as well as 

uncrosslinked states showing its flow behaviour, while the viscosity was found to be 1000 folds 

higher for the crosslinked state. This behaviour ensures the optimal injectability of the hydrogel 

composition at ambient temperature of ~25°C. Our hydrogel composition undergoes 

temperature induced thinning at body temperatures (>25°C) similar to other synthetic polymers 

[387] and polymer composites [385], this would aid in the uniform spreading of the hydrogel 

and covering of the defect at body temperatures. While post crosslinking, the hydrogel retains 

it viscosity and undergoes no or minimal temperature induced thinning. The thermal and 
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variable shear frequency stability illustrated by our injectable hydrogel is further corroborated 

by the thixotropy test, where the hydrogel showed retention of gel strength under injection-

mimicking high shear durations in a repeated fashion. Another perspective that needs to be 

stressed upon is the porosity and internal microarchitecture of the hydrogel. These influence 

the encapsulated autologous GFRP-derived growth factor release from the hydrogels, cellular 

infiltration into the hydrogel as well as nutrient transfusion through the hydrogel for the 

survivability of the cells. The formulated hydrogel composition showed optimal porosity 

(~47%) as could be seen from the hexane displacement method and was further corroborated 

by the electron micrographs which showed an interconnected network of macro and micro 

porous architecture decorated with the presence of GFRP proteins. The average pore size could 

be calculated from the electron micrographs and they were found to be apt for cellular 

proliferation, migration and infiltration within the hydrogels [417]. The pore sizes varied, and 

the average pore sizes were in the range of ~49-68 µm. These were corroborated with the 

swelling ratio of ~1.2 times by the hydrogel constructs within the first 24 h  of incubation, 

showing its ability to reach equilibrium, necessary for the expedited exchange of nutrients and 

metabolites as well as growth factors [502]. Furthermore, the slow degradability of the 

hydrogels ensures their ability to retain their position within the body and perform their 

function, herein the regeneration of avascular regions of the menisci. The inhibited regenerative 

capacity of the target region would imply the incorporation of a growth factor rich hydrogel 

with a fairly slow degradation rate delivery vehicle to accommodate the regeneration in the 

region [301, 454]. Our hydrogel constructs showed clinically relevant degradation rates of 

<50% in enzymatic and <10% in saline over 12 weeks, which is required for the stabilization 

during initial healing of the avascular regions of the meniscus [503]. Furthermore, the 

constructs showed a sustained cumulative release of ~70% GFRP proteins over the period of 

40 days. Our hydrogel was found to mimic the ability to act a reservoir of cocktail of autologous 

growth factors (GFRP) as reported in literature with other growth factors [385, 504]. 

Mechanical strength of meniscal repair modalities plays a very crucial role for its 

sustenance under the loading conditions borne by it within the knee joint [46, 107]. The knee 

joint physiology provides immense mechanical loading and unloading for several thousand 

cycles every day on the menisci. Hence, it is imperative that the treatment modalities should be 

able to bear the mechanical loading and unloading cycles for a longer duration of time. We 

observed the stability of our hydrogel constructs by providing 60% confined compressive load 

post swelling equilibrium as well as a hyper-physiological 20% confined compressive cyclic 
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load [46, 416] of 42000 cycles cumulatively at 1, 3, 5, 7, 14 and 21 days. The constructs were 

stable over the whole duration of 21 days and could resist the repetitive loading and unloading 

cycles and register no breakage at 60% loading as well. We observed our hydrogel to be highly 

stable and possessing at par or better compressive and tensile properties to the previously 

reported meniscus healing hydrogel compositions of dECM [382], gelatin/alginate [384], 

collagen/alginate [383] and fibrin gel [386]. This in turn suggests the stability of the meniscus 

while the patient undergoes initial de-loading and any limited mobility required during the 

meniscus repair and regeneration [503]. A shear-induced rise in mechanical strength could be 

observed on day 3 which sustained till day 5 and the strength dropped slowly over the next 

consecutive loading unloading cycles. This initial rise of mechanical strength maybe attributed 

to the rise in β-sheet content caused by incubation in saline in the presence of ions and the 

stress-induced hardening [373]. The compressive and young’s moduli of our hydrogel 

constructs were well above the native moduli of porcine [418] and human menisci [31]. Further, 

the tensile retention properties of the hydrogel formulation were evaluated using a custom 

designed test on porcine meniscus samples. A major radial defect was created and treated by 

our hydrogel composition and the tensile extension was found to have no significant effect on 

the retention and stability of the filled defect region. The tensile young’s modulus suggests the 

ability of our hydrogel composition to bear tensile loading during the healing process. 

Further the biological evaluation of our hydrogel was carried out using hwJMSCs which 

were encapsulated within the hydrogel and cultured for various durations. The hydrogel 

constructs showed favourable environment as shown by the live dead micrographs. The cells 

were found to be evenly distributed within the hydrogels and an increase in their population 

was also observed over the period of 21 days. Concomitantly cellular migration towards our 

hydrogel composition from agarose gel was observed using agarose drop assay. Migrated 

cellular population rose significantly as could be seen on day 21 as compared to day 1. The 

stem cells were found to differentiate into fibrochondrogenic phenotype within the hydrogel 

and deposit ECM corresponding to their nature. The signs of stem cell differentiation could be 

found in the gene expression profile where fibrochondrogenic genes, i.e., aggrecan, sox-9, 

collagen I and collagen II [481, 482] were found to be upregulated significantly  on later culture 

periods. Furthermore, osteogenic genes were checked for signs of ectopic mineralization. Early 

osteogenic marker runx-2 [483] as well as late osteogenic marker osteocalcin [484] were found 

to be down-regulated or remained unexpressed in later culture time points which negated our 

hypothesis of any ectopic mineralization and graft failure. The differentiation was supported by 
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the deposition of sGAG which was biochemically quantified to rise by ~4 times per hydrogel 

construct. Moreover, the immunofluorescence staining of the cryo-sectioned hydrogels 

depicted the hallmark ECM proteins, i.e., collagen I, collagen II and aggrecan deposition in the 

vicinity of the cells within the hydrogel constructs which is imperative of the fibrochondrogenic 

differentiation [485, 486]. Moreover, the image-based quantification of deposition of collagen 

I and collagen II from their fluorescence tagged micro-graphs showed a higher fraction of 

collagen I expression than collagen II which is a vital characteristic of the fibrochondrogenic 

tissue [18]. 

Immuno-compatibility is an important characteristic of any tissue engineering modality 

including hydrogels. To prevent graft rejection and further complication related to acute 

inflammation and the interference in tissue integration would prove to be detrimental for the 

hydrogels and hence need to be addressed beforehand [488, 489]. We evaluated the immuno-

compatibility of our hydrogels in vitro and could observe minimal inflammatory cytokine 

(TNFα and IL-1β) release both by the murine as well as human macrophages. They were found 

to remain unstimulated in the presence of the bulk hydrogels as well as when treated with the 

leachates from the same. This is in tandem with the previous reports of our silk-based hydrogel 

blends [424, 425] both under in vitro as well as in vivo. The pilot scale functional evaluation of 

the hydrogel composition in vivo in full thickness meniscus tear rabbit model showed promising 

healing of the treated menisci after 8 weeks. As compared to the no-treatment control the gel 

treated menisci were found to be largely healed after 8 weeks and could be seen undergoing 

matrix reorganization, as observed in previous instances [385]. This accelerated healing 

indicates that the hydrogel could be further translated into a larger animal study in the future 

and further into pre-clinical trials. 

The extensive physicochemical, mechanical and biological evaluation carried out for the 

photo-crosslinkable GFRP loaded injectable hydrogel composition suggests potential acellular 

implantation potential in treating small full-thickness defects and tears of the menisci. The 

quick crosslinking endowed by the photo-crosslinking modality, the presence of growth factor 

cocktail due to the encapsulation of GFRP, high mechanical strength, slow degradability, 

optimal swelling behaviour, cordial cellular proliferation and migration of encapsulated cells 

and the minimal immunogenicity elicited in vitro, highlight the suitability of our hydrogel 

composition for use in meniscal tissue regeneration and engineering applications. Further 

extensive in vivo functional evaluation in larger animal models could be carried out to 

determine pre-clinical potential of the hydrogel blend. 
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5.5 Salient outcomes and Findings  

1. We developed a shear-thinning photocrosslinking injectable hydrogel loaded with autologous 

growth factors that possessed clinically relevant physicochemical, mechanical and biological 

properties for treating small meniscus defects.  

2. The formulated silkMA/gelMA/PEGDA/GFRP hydrogel exhibits rapid photopolymerization 

under 405 nm light in 60 s.  

3. The crosslinked hydrogels presented physiologically relevant long-term compressive 

mechanical characteristics and compressive strength mimicking the native human menisci and 

an amicable tensile strength.  

4. Our hydrogel composition possesses optimal swelling, elaborate microporosity and sustained 

release of GFRP proteins for 40 days in vitro. Further, our hydrogels were stable under 

enzymatic conditions for >12 weeks in vitro.  

5. The developed hydrogel composition was conducive to the migration and proliferation of 

encapsulated hwJMSCs, leading to the significant production of sulphated 

glycosaminoglycans (sGAG).  

6. The presence of growth factor rich plasma could also aid in the differentiation of encapsulated 

stromal cells to fibro-chondrogenic lineage as implied from the gene expression profile and 

the immunohistochemical staining post 3 weeks of in vitro maturation showing significant 

collagen I, collagen II and aggrecan deposits.  

7. Our hydrogel triggered a minimal inflammatory response in murine and human macrophages 

in vitro. The hydrogel was injected in full-thickness meniscus defects in rabbits for a pilot 

scale in vivo functional study, revealing the healing of created meniscus tears over 8 weeks.  

8. We hypothesize that our developed hydrogel composition could be of pre-clinical and clinical 

relevance for potentially treating irregularly shaped partial and full-thickness meniscal tears. 
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Evaluation of low intensity pulsed ultrasound 

actuation augmented maturation of human 

neonatal stromal cell-seeded autologous 

growth factor loaded silk-based 3D printed 

meniscus constructs  

This chapter describes the effect of low intensity pulsed ultrasound (LIPUS) actuation on maturation of human 

neo-natal stem cell seeded GFRP loaded constructs. The constructs were 3D printed using the pre-optimized human 

GFRP loaded silkMA/gelMA/PEGDA hydrogel. Varying intensities of therapeutic LIPUS (100-300 

mW/cm2 at 1MHz and 50% duty cycle) were applied for 20 minutes at a stipulated time every day and compared 

with the static stem cell seeded constructs. The study delves into the mechano-transductory roles of low intensity pulsed 

ultrasound (LIPUS) in regulating the inflammatory cytokines, fibro-chondrogenic differentiation markers and ECM 

synthesis of wJMSCs seeded onto 3D printed constructs in an effort to determine the accelerated regeneration of the 

avascular regions of the menisci. Physiologically relevant LIPUS intensities were identified for best anabolic effects and 

enhanced fibrochondrogenic differentiation.  
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Outcomes of this chapter are under peer review in ‘Advanced Healthcare Materials’ as: 
Ashutosh Bandyopadhyay, Ananya Dutta, Biman B. Mandal. Ultrasound assisted 
maturation of 3D printed meniscus constructs loaded with stem cells and autologous 
growth factors in vitro. 
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ABSTRACT 

Knee meniscus fibrocartilage tissue is a largely avascular tissue that often suffers tears 

and injuries. Menisci are typically reported to undergo compromised healing and are often 

resected out partially or totally with a high risk of knee osteoarthritis. Mechanical stimulation 

has been reported to augment healing in menisci encompassing accelerated cellular 

proliferation and extracellular matrix (ECM) deposition. Here we have investigated the effect 

of low intensity pulsed ultrasound (LIPUS) based actuation on human stem cell seeded GFRP-

loaded photo-polymerized silk-based 3D printed constructs. We provided varying energies of 

LIPUS (100-300mW/cm2, 1MHz, 50% duty cycle) for 20 min/day and compared the effects to 

an unstimulated control (UC). DNA based cellular proliferation, biochemical quantification of 

sulphated glycosaminoglycans and hydroxyproline, gene expression profile of mechano-

transduction, inflammatory, matrix degradation, and fibro-chondrogenic differentiation 

markers and immunostaining of collagen I/collagen II were carried out for LIPUS and UC 

conditions. In silico gene-gene and protein-protein interaction analysis revealed potential 

pathways involved in the LIPUS treatment. We found 200mW/cm2 as a suitable high-

physiological LIPUS intensity for accelerated fibrochondrogenic differentiation and ECM 

deposition as compared to UC. 100mW/cm2 induced low-physiological stimulation and a 

chondrogenic bias while 300mW/cm2 induced hyper-physiological inflammatory bias. 

200mW/cm2 could be further investigated in vitro and in vivo as a potential tissue maturation 

or treatment modality for meniscus tissue.  
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6.1 Introduction 

Knee joints comprise of various skeletal tissues such as bone, ligaments, articular 

cartilage and fibrocartilage arranged in a fashion to bear the load of the body and ensuring 

smooth movements. The set of two meniscal fibrocartilages, lateral and medial, are majorly 

avascular tissues which endure the whole load of the upper body and act as cushions. They are 

prone to major hyper-physiological shear injuries called meniscal tears [42]. Their avascular 

nature presents the problem of non-healing which leads to knee joint inflammation, pain and 

osteoarthritis if left intreated. Currently suturing of tears, resection of the torn portions [2, 378] 

and few natural [463], synthetic [89] or hybrid materials [421] based meniscal implants are the 

clinically viable options. Though a short-term limited protection of articular cartilage can be 

observed, there is compromised or no healing of the tears with compromised mechanical 

strength scar tissue leading to delayed but certain osteoarthritis at later stages [377, 491]. 

Impaired implant conformation, infection risks from allografts and compromised tissue 

integration [79, 464, 505] act as precedents for the research and development of knee meniscus 

treatment modalities to achieve implant integration and healing of meniscal tears. 

Platelet rich plasma lysate (PRP) has been used in traditional medicine as a remedy for 

tissue regeneration and repair [506, 507]. PRP is endowed with growth factors that have been 

known to possess fibrochondrogenic differentiation potential [508, 509] and possess anti-

inflammatory characteristics [510]. In the past decade, 3D printing has emerged as the state-

of-the-art technique for fabrication of patient specific scaffolds and constructs ideal for 

regeneration of tissues [204]. These treatment modalities could be combined in order to 

produce constructs that comply with the patient-derived shape and size of the meniscus as well 

as are loaded with patient-derived growth factors for unhindered healing potential of the 

avascular menisci. Furthermore, these constructs would assist in the homing and differentiation 

of mesenchymal stromal and progenitor cells in the vicinity and assist in the regeneration of 

menisci. Low intensity pulsed ultrasound (LIPUS) is the therapeutic form of mechanical 

ultrasound (with <3W/cm2 energy and 0.75-1.5MHz frequency) that has demonstrated tissue 

regenerative potential for osteochondral tissues [511-514] and wound healing [515]. The 

hypothesis behind the anabolic effects demonstrated by LIPUS is based on the mechano-

transduction caused in the pericellular matrix (PCM) and the consequent stimulation of 

extracellular matrix (ECM) synthetic pathways under physiological loading [516]. Hyper-

physiological loading has been known to upregulate catabolic pathways and inflammatory 

response in various tissues and hence could be studied as a negative control [516]. 
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Herein, we have used our pre-optimized human sourced GFRP loaded silk-based 

biomaterial-ink composition to 3D print meniscal tissue engineering scaffolds that are seeded 

with human Wharton’s jelly derived mesenchymal stromal cells (wJMSCs). These constructs 

have been stimulated with varying intensities of LIPUS (100 mW/cm2, 200 mW/cm2 and 300 

mW/cm2) at 1MHz and 50% duty cycle for 20 minutes/day and compared with the static 

cultured wJMSC-seeded constructs. The present approach delves into the study of mechano-

transductory roles of LIPUS in regulating the levels of inflammatory cytokines, fibro-

chondrogenic differentiation markers and ECM synthesis of wJMSCs seeded onto autologous 

growth factor loaded constructs in an effort to determine the acceleration that could be achieved 

for regeneration of the avascular regions of the menisci. Our study focuses on the expression 

of genes pertaining to mechano-transduction (Rho-A, ROCK-1, YAP, Integrin α5, Integrin β1), 

inflammatory cytokines (IL-1α, cox-2, NF-κB), matrix degrading enzymes (MMP9, 

ADAMTS-4), and fibro-chondrogenic differentiation (aggrecan, collagen I, collagen II, sox-

9). Also, we have conducted cellular proliferation evaluation, biochemical estimation of ECM 

components (sulphated glycosaminoglycans, sGAG) and immuno-histochemical staining of 

ECM components (collagen I and collagen II). We demonstrated the anabolic and catabolic 

effects of LIPUS intensities on the maturation of wJMSC seeded GFRP loaded constructs. This 

would aid in enhancing our understanding of the positive effects of LIPUS that could be 

imperative of a difference in healing of avascular meniscal tissues in vivo. 

6.2 Materials and Methods 

6.2.1 Formulation of Biomaterial-ink Composition and its characterization  

6.2.1.1 Synthesis of biopolymers and isolation of freeze-dried GFRP 

Methacrylated B. mori silk fibroin (silkMA) was prepared using a pre-optimized protocol 

[435]. Briefly, B. mori cocoons were chopped, degummed, washed thoroughly, and air dried to 

obtain the degummed fibres. Lithium bromide (LiBr, 9.3M) was used to dissolve degummed 

fibers and under stirring glycidyl methacrylate (GMA) was added to the silk-LiBr solution. 

After 3h of reaction under heat and stirring, the solution is dialysed using a 12-14kDa cut-off 

dialysis membrane for 96h to obtain silkMA. Gravimetric determination of silkMA 

concentration was done for the stock for further use.  

Gelatin methacrylate (gelMA) was prepared according to the protocol mentioned 

previously with slight modification [447]. Briefly, gelatin type A was dissolved in 0.1M 
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carbonate-bicarbonate buffer (CB buffer, pH 9.2-10.6) and methacrylic anhydride (MA, 94%) 

was added dropwise to the solution mixture while constantly adjusting the pH to 9. Reaction 

was stopped by adjusting the solution pH to 7.4 using HCl followed by dialysis for 120h. 

Dialyzed gelMA was freeze-dried for storage and reconstitution.  

Preparation for freeze-dried growth factor rich plasma was carried out by introducing 

certain modifications in a protocol previously mentioned [469]. Platelet concentrate bags were 

secured from blood bank of GNRC hospital (Guwahati, Assam, India) with appropriate 

collection, processing and handling protocols reviewed and approved by Institutional Ethics 

Committee, Institute of Neurological Sciences Trust, GNRC Hospitals (Reference no. 

Inst/AS/2015/RR-2018/EC-104). Pre-expiry platelet bags from n≥5 donors were transported 

rapidly to laboratory and centrifuged to separate residual cells such as RBC. Obtained 

suspension was centrifuged further to obtain the platelet pellet, plasma supernatant was reduced 

to 1/3rd of the volume and platelet pellet was gently resuspended. This suspension was 

photoactivated using polychromatic infrared light source (600-1300nm, Philips R95) in petri 

dishes kept on an ice bath. The growth factor rich activated PRP was centrifuged at 1000xg to 

remove platelets and obtained GFRP was freeze-dried and cryo-stored under sterile conditions 

for further use.  

6.2.1.2 Formulation of biomaterial-ink blend and its Characterization 

A blend of silkMA, gelMA and PEGDA was prepared from autoclaved sterile stocks to 

reach a final concentration of 5% (w/v), 10% (w/v), 5% (w/v) and filter-sterilized solution of 

lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Sigma Aldrich, U.S.A.) was added to 

this blend to reach 0.4% (w/v) by mixing at 40°C under aseptic conditions. Thereafter the 

prepared blend was cooled to room temperature and sterile freeze-dried GFRP was added at 

0.25 % w/v in a sterile environment and pipetted until a uniform hydrogel is obtained. This 

biomaterial-ink was further used in our experiments.  

Uncrosslinked biomaterial-ink was characterized rheologically through various tests 

using an MCR 302 rheometer (Anton Paar, Austria) with a stainless steel parallel plate (PP25, 

25 mm diameter) and a set gap between the plates of 0.5mm. Temperature sweep of the 

biomaterial-ink was carried out between 4°C-45°C at constant angular frequency of 1 rad s−1 

and shear strain amplitude of 1%. Further tests were performed at the printing temperature. 

Amplitude sweep was performed between 0.001-1000% shear strain and at constant angular 

frequency of 1 rad s-1. LVER (linear viscoelastic region) was obtained from the amplitude 
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sweep. Frequency sweep was performed between 0.01 to 100 rad s−1 strain frequencies and at 

constant strain amplitude of 1%. 3ITT (three-interval thixotropy test) was carried out by 

alternating shear strain amplitude and frequencies between cycles of 1%-1 rad s−1 and 100%-

100 rad s−1 and measuring the complex viscosity of the biomaterial-ink. 

Infrared spectroscopy was done for analysis silkMA, gelMA, PEGDA, GFRP, 

uncrosslinked ink (UBIO) and photocrosslinked ink (CBIO) in their freeze-dried state by 

placing over the ATR crystal of FTIR (Shimadzu, IR Affinity-1S WL). FTIR spectra was 

obtained between 500 and 2500 cm–1, at spectral resolution of 4 cm-1 and averaged over 32 

scans at room temperature and recorded after subtraction of background readings. 

Characteristic peak changes were identified for all the samples.  

6.2.2 3D Printing biomaterial-ink and characterization of 3D printed scaffolds 

Biomaterial-ink was 3D printed using a BioX (Cellink, Sweden) bioprinter with extruder 

set at 18-20°C, print bed set at 10°C, print speed of 5-8 mm/s, a 22G blunt stainless steel nozzle, 

pneumatic pressure of 150-180 kPa and a crosslinking time of 5s/layer from a distance of 4cm 

at 100% intensity of the 405nm LED of the printer. Printing resolution, buckling and multi-

layer printability was assessed by printing grid designs and custom-made GCODES as 

described in previous chapters. 3D printed grid scaffolds were used for the various 

physicochemical and mechanical evaluations and aseptically printed grid constructs were used 

for biological experiments.  

6.2.2.1 Porosity of printed scaffolds  

Apparent porosity of 3D printed constructs was analysed using hexane displacement 

method where, acellular constructs of equal size (10 × 10 × 10𝑚𝑚3, n = 4) were immersed 

known volume of hexane (V1) for 20 min each, followed by measuring the rise in hexane after 

soaking constructs (V2) and finally measuring the residual volume after removal of hexane-

soaked constructs (V3). Apparent porosity of constructs was calculated according to the 

equation: 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) =
𝑉1−𝑉3
𝑉2−𝑉3

×100 

Here, (V1 - V3) denotes volume of hexane impregnated within 3D printed constructs 

whereas (V2 - V3) denotes total volume of construct. Discrepancy in volume of hexane due to 

evaporation was eliminated by keeping another graduated cylinder with hexane and without 

constructs as control. 
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6.2.2.2 Water uptake study 

Uptake of saline was assessed for the 3D printed constructs (10 × 10 × 1𝑚𝑐𝑚3, n = 5) 

by measuring their initial weight post-printing (Wi), immersing them in PBS (pH 7.4, 37°C) 

and weighing them at various points of time (Ws) until they reached equilibrium. Wet tissue 

paper was used to dab-off excess during measurements. Uptake ratio was calculated as 

follows: 𝑊𝑎𝑡𝑒𝑟 𝑈𝑝𝑡𝑎𝑘𝑒 𝑟𝑎𝑡𝑖𝑜 =
𝑊𝑠

𝑊𝑖
 

6.2.2.3 Mechanical strength and degradation under LIPUS stimulation 

In vitro compressive modulus and cyclic compressive tests were performed on constructs 

with daily LIPUS stimulation. 3D printed constructs (10 × 10 × 10𝑚𝑚3) were stimulated with 

either 100, 200 or 300 mW/cm2 LIPUS at 1MHz frequency and 50% duty cycle for 20 min/day 

or kept under static incubation. Compression test was conducted for 3D printed constructs upto 

60% compression at 5mm/s crosshead speed using UTM (Instron 5944, USA) and young’s 

moduli were evaluated for the same after 1, 7, 14 and 21 days of LIPUS stimulation. Moreover, 

a separate set of LIPUS stimulated constructs were subjected to 2000 cycles/day of 15% strain 

at a crosshead speed of 5mm/s using the UTM for 21 days consecutively and the hysteresis 

loop for 2000th cycle were plotted for day 1, 7, 14 and 21 for UC, 100, 200 or 300 mW/cm2 

LIPUS stimulation. 

Non-enzymatic in vitro degradation in PBSa (PBS pH 7.4 with 0.05 % (w/v) sodium 

azide) was assessed for the 3D printed constructs with or without LIPUS stimulation 

(200mW/cm2,1MHz, 50% duty cycle, 20 min/day) over 21 days while incubating at 37°C. 

Unstimulated constructs were considered as control for comparison of stability of hydrogels 

and PBSa solution was replaced every 2 days for a period of 21 days. Sodium azide served 

towards prevention of microbial growth. The constructs were weighed and the remaining mass 

was recorded at different time points. Percentage of mass remaining was calculated as: 

%𝑊𝑒𝑖𝑔ℎ𝑡 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 =
𝑊𝑟

𝑊𝑖
 × 100 

Where, Wr represents weight of construct measured after various timepoints during incubation 

and Wi represents initial weight of construct post-printing. 
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6.2.3 Biological Assessment of LIPUS stimulation on cell seeded constructs in vitro 

6.2.3.1 Isolation of Wharton’s Jelly Stem cells and cell seeding on 3D printed constructs 

Human umbilical cords were procured from GNRC Hospital (Guwahati, Assam, India) 

following necessary protocols for collection, processing and handling, reviewed and approved 

by Institutional Ethics Committee (Institute of Neurological Sciences Trust, GNRC Hospitals; 

Reference no. Inst/AS/2015/RR-2018/EC-103). Cords were collected and transported in ice 

cold sterile PBS (pH 7.4). Cord tissue samples were washed with sterile PBS, dissected and the 

obtained Wharton’s jelly was put as explants in a 6 well plate and incubated in basal culture 

medium of DMEM (high glucose, Gibco, USA) supplemented with 10% fetal bovine serum, 

FBS (Gibco, USA), 1X antibiotic-antimycotic mix (Gibco, USA) and 2ng/ml basic fibroblast 

growth factor (bFGF). Outcoming migrated cells were expanded further in basal medium till 

3-8 passages for further seeding. Aseptically 3D printed constructs were seeded with wJMSCs 

at density of 104 cells mm-2 and cultured in basal medium without bFGF for biological 

evaluation. 

6.2.3.2 Stimulation using LIPUS and subsequent culture 

The constructs were divided into 4 groups: no stimulation control (UC), very low 

stimulation 100mW/cm2 (D100), low stimulation 200mW/cm2 (D200) and high stimulation 

300mW/cm2 (D300). All LIPUS stimulation were provided for 20 min/day using a 

commercially available ultrasound producing kit which is rated for an output of 100-2000 

mW/cm2 ultrasound waves at 1MHz and 50% duty cycle. Stimulation was carried out for a total 

duration of 21 days and the samples were collected on days 1, 7, 14 and 21 for different analyses 

(Figure 6.1). 

6.2.3.3 Cellular proliferation and biochemical assays 

DNA content based cellular proliferation was done for cell seeded constructs (n=4) of 

each group: UC, D100, D200 and D300 after different incubation of 1, 7, 14 and 21 days. 

Incubated constructs were collected and digested using papain digestion cocktail (5 mM L-

cysteine, 5 mM EDTA, 100 mM Na2HPO4 and 125 μg/mL papain, pH 6.2) for 16 h at 60°C.  
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Figure 6.1: Schematic showing the study where a grid construct fabricated using the GFRP 

loaded biomaterial-ink is 3D printed and seeded with hwJMSCs and cultured with LIPUS 

stimulation for the assessment of ultrasound induced effects in vitro. (Made using 

www.biorender.com) 

PicoGreen kit (Invitrogen, USA) was used to estimate DNA content in accordance to the 

manufacturer’s protocol. Papain digested samples were centrifuged, diluted appropriately with 

TE buffer and added with Quant-iT PicoGreen reagent. The fluorescence readings were taken 

at an excitation and emission maxima of 480 and 528 nm and compared with a standard curve 

prepared using lambda phage DNA. 

Centrifuged papain digested samples were added with 1,9-dimethylmethylene blue 

(DMMB) reagent and read for absorbance at 525 nm. A standard curve was prepared using 

Chondroitin-6-sulfate (Sigma Aldrich, USA) and readings were compared with the same for 

estimation of deposited sGAG. 
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Total collagen content was measured by hydroxyproline (HYP) quantification was done 

for cell seeded constructs (n=4) of each group: UC, D100, D200 and D300 after different 

incubation of 1, 7, 14 and 21 days. Incubated constructs were collected and acid hydrolysed in 

an oil bath. Hydrolysed samples were centrifuged and added with p-dimethylamino-

benzaldehyde (PDAB, Sigma-Aldrich, USA) and chloramine-T (Sigma-Aldrich, USA) and 

read at 550nm. A standard curve was prepared using rat tail collagen and used for quantification 

of HYP content of the constructs. 

6.2.3.4 Gene expression profile by Real-Time PCR and In silico gene and protein network 

prediction analyses 

Constructs from UC, D100, D200 and D300 groups were collected and used for complete 

RNA isolation (n = 4) after different incubation time points of 1,7,14, and 21 days. RNA was 

isolated using TRIzol (Sigma Aldrich, USA) following pre-optimized protocol. Cell seeded 

constructs immersed in TRI reagent were chopped with microscissors on ice container. Post-

incubation, the chopped constructs were centrifuged at 13000g for 10 min at 4°C. The 

supernatant obtained was mixed with chloroform, vortexed for uniform mixing and centrifuged 

to separate the aqueous layer. This upper aqueous layer was carefully removed into fresh tubes 

and pre-chilled isopropanol was added to precipitate the mRNA, which was then centrifuged 

to form a pellet. The pellet was washed repeatedly using pre-chilled DNA diluent (EtOH), air 

dried in laminar flow and reconstituted in nuclease free water. Concentration of obtained 

mRNA was determined using microdrop spectrophotometric plate on Multiskan Sky 

(Thermofisher Scientific, USA) followed with cDNA synthesis using high-capacity cDNA 

reverse transcription kit (Applied Biosystems, USA) and a PCR thermal cycler (Applied 

Biosystems, USA). Synthesized cDNA was furthered towards real-time PCR cycling using the 

primer for human genes (sequences as mentioned in Table 6.1) and SYBR Green reagent 

(Invitrogen, USA) in QuantStudio 5 (Applied Biosystems, USA) real-time PCR machine. The 

results obtained were normalized with respect to β-actin, the endogenous housekeeping gene 

via ΔCt method (2−∆𝐶𝑡). 

GeneMANIA (The GeneMANIA prediction server, https://genemania.org/) was used to 

analyze the interactions between fibrochondrogenic markers (sox9, col1α1, col2α1, acan), 

mechano-transduction and cell attachment markers (RhoA, ROCK-1, YAP1, Int-α5, Int-β1), 

matrix reconstruction and resorption markers (MMP-9, ADAMTS4) and cytokines (IL-1A, 

NFκβ, PTGS-2). The input genes are used to identify interactions from a large functional 
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association dataset and the parameters were set to output 15 related genes that are related by 

co-expression, pathways, co-localization, genetic and protein interactions and protein domain 

similarities. The network weightage was set to follow biological process based gene ontology. 

Table 6.1: Primer sequences for gene expression analysis 

Gene Sequence Accession No. 

Human sox-9 

 (SOX9) 

F:5ʹ-TTCCGCGACGTGGACAT-3ʹ 

R:5ʹGGCGGCAGGTACTGGTCAAACTC-3ʹ 
NM_213843.1 

Human Aggrecan 

 (ACAN) 

F:5ʹ-CCCAACCAGCCTGACAACTT-3ʹ 

R:5ʹ-CCTTCTCGTGCCAGATCATCA-3ʹ 
NM_001164652.1 

Human collagen Iα  

 (COL1A1) 

F:5ʹ-AGAAGAAGACATCCCACCAGTCA-3ʹ 

R:5ʹ-AGATCACGTCATCGCACAACA-3ʹ 
XM_021067153.1 

Human collagen IIα 

 (COL2A1) 

F:5′-CAGGTGAAGGTGGGAAACCA-3′ 

R:5′-ACCCACGAGGCCAGGA-3′ 
AF201724.1 

Human RhoA 

(RHOA) 

F:5′-TTCGTTGCCTGAGCAATGG-3′ 

R:5′-TCGGTATCTGGGTAGGAGAGG-3′ 
NM_001664.4 

Human ROCK1 

(ROCK1) 

F:5′-GAATGTGACTGGTGGTCGGT-3′ 

R:5′-GCCCTAACCTCACTTCCCTG-3′ 
NM_005406.3 

Human YAP 

(YAP1) 

F:5′-TCCCAGATGAACGTCACAGC-3′ 

R:5′-GGTTCATGGCAAAACGAGGG-3′ 
NM_001130145.3 

Human Integrin-α5 

(INTA5)  

F:5′-GGCTTCAACTTAGACGCGGA-3′ 

R:5′-GGCCGGTAAAACTCCACTGA-3′ 
NM_002205.4 

Human Integrin-β1 

(INTB1) 

F:5′-GAAGGGTTGCCCTCCAGA-3′ 

R:5′-GCTTGAGCTTCTCTGCTGTT-3′ 
NM_002211.3 

Human COX-2 

(PTGS2) 

F:5′-CCCTTGGGTGTCAAAGGTAA-3′ 

R:5′-GCCCTCGCTTATGATCTGTC-3′ 
NM_000963.4 

Human IL-1α 

(IL1A) 

F:5′-CCAGCCAGAGAGGGAGTCAT-3′ 

R:5′-CCTTCATGGAGTGGGCCATAG-3′ 
NM_000575.5 

Human NFκβ 

(NFKB1) 

F:5′-GCAGATGGCCCATACCTTCA-3′ 

R:5′-ACAGTGTTTTCCCACCAGGC-3′ 
NM_003998.4  

Human MMP-9 

(MMP9) 

F:5′- TTTGAGTCCGGTGGACGATG-3′ 

R:5′- CTCCTCAAAGACCGAGTCCAG-3′ 
NM_004994.3 

Human ADAMTS-4 

(ADAMTS4) 

F:5′-CTCAGGGTCCGTTCCTTTGG-3′ 

R:5′-CCAGACCCCTCAACTATCACC-3′ 
NM_005099.6 

Human Beta Actin 

 (β-actin) 

F: 5ʹ-CACCATTGGCAATGAGCGGTTC-3ʹ 

R:5ʹ- AGGTCTTTGCGGATGTCCACGT-3ʹ 
NM_001101 
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Additionally, STRING (Search Tool for the Retrieval of Interacting Genes/Proteins, 

https://string-db.org/, version 12.0) analysis was conducted for the same set of input genes to 

understand the potential interactions between the proteins expressed by these genes using 

confidence score of 0.5. Networks showing relevant biological processes, functional 

interactions, tissue specific associations were obtained for the assessed genes.  

6.2.3.5 Immunostaining assessment of matured 3D constructs 

Cell seeded 3D printed constructs from all groups: UC, D100, D200 and D300 were 

collected after 14 and 21 days of culture and stimulation. The collected constructs were 

preserved in 10% neutral buffered formalin (NBF) for 24 hr, washed gently with PBS, 

permeabilized using 1% (v/v) triton-X 100 (1 hr, room temperature), blocked using 10% (w/v) 

bovine serum albumin (2 hr, room temperature) and immuno-stained with mouse mono-clonal 

anti-collagen I and rabbit poly-clonal anti-collagen II primary antibodies (ABCAM, USA) for 

2 hr each at room temperature. Further, secondary Cy5 tagged anti-mouse and FITC tagged 

anti-rabbit antibodies (ABCAM, USA) were used separately for 2 hr each and counterstained 

with DAPI (Thermofisher Scientific, USA) for 20 min. The constructs were destained using 

PBS for 1 hr between each step. The fluorescent micrographs were obtained using an inverted 

fluorescence microscope (Axio Observer, Zeiss, Germany). Fluorescent micrographs obtained 

(n=8) were used for calculating the field of view area stained with collagen I and collagen II by 

using Fiji (NIH ImageJ software) to determine the expression ratio of ECM components. 

6.2.4 Statistical Analysis and Image Processing 

Experiments that are quantitative by nature were performed in n≥3 and the results were 

represented as mean ± standard deviation. For statistical analysis of the data, one way ANOVA 

was carried out using Tukey’s method. Statistical analysis and plotting were carried out with 

the help of OriginPro 2021 software (OriginLab corporation, USA) to analyse the significant 

difference between various sampling groups. Variations between groups of *p ≤ 0.05 were 

denoted to be statistically significant. All image processing and quantification were carried out 

using ImageJ and ZenBlue (Zeiss, Germany).

  

TH-3393_176106019

https://string-db.org/


Results  Chapter 6 

 
 

218 

 

6.3 Results  

6.3.1 Characterization of Biomaterial-ink 

6.3.1.1 Rheological Characterization of biomaterial-ink blend 

The temperature induced change in viscosity was observed in the biomaterial-ink blend 

from >106mPa.s within the range of 4°C to 16°C to below 104mPa.s above 16°C and was found 

to stabilize after that to constant viscosity suggesting the liquification of the blend (Figure 

6.2A). Hence, the biomaterial-ink blend was subjected to amplitude sweep at 16°C and the 

biomaterial-ink was found to undergo shear-thinning after experiencing ≥100% shear strain 

(Figure 6.2B). Further the frequency sweep of the biomaterial-ink blend showed a steady drop 

in viscosity as the frequency increased from 0.01-100 rad/s denoting the shear induced thinning 

pertaining to the increase in frequency (Figure 6.2C). The 3ITT revealed that the GFRP25 

blend could undergo multiple cycles of shear thinning. The ink demonstrated complex viscosity 

change from ~108mPa.s in the low shear (mimicking the deposition) conditions to <105mPa.s 

in the higher shear (mimicking the extrusion) conditions (Figure 6.2D). 

6.3.1.2 Fourier Transform Infrared Spectroscopy 

The infrared spectroscopic analysis of gelMA, silkMA, PEGDA, GFRP, UBIO and CBIO 

was carried out (Figure 6.2E). All the protein polymers and the biomaterial-ink blends were 

found to show the cardinal peaks in the amide I (1710–1590 cm−1), amide II (1570–1480 cm−1) 

and amide III (1270–1200 cm−1) regions. Peak shifts were observed from amide I (from ~1635 

cm−1 to ~1650 cm−1 ), amide II ( from ~1546 cm−1 to ~1539 cm−1 ) and amide III (~1247 cm−1 to 

~1244 cm−1 ) regions in the uncrosslinked and crosslinked biomaterial-inks when compared 

with gelMA and silkMA. Moreover, the signature peak was observed in the 1050 cm−1 region 

among the components containing methacrylate groups. 

6.3.2 Characterization of 3D Printed constructs 

6.3.2.1 Printability of Biomaterial ink  

The biomaterial-ink was found to be shear thinning at 16°C, forming a thread like 

structure when extruded (Figure 6.2F). Further, the printing resolution was found to be 

amicable (Figure 6.2G) and printed filaments showed slight buckling for longer bridges 

(Figure 6.2H) which was not observed in printed constructs (Figure 6.2I-K) due to the 

stabilization resulting by layered crosslinking of the constructs.  
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Figure 6.2: Rheological characterization of GFRP laden biomaterial-ink showing (A) 

Temperature sweep, (B) Amplitude sweep, (C) Frequency sweep and (D) 3ITT test. (E) FTIR 
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spectra of crosslinked (CBIO) and uncrosslinked (UBIO) biomaterial-ink and its various 

components GFRP, gelMA, PEGDA and silkMA. (F) Extrudability, (G) Printing resolution 

(Scale bar: 0.5 cm), (H) Buckling test (Scale in mm) and (I) 2-layered, (J) 5-layered and (K) 

10-layered printability assessment for the biomaterial-ink. (L) Representative FESEM images 

of the cross-section of 3D printed construct. (M) Water uptake test for 3D printed grid 

constructs. (N) Porosity assessment for 3D printed grid constructs. 

6.3.2.2 Water Uptake, Porosity and microstructure of 3D printed constructs 

The biomaterial-ink blend was used to print constructs that were further subjected to 

evaluation of saline uptake properties and ensure the nutrient uptake ability. All constructs were 

found to rapidly uptake water ~2 times of their weight in saline and reached an equilibrium in 

~20 min (Figure 6.2M). Furthermore, hexane displacement method showed the percentage 

porosity of the printed struts apart from the macroporous nature of the constructs. The 

constructs were found to possess ~74% porosity optimal for media holding and exchange 

(Figure 6.2N). The micro-architecture of cross-section of 3D printed struts shows 

interconnected pores and high porosity of the constructs (Figure 6.2L). 

6.3.2.3 Effect of LIPUS on degradability and mechanical properties 

3D printed constructs were kept in UC as well as LIPUS stimulated (100, 200 and 

300mW/cm2, 1MHz, 50% duty cycle, 20 min/day) conditions (Figure 6.3A) to evaluate the 

degradability of the same for 21 days (3 weeks). There was negligible degradation and the 

constructs retained >99% of their mass after 21 days (Figure 6.3B). 

Further, the mechanical evaluation shows minimal deviation of compressive modulus 

after 1, 7, 14 and 21 days of LIPUS stimulation (Figure 6.3C). The compressive moduli 

increased from 296 ± 19 kPa to 346 ± 4 kPa for D100, 310 ± 14 kPa to 357 ± 18 kPa for D200, 

312 ± 23 kPa to 336 ± 21 kPa for D300 and 306 ± 2 kPa to 345 ± 20 kPa for UC condition from 

day 1 to day 21 respectively. 

Moreover, the change in hysteresis curve of the compressive modulus of cycle 2000 on 

day 21 for all conditions (Figure 6.3Dii) shows minimal deviations amongst the groups. The 

hysteresis curves for cycle 2000 on day 1, 7, 14 and 21 for UC (Figure 6.3Diii), D100 (Figure 

6.3Div), D200 (Figure 6.3Dv) and D300 (Figure 6.3Dvi) show minimal deviation along the 

whole period of cyclic stimulation depicting the stability of the constructs under combined 

stimulation of LIPUS and cyclic compression. 
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6.3.3 Biological evaluation under LIPUS stimulation in vitro 

6.3.3.1 Cellular Proliferation 

DNA content was quantified and used to determine cellular proliferation over 21 days (Figure 

6.4A). The DNA content increased for all the experimental groups over the period of 21 days 

showing cellular proliferation of wJMSCs on all the constructs. A significant increase from 

18.5±0.9 ng/mg, 16.8±0.4 ng/mg, 17.8±0.6 ng/mg and 14.4±0.5 ng/mg on day 1 to 86.8±3.1 

ng/mg, 90.4±1.3 ng/mg, 94.9±1.3 ng/mg and 58.2±0.2 ng/mg on day 21 was observed in UC, 

D100, D200 and D300 groups. The DNA content was found to be stunted in D300 group after 

7, 14 and 21 days of culture at 46.3±2.4 ng/mg, 58.63±2.9 ng/mg and 61.3 ±1.2 ng/mg 

respectively which was significantly lesser than the UC, D100 and D200 groups at those 

respective timepoints. The cellular proliferation was hence found to be reduced significantly 

for D300 group as compared to the D100, D200 and UC groups. 

 6.3.3.2 sGAG Estimation  

Estimation of sGAG from digested constructs was carried out in order to find the 

differentiation of wJMSCs towards fibro-chondrogenic phenotype (Figure 6.4B and 6.4C). 

The sGAG content was found to rise significantly from 6.59±1.91 µg/mg, 5.34±0.66 µg/mg, 

5.53±1.92 µg/mg and 4.46±0.53 µg/mg on day 1 to 60.69±4.52 µg/mg, 88.44±0.58 µg/mg, 

86.76±1.71 µg/mg and 39.4±0.71 µg/mg on day 21 for UC, D100, D200 and D300 groups 

respectively (Figure 6.4B). sGAG deposition in D100 and D200 groups was found to be 

significantly higher as compared to UC and D300 groups on day 7, 14 and day 21 of incubation. 

Similar trend was observed when the sGAG content was normalized with the DNA content. 

The sGAG content was found to rise significantly from 354.52±88.14 ng/ng, 316.98±30.89 

ng/ng, 308.26±96.06 ng/ng and 311.46±47.95 ng/ng on day 1 to 699.42±43.52 ng/ng, 

937.03±7.33 ng/ng, 914.52±11.56 ng/ng and 642.99±16.92 ng/ng on day 21 for UC, D100, 

D200 and D300 groups respectively (Figure 6.4C).  Significantly higher amounts of sGAG 

was found to be deposited by cells of D100 and D200 groups as compared to D300 and UC. 

Interestingly the D100 group showed higher sGAG deposition as compared to D200 group 

suggesting a higher chondrogenic bias. 
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Figure 6.3: (A) Representative LIPUS stimulation plan for 21 days. (B) Non-enzymatic 

degradability with and without LIPUS in PBS for 21 days. (Made using www.biorender.com) 

(C) Uniaxial confined compressive modulus derived from constructs from D100, D200, D300 

and UC groups after day 1, 7, 14 and 21 days of incubation in PBS with or without LIPUS. (D) 

(i) Uniaxial cyclic confined compression conducted for 20% compressive strain on constructs 

stimulated or unstimulated with LIPUS. (ii) Representative stress-strain hysteresis curve for 

UC, D100, D200 and D300 groups after 2000 cycles of 20% compressive strain/day for 21 

days. Representative stress-strain hysteresis curve for (iii) UC, (iv) D100, (v) D200 and (vi) 

D300 groups after 2000 cycles of 20% compressive strain/day for 1, 7, 14 and 21 days. 
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6.3.3.3 Total Collagen content Estimation  

Total collagen content was quantified by estimating the hydroxyproline (HYP) deposited 

over the constructs by the differentiating wJMSCs under LIPUS stimulation (Figure 6.4D-E). 

The total hydroxyproline content per unit wet weight of constructs was found to be increasing 

significantly over the period of 21 days from 56.8±1.1 ng/mg to 2715±26.3 ng/mg for D100, 

69.4±5.8ng/mg to 2756±108 ng/mg for D200, 71.3±2.5 ng/mg to 1589±45.3 ng/mg for D300 

and 77.7±0.9 ng/mg to 2310±73.6 ng/mg for UC groups (Figure 6.4D). When normalized with 

the DNA content of the constructs the HYP content rose from 3.4±0.4 ng/ng to 28.7±0.4 ng/ng 

for D100, 3.9±0.2 ng/ng to 29±0.9 ng/ng for D200, 4.9±0.3 ng/ng to 26.3±0.5 ng/ng for D300 

and 4.2±0.2 ng/ng to 27.5±0.9 ng/ng for UC groups in 21 days (Figure 6.4E). The rise in HYP 

content is significantly higher for the D100 and D200 groups as compared to the D300 group 

under both normalizations on day 7, 14 and 21 (Figure 6.4D). D100 and D200 groups 

underwent significantly higher HYP deposition when normalized with construct weight as 

compared to the UC group on day 7, 14 and 21 (Figure 6.4D). When normalized with DNA 

content D100 and D200 show higher HYP deposition (not significant) as compared to the UC 

group (Figure 6.4E). Interestingly the HYP deposition of D300 is significantly lower than even 

the UC group on day 7, 14 and 21 (Figure 6.4D). 

 

Figure 6.4: (A) DNA content quantification using picrogreen assay for wJMSC seeded printed 

constructs after 1, 7, 14 and 21 days of culture. Sulphated glycosaminoglycans (sGAG) content 

deposited by the wJMSC seeded on printed constructs after 1, 7, 14 and 21 days of culture post 

normalized with (B) wet weight of constructs and (C) DNA content of the constructs. 

Hydroxyproline (HYP) content deposited by the wJMSC seeded on printed constructs after 1, 
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7, 14 and 21 days of culture normalized with (D) wet weight of the constructs and (E) DNA 

content of the constructs. (n≥3, *p≤ 0.05) 

6.3.3.4 Gene expression profile 

The gene expression profile were plotted as a heatmap as shown in Figure 6.5 and Figure 6.6 

and as individual bar-graphs in Figure 6.6 and Figure 6.7. 

Fibrochondrogenic Markers 

The expression profile of chondrogenic markers was found to be upregulated for UC, 

D100 and D200 groups. SOX9 (sox-9) was found to be significantly upregulated for D100 

(~20.4 times), D200 (~16.4 times) and UC (~12 times) groups on day 21 as compared to day 1 

expression, while SOX9 was upregulated (~2.8 times) for D300 group which is significantly 

lower as compared to the other groups. Similarly, aggrecan (ACAN) expression was found to 

be upregulated significantly for D100 (~19.2 times), D200 (~18.5 times) and UC (~9.5 times) 

groups on day 21 as compared to day 1 expression, while D300 group demonstrated minimal 

upregulated from the basal level (~1.4 times) on day 21. Concurrently, collagen II (COL2A1) 

expression was also found to be significantly upregulated for D100 (~20.3 times), D200 

(~18.03 times) and UC (~11.8 times) groups on day 21 when compared to day 1, while the 

D300 group showed downregulation on day 7 (~0.96 times), upregulation on day 14 (~1.03 

times) and further downregulation on day 21 (~0.58 times). This is indicative of the elevated 

chondrogenic bias in the D100 group as compared to D200 and UC groups and the D300 group 

possessed minimal chondrogenic potential. Furthermore, collagen I (COL1A1) was 

significantly upregulated for D200 (~13.7 times) and UC (~11.94 times) on day 21 as compared 

to day 1. Concurrently, D300 group showed mild upregulation on day 7 (~1.9 times) and day 

14 (~1.85 times) while a downregulation was observed on day 21 (~0.78 times) for collagen I. 

Similarly, D100 group demonstrated mild upregulation on day 14 (~1.1 times) and 

downregulation on day 21 (~0.9 times) for collagen I. This is indicative of the limited 

fibrogenic capacity of the D100 group and reduced ECM production capacity of the D300 

group. 

Mechano-stimulation Markers 

Integrin α5 (INTA5) expression was found to be influenced by the differences in the 

mechanical stimulation. D100, D200 and UC groups demonstrated upregulated levels of 

Integrin α5 on day 7 (~5.43 times, ~4.7 times and ~5.46 times respectively) and day 14 (~1.58 

times, ~6.22 times and ~7.88 times respectively) as compared to day 1. While Integrin α5 
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expression drops on day 21 to below basal level for D100 (~0.11 times) and near basal level 

for D200 (~1.001 times) and UC (~1.04 times) as compared to day 1. On the contrary, the 

Integrin α5 expression in D300 groups rises slightly above basal level and stays constant on 

day 7 (~1.34 times), day 14 (~1.44 times) and day 21 (~1.82 times). 

 

Figure 6.5: Heatmap representation of gene expression profile with 2-ΔCt for fibrochondrogenic 

markers: SOX9, aggrecan (ACAN), collagen I (COL1A1) and collagen II (COL2A1); mechano-

transduction markers: RhoA (RHOA), ROCK1, YAP1, Integrin α5 (INTA5) and Integrin β1 

(INTB1); inflammatory markers: Cox-2/PTGS2, IL1α (IL1A) and NF-κβ1 (NFKB1) and ECM 

resorption markers: MMP9 and ADAMTS4 for day 1, 7, 14 and 21 of culture after 

normalization with β-actin. 

Concurrently, Integrin β1 (INTB1) expression showed a similar trend in response to the 

mechanical stimulus. D100 group showed significant upregulation of Integrin β1 on day 7 
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(~2.98 times), while it is downregulated to near-basal level on day 14 (~1.34 times) and below 

basal level on day 21 (~0.96 times) as compared to day 1. D200 and UC groups demonstrate 

upregulation of Integrin β1 expression on day 7 (~3.24 times and ~3.56 times respectively) and 

day 14 (~5.78 times and ~5.61 times respectively) as compared to day 1. While on day 21, 

Integrin β1 is downregulated to near-basal level for D200 (~1.04 times) and UC (~1.01 times) 

as compared to day 1. D300 induces upregulation of Integrin β1 above basal level on day 7 

(~1.48 times), a rise on day 14 (~2.48 times) and a further decrease on day 21 (~1.89 times) as 

compared to day 1. 

RhoA (Ras homolog family member A) is a marker responsive to mechanical stimulation 

and hence is found to regulate differently for different stimulation conditions. D100 group 

demonstrated significant upregulation of RhoA on day 7 (~2.61 times), while it was 

upregulated slightly above basal level on day 14 (~1.69 times) and day 21 (~1.48 times) as 

compared to day 1. D200 group demonstrated a significantly higher upregulation of RhoA on 

day 7 (~5.39 times) and day 14 (~9.37 times) with a steep reduction in expression to basal level 

observed on day 21 (~1.003 times) as compared to day 1. UC group demonstrated the near 

basal level expression of RhoA on day 7 (~1.35 times) and day 14 (~1.16 times) with a 

reduction in expression below basal level on day 21 (~0.76 times) as compared to day 1. In 

contrast, D300 group showed significantly high upregulation of RhoA on day 7 (~13.91 times), 

day 14 (~10.68 times) and day 21 (~10.35 times) as compared to day 1 demonstrating the effect 

of high stimulation.  

Figure 6.6: Heatmap representation of gene expression profile with upregulation or 

downregulation of various markers for day 7, 14 and 21 of culture.  
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ROCK1 (Rho-associated, coiled-coil containing protein kinase 1) is a down-stream 

marker regulated by mechanical stimulation and is found to be expressed differently for 

different stimulation conditions. ROCK1 for D100 group was found to be significantly 

upregulated on day 7 (~2.91 times) and upregulated above basal level with a relatively reduced 

expression on day 14 (~1.69 times) and day 21 (~1.48 times). D200 group demonstrates 

significantly upregulated ROCK1 on day 7 (~4.49 times), which elevated on day 14 (~10.03 

times) and reduced closer to basal level on day 21 (~1.78 times). UC group demonstrated near 

basal level expression of ROCK1 on day 7 (~1.02 times) and day 14 (~1.05 times) followed by 

a downregulation below basal level on day 21 (~0.006 times). In contrast to all the groups, 

D300 group demonstrated a significantly upregulated ROCK1 expression on day 7 (~11.9 

times) and day 14 (~26.2 times) indicative of the higher stimulation but was followed by a 

downregulation below basal level on day 21 (~0.002 times). 

 

Figure 6.7: Gene expression profile with 2-ΔCt for fibrochondrogenic markers: (A) SOX9, (B) 

aggrecan (ACAN), (C) collagen I (COL1A1), (D) collagen II (COL2A1) and for mechano-

transduction markers: (E) RhoA (RHOA), (F) ROCK1, (G) YAP1, (H) Integrin α5 (INTA5) and 

(I) Integrin β1 (INTB1) for day 1, 7, 14 and 21 of culture after normalization with β-actin. 
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*p≤0.05 for significantly higher expression than other groups and $p≤0.05 for significantly 

lower expression than other groups. 

YAP1 (yes-associated protein 1) is a part of the Hippo pathway affected by the RhoA and 

ROCK1.  D100 group demonstrated significant upregulation of YAP1 on day 7 (~16.18 times) 

followed by a significant downregulation below basal level on day 14 (~0.52 times) and day 

21 (~0.028 times). D200 group showed significant upregulation of YAP1 on day 7 (~33.29 

times) and day 14 (~96.88 times) with a steep downregulation below basal level on day 21 

(~0.032 times). The UC group showed minimal upregulation of YAP1 above basal level on day 

7 (~1.33 times) and a subsequent downregulation below basal level on day 14 (~0.89 times) 

and day 21 (~0.004 times). Further, D300 group maintained a significant YAP1 upregulation 

on day 7 (~14.18 times), day 14 (~21.28 times) and day 21 (~11.04 times). These variations 

occurring in YAP1 levels due to mechanical stimulation lead to different downstream effector 

pathways leading to various cell fates. 

Inflammatory Markers 

The expression of inflammatory marker NF-κβ1 (NFKB1) was found to be below basal 

level for D100 group on day 14 (~0.66 times) and day 21 (~0.04 times) and was not 

determinable on day 7 as compared to day 1. D200 group demonstrated a similar trend where 

no expression of NF-κβ1 was observed on day 7 and it was downregulated below basal level 

on day 14 (~0.95 times) and day 21 (~0.06 times) as compared to day 1. Interestingly, the UC 

condition showed no expression of NF-κβ1 on any time point. Concurrently, D300 group 

demonstrated a pro-inflammatory response and NF-κβ1 was found to be significantly 

upregulated on day 7 (~2.55 times), day 14 (~4.58 times) and day 21 (~6.77 times) as compared 

to day 1. 

The expression of IL1A was found to vary based on the amount of stimulation. For D100, 

IL1A expression was slightly upregulated from basal level on day 7 (~1.98 times), while further 

being downregulated below basal level on day 14 (~0.91 times) and day 21 (~0.29 times) as 

compared to day 1. For D200, IL1A was upregulated above basal level on day 7 (~1.51 times) 

and was found to be downregulated below basal level on day 14 (~0.67 times) and day 21 

(~0.36 times) as compared to day 1. UC group showed IL1A upregulation close to basal level 

on day 7 (~1.22 times), day 14 (~1.46 times) and day 21 (~1.05 times) as compared to day 1. 

Interestingly, D300 group demonstrated a significantly high upregulation on day 7 (~1.94 

times), day 14 (~3.51 times) and day 21 (~6.22 times) as compared to day 1. 
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COX-2/PTGS-2 (PTGS2) expression was found to differ based on the mechanical 

stimulation intensity. D100 stimulation demonstrates below basal level expression on day 7 

(~0.65 times) and day 14 (~0.9 times) and slight upregulation to basal level on day 21 (~1.26 

times) as compared to day 1. D200 group shows no expression on day 7, near basal level 

expression on day 14 (~1.06 times) and downregulation on day 21 (~0.49 times) as compared 

to day 1. Interestingly, UC group demonstrates a steady expression of COX-2 above basal level 

on day 7 (~1.36 times), day 14 (~1.26 times) and day 21 (~1.36 times) as compared to day 1. 

In contrast to all these, D300 group showed significant and maintained upregulation of COX-

2 on day 7 (~4.78 times), day 14 (~4.93 times) and day 21 (~4.23 times) as compared to day 1, 

denoting the mechanical stimulation triggered inflammatory pathways. 

 

Figure 6.8: Gene expression profile with 2-ΔCt for inflammatory markers: (A) Cox-2/PTGS2, 

(B) IL1α (IL1A) and (C) NF-κβ1 (NFKB1) and ECM resorption markers: (D) MMP9 and (E) 

ADAMTS4 for day 1, 7, 14 and 21 of culture after normalization with β-actin. *p≤0.05 for 

significantly higher expression than other groups and $p≤0.05 for significantly lower 

expression than other groups. 

Matrix Resorption Markers 

MMP-9 (MMP9) expression was found to be above basal level for D100 group on day 7 

(~1.25 times), day 14 (~1.19 times) and day 21 (~1.02 times) as compared to day 1. Similarly, 

D200 group demonstrates above basal level MMP-9 expression on day 7 (~1.46 times), day 14 

(~1.36 times) and day 21 (~1.5 times) as compared to day 1. UC group shows a similar trend 

and a slightly upregulated MMP-9 expression on day 7 (~1.2 times), day 14 (~1.32 times) and 

day 21 (~1.06 times) as compared to day 1. In contrast, D300 group shows significant 
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upregulation of MMP-9 on day 7 (~3.98 times), day 14 (~4.11 times) and day 21 (~5.9 times) 

as compared to day 1, depicting the higher bias for activation of matrix resorption markers. 

ADAMTS-4 (ADAMTS4) expression was found to be upregulated close to basal level 

for D100 group on day 7 (~1.25 times), day 14 (~1.19 times) and day 21 (~1.02 times) as 

compared to day 1. D200 and UC groups show upregulation above basal level on day 7 (~1.08 

times and ~1.38 times respectively), day 14 (~1.005 times and ~1.28 times respectively) and 

day 21 (~1.15 times and ~1.23 times respectively). In contrast, D300 group shows significant 

upregulation above basal level on day 7 (~4.25 times), day 14 (~4.64 times) and day 21 (~5.5 

times) as compared to day 1, depicting a similar trend as observed for MMP-9. 

6.3.3.5 In silico gene and protein network prediction analysis 

In silico-analysis gene prediction analysis through GeneMania using our expressed genes as 

Input genes revealed the various genes that are typically known to be co-expressed and are 

involved in the regulation of mechano-transduction response, cell adhesion to the substrate, 

regulation of cellular proliferation, tissue and ECM remodelling, inflammatory, collagen 

synthesis and chondrogenesis pathways (Figure 6.9A, Table 6.2). The output genes include 

TEAD1-3 which form complex with YAP acting as an effector of mechanical stimulus on cells, 

TIMP1 and ADAMTS5 correspond to tissue and ECM remodelling, COL1A2 is associated 

with ECM deposition, HAPLN1, COMP and SPP1 are associated with chondrogenesis, 

ITGA11, ITGA10, DAAM1 are associated with cellular adhesion and IL1R2 is corresponding 

to inflammatory response. 

Table 6.2: Output genes derived from GeneMania analysis 

Output Gene Details 

IL1R2 interleukin 1 receptor type 2 

TEAD1 TEA domain transcription factor 1 

TIMP1 tissue inhibitor of metalloproteinases (TIMP) metallopeptidase inhibitor 1 

COL1A2 collagen type i alpha 2 chain 

DAAM1 dishevelled associated activator of morphogenesis 1 

COMP cartilage oligomeric matrix protein 

HAPLN1 hyaluronan and proteoglycan link protein 1 

SPP1 secreted phosphoprotein 1 

CEACAM1 CEA cell adhesion molecule 1 

ITGA11 integrin subunit alpha 11 
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TEAD2 TEA domain transcription factor 2 

ITGA10 integrin subunit alpha 10 

TEAD3 TEA domain transcription factor 3 

ADAMTS5 ADAM metallopeptidase with thrombospondin type 1 motif 5 

CEACAM8 CEA cell adhesion molecule 8 

 

 

Figure 6.9: (A) Gene Network representing the GeneMania analysis of predicted gene-gene 

interactions between the input genes (used for RT-PCR expression) and output genes (predicted 

genes). (B) PPI network generated using StringDB analysis representing the predictive 

interaction of proteins encoded by the input genes to output various enriched gene-ontology 

(GO) pathways. 
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Furthermore, we used the same input genes to study the associated protein-protein 

interaction (PPI) pathways, that could be potentially enriched, using String-DB. We observed 

that the input genes are reported to be involved in the gene ontology (GO) pathways (Figure 

6.9B) corresponding to response to mechanical/abiotic stimulus (RHOA, YAP1, SOX9, 

NFKB1, PTGS2, IL1A, ITGB1, COL1A1, MMP9), extracellular matrix 

organization/disassembly (ADAMTS4, MMP9, ITGB1, COL1A1, COL2A1, ACAN, SOX9), 

positive regulation of stem cell proliferation (SOX9, YAP1), positive regulation of cell 

differentiation (PTGS2, COL1A1, SOX9, ITGB1, NFKN1, RHOA, YAP1), chondrocyte 

differentiation and cartilage development (ACAN, SOX9, COL2A1, COL1A1), cell-

substrate/cell-matrix adhesion/regulation of focal adhesion assembly (COL1A1, ITGA5, 

ITGB1, RHOA, ROCK1), inflammatory response (IL1A, ITGB1, NFKB1, PTGS2), Rho 

protein signal transduction (RHOA, ROCK1), Wnt signalling pathway (SOX9, COL1A1, 

NFKB1, YAP1, RHOA) and regulation of intracellular signal transduction (RHOA, ROCK1, 

SOX9, MMP9, PTGS2, ITGB1, IL1A).  

 

TH-3393_176106019



Results  Chapter 6 

 
 

233 

 

 

Figure 6.10: PPI network generated using StringDB analysis representing the predictive 

interaction of proteins encoded by the input genes to output various enriched (A) KEGG and 

reactome pathways, (B) WikiPathways and (C) Tissue Expression.  

 

Additionally, the input genes were found to enrich various KEGG and reactome pathways 

(ECM receptor interaction, TNF signalling, TGF-beta signalling, NF-kappa B, PI3K-Akt 

signalling, RHO GTPases activate ROCKS, Integrin cell surface interactions, Collagen 

degradation, degradation of the ECM, signalling by Interleukins, RHO GTPases effectors and 

signal transduction) (Figure 6.10A) and Wiki Pathways ( IL-1 activation of NF-κβ, signal 

transduction through IL1, IL-1 signalling, focal adhesion and TGF-beta signalling) (Figure 

6.10B). Concurrently, the input genes could be enriched for tissue-specific/cell-specific 

expression in chondrogenic cell/chondrocyte(ACAN, COL2A1, SOX9), meniscus (ACAN, 

COL2A1), placenta (ITGA5, ITGB1, RHOA, COL1A1, PTGS2, YAP1) and connective tissue 

(RHOA, ITGB1, COL1A1, ACAN, ADAMTS4, COL2A1, SOX9, PTGS2) (Figure 6.10C). 
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6.3.3.6 Immunostaining of cell-seeded constructs post maturation 

The constructs from various groups were co-stained for collagen I (red fluorescence) and 

collagen II (green fluorescence) to determine the fibrochondrogenic differentiation potential 

and the ECM deposition on the constructs of different stimulation groups. D100 demonstrated 

progressively higher collagen II deposition as compared to collagen I deposition after 14 days 

(Figure 6.11A) and 21 days (Figure 6.11E) of culture under stimulation. D200 group was 

found to possess high depositions of both collagen I and collagen II on day 14 (Figure 6.11B) 

and day 21 (Figure 6.11F). D300 group showed small deposits of collagen II and meagre 

deposition of collagen I after 14 days of stimulation and culture (Figure 6.11C) and a slightly 

higher amount of collagen I and collagen II were found to be deposited after 21 days of 

stimulation and culture (Figure 6.11G). UC culture conditions promoted similar trend for 

collagen I and collagen II to the D200 group showing high collagen I and collagen II after 14 

days (Figure 6.11D) and 21 days (Figure 6.11H).  
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Figure 6.11: Representative fluorescence-stained micrographs with collagen I (red), collagen 

II (green) and nuclei (blue) of constructs after 14 days for (A) D100 group, (B) D200 group, 
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(C) D300 group and (D) UC group. Representative fluorescence-stained micrographs with 

collagen I (red), collagen II (green) and nuclei (blue) of constructs after 21 days for (E) D100 

group, (F) D200 group, (G) D300 group and (H) UC group. ImageJ based quantification of 

fluorescence intensity for (I) Collagen I/DAPI and (J) Collagen II/DAPI. (K) Relative fraction 

of % mean fluorescence intensities of Collagen I (red) and Collagen II (green) after 14 days 

for all groups. ImageJ based quantification of fluorescence intensity for (E) Collagen I/DAPI 

and (F) Collagen II/DAPI. (G) Relative fraction of % mean fluorescence intensities of Collagen 

I (red) and Collagen II (green) after 21 days for all groups. *p≤0.05 

Collagen I was found to be significantly higher in D200 as compared to other groups on 

day 14 (Figure 6.11I). Collagen I expression was significantly high for D200 as compared to 

other groups and UC group was found to possess higher expression of collagen I as compared 

to D100 and D300 on day 21 (Figure 6.11L). Collagen II was expressed significantly higher 

in D100 and D200 groups as compared to D300, and the UC group also showed significantly 

higher collagen II expression than D300 after 14 days (Figure 6.11J). Collagen II was 

expressed significantly higher in D100 and D200 as compared to D300 and UC groups and 

significantly higher in UC group as compared to D300 group on day 21 (Figure 6.11M).  

Collagen I/Collagen II ratio was found to be closing towards 30:70 for D100, 60:40 for D200, 

30:70 for D300 and 50:50 for UC group on day 14 (Figure 6.11K). Further, Collagen 

I/Collagen II ratio was found to be at 20:80 for D100, 60:40 for D200, 35:65 for D300 and 

60:40 for UC groups on day 21 (Figure 6.11N). 
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6.4 Discussion 

Meniscal cells are known to respond to mechanical stimulation such as hydrostatic [348], 

compression [224] and tensile [359]. All of these attempts have resulted in the meniscus cell 

proliferation and accelerated secretion of ECM under physiological strains. Ultrasound 

(LIPUS) on the other hand has been utilized for the regeneration of various tissues such as 

osteochondral [511-513] and skin [515], and fracture healing [511, 514] by the virtue of 

anabolic effects reported to increase deposition of collagen and sGAG and accelerated cellular 

proliferation and migration. Here, we aimed to evaluate the potential of varying intensities of 

LIPUS for accelerating and/or assisting in the fibrochondrogenic differentiation of wJMSCs 

seeded on silk based GFRP loaded 3D printed constructs as compared to their UC (unstimulated 

control) counterparts. We studied physiologically relevant forces (100 mW/cm2 and 200 

mW/cm2 at 1MHz and 50% duty cycle for 20 min/day) that we hypothesized to produce 

anabolic effects and enhance fibrochondrogenic differentiation and hyper-physiological 

stimulus (300 mW/cm2 at 1MHz and 50% duty cycle for 20 min/day) that we hypothesized 

would play a role in catabolism, hindered differentiation and maturation into fibrochondrogenic 

phenotype when compared with the static unstimulated control (UC). 

The silk based GFRP loaded hydrogel biomaterial-ink composition was found to be 

thinning under high shear and higher temperatures. These properties are endowed by the 

presence of gelMA and PEGDA [424, 517]. silkMA aids in crosslinking of the biomaterial ink, 

while also establishing high mechanical strength over long periods[435]. Additionally, the 

biomaterial-ink components, i.e., silkMA, PEGDA, gelMA and GFRP have been utilized for 

various musculoskeletal, cartilage and cardiac tissue engineering applications with high degree 

of biocompatibility and immuno-compatibility [266, 435, 469]. GFRP is known to possess 

factors responsible for regeneration of meniscus tissue in vitro and in vivo [389]. Further, 

infrared spectroscopy showed the cardinal amide I, II and III peaks of the silkMA and gelMA 

and methacrylation peak of the PEGDA, silkMA and gelMA to be present in the biomaterial-

ink composition before and after crosslinking. This is in accordance with our previous 

observations of photo-curable biomaterial-inks [435]. The biomaterial-ink was found to be 

shear-thinning and stable post crosslinking during printing of multi-layered constructs. Though 

the biomaterial-ink was found to be buckling at longer distances, it does not affect multi-

layered printing due to the crosslinking carried out after each layer. Printed constructs 

contained highly porous microarchitecture, as visualized in the electron micrographs, with 

~74% apparent porosity and a rapid water uptake capacity of ~2 times within 20 min. This is 
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essential for the diffusion of culture medium, waste products [1] and the release of encapsulated 

GFRP. The strength and robustness of constructs is an important aspect for meniscus tissue 

engineering applications [4]. The GFRP loaded constructs showed no signs of degradation 

under LIPUS and were stable under pursued mechanical compression for 21 days bearing a 

total of 42000 cycles of 20% compression and LIPUS of various intensities. This is further 

corroborated by the constant compressive modulus under various LIPUS stimulation after 21 

days. This resilience is desired of constructs conducive for applications in meniscus tissue 

engineering [503]. The compressive modulus of the constructs exceeded the equilibrium 

compressive modulus of both porcine and human menisci [1] at all time points. Further, 

wJMSCs were chosen as a model neonatal source of stem cells that are being dubbed as a 

potent source of engineering patient-specific tissue constructs and various regenerative 

applications [473]. These stem cells were seeded upon the 3D constructs and incubated without 

stimulation for 2 days to usher cell adherence and thereafter were evaluated for their response 

to varying degrees of LIPUS stimulation. UC group with no stimulation of LIPUS was used as 

a control to evaluate the effect of GFRP encapsulated within the constructs on the stem cells. 

According to our observations, LIPUS stimulation was perceived differently by the seeded 

stem cells pertaining to the rise in intensity of the LIPUS. We had divided the stimulation into 

3 groups: D100 (100mW/cm2) as low-physiological stimulation, D200 (200mW/cm2) as high-

physiological stimulation and D300 (300mW/cm2) as hyper-physiological stimulation. D100, 

D200 and UC group demonstrated significantly higher cellular proliferation as compared to 

D300 group on all later time-points. D300 was found to halt the cellular proliferation after day 

7. Similar trend was observed in sGAG and HYP deposition which indicate that D100, D200 

and UC groups primarily aid in the cellular proliferation and ECM deposition at the proteomic 

level and D300 actively hinders the same. Further, evaluation of gene expression profile reveals 

the underlying implications of the mechanical stimulation at the mRNA expression level.  

The D100 group provides a prominent chondrogenic bias with a significant upregulation 

of sox9, aggrecan and collagen II after 7, 14 and 21 days. In D100, the low-physiological 

mechanical stimulation triggers the signal transduction pathway via upregulation of Integrin 

α5/Integrin β1 as observed in literature [518, 519]. This upregulation is found diminished on 

day 14 and downregulated on day 21. The Integrin α5/Integrin β1 is known to regulate 

expression of RhoA and its downstream effectors ROCK1 and finally YAP1 [520] which is 

known to bind with TEAD to upregulate CCN2 expression [521]. This pathway is found to be 

upregulated for D100 group at day 7, followed by a consequent fall of mRNA levels of RhoA 
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and ROCK1 to basal levels and YAP1 below basal levels on and after day 14. This is an 

indicator of the ECM production towards chondrogenic phenotype following CCN2 

downregulation after 7 days aided by the downregulation of YAP1 [522]. This is corresponding 

to the stress-fibre stabilization induced by the downregulation of YAP1 gene which is known 

to prominently aid in chondrogenic differentiation [521]. Also, the D100 stimulation showed 

significantly downregulated inflammatory cytokines and basal level expression of matrix 

resorption markers on day 14 and day 21 as observed in other dynamic mechanical stimulation 

forms that are known to be physiologically conducive for reduction of inflammatory markers 

[523, 524]. The immunostaining of D100 group and the subsequent fluorescence quantification 

of collagen I, collagen II and collagen I/collagen II ratio further mirrored our biochemical and 

gene expression profile observations in reflecting the chondrogenic differentiation with rise in 

the collagen II deposition and sGAG deposition from day 14 to day 21.  

D300 group was deemed to undergo sustained hyper-physiological stimulation that 

produced detrimental effect on cellular proliferation and differentiation. This is reflected in the 

basal level expression of Integrin α5/Integrin β1, which is an indicator of mechanical over-

stimulation [525, 526]. This was accompanied by sustained high expression of RhoA, ROCK1 

and YAP1 on days 7, 14 and 21. These in-turn might have mediated significant upregulation of 

inflammatory cytokine markers (NFκβ, IL1α and cox-2) and matrix resorption markers (MMP9 

and ADAMTS4) [512] accompanied by downregulation of matrix synthesis markers (collagen 

I and collagen II), which progressively resembled cells that possess unstable stress fibres and 

degenerative gene expression profile [527]. This is mirrored by the reduced biochemical 

deposition of sGAG and hydroxyproline and the fluorescence-stained constructs showing 

significantly low deposition of both collagen I and collagen II as compared to the other groups. 

UC group on the other hand demonstrated characteristic fibrochondrogenic gene 

expression profile where the GFRP growth factors and the 3D printed matrix assisted 

upregulation of Integrin α5/Integrin β1 on day 7 and day 14. The mechanical stimulation 

markers were close to basal levels with a slight upregulation of RhoA and basal level expression 

of ROCK1 and YAP1. Also, the anti-inflammatory effects of GFRP can be seen in the non-

expression (NFκβ) or basal level expression of inflammatory markers (IL1α and cox-2) [510]. 

Moreover, matrix remodelling, and resorption marker expression were also close to basal level 

(MMP9 and ADAMTS4). This is further iterated by the biochemical deposition of high levels 

of sGAG and HYP and the collagen I and collagen II depositions. Interestingly the collagen 
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I/collagen II was 50:50 on day 14, however the ratio reached 60:40 on day 21 mimicking the 

native composition of the meniscus ECM [4]. 

D200 group demonstrated a higher fibrochondrogenic bias generation as compared to the 

UC group apart from the chondrogenic bias of D100 and inflammatory bias of D300. The D200 

stimulation upregulated the fibrochondrogenic genes (sox9, aggrecan, collagen I, collagen II) 

on all time points. This could be attributed to the Integrin α5/Integrin β1 mediated activation 

of RhoA, ROCK1 and YAP1 mediated pathway uptil day 14 and the consequent reduction of 

the expression of RhoA, ROCK1 and YAP1 to basal levels on day 21. The initial YAP1 

mediated activation of CCN2 and TGF-β pathways [528] and ROCK1 mediated activation of 

sox9 [520] could have contributed to the fibrochondrogenic differentiation and ECM 

deposition. This additionally aided in the downregulation of NFκβ, IL1A and cox2 which has 

been observed in the literature[523, 524]. While aiding in deposition of matrix, the moderate 

stimulation of D200 group still promoted basal level expression of matrix remodelling and 

resorption markers, i.e., MMP9 and ADAMTS4. D200 group was found to be most suitable for 

early deposition of abundant fibrochondrogenic ECM, i.e., collagen I, collagen II and sGAG, 

while maintaining the 60:40 ratio from day 14 timepoint as compared to the UC group (where 

the ratio reached 60:40 on day 21). 

The gene interaction and PPI network analysis corroborated our findings where 

downstream effectors of mechanical stimulation were found to influence the differentiation of 

D100 group towards the chondrogenic phenotype, D300 group towards an inflammatory 

phenotype with hindered cellular proliferation and differentiation and D200 and UC groups 

towards fibrochondrogenic phenotype. Our in-silico analysis highlights the importance of the 

analysed genes in the downstream pathways pertaining to cell proliferation, stem cell 

differentiation, chondrogenic differentiation, cell adhesion, matrix remodelling, inflammatory 

response and intracellular signal transduction curated from GO, KEGG, Reactome and Wiki 

Pathways. This substantiates the effect of various intensities of LIPUS stimulation on 

potentially triggered pathways leading to the differential effects in observed groups. In clinical 

setting this may be translated as shown in Figure 6.11. Here, we envisage that upon assessment 

of injury, 3D CAD modelling would be carried out based on the MRI scan and further followed 

up with formulation of GFRP loaded biomaterial-ink and printing the constructs according to 

patient’s requirement. Further, the fabricated constructs could be seeded with patient-derived 

stem cells and implanted and followed up with LIPUS stimulation regimen until integration 

and healing of the meniscus. 
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Figure 6.12: Conceptualization of the potential treatment approach for partial resection, hemi-

ectomy or full meniscectomy through CAD modelling, 3D printing using formulated 

biomaterial-ink, seeding of patient-derived stem cells, implantation followed by LIPUS 

stimulation. Scale bar: 1cm. 
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6.5 Salient outcomes and Findings  

1. We fabricated GFRP loaded 3D printed silk based photocrosslinked constructs seeded with 

wJMSCs and used LIPUS stimulation for assessing their differentiation towards 

fibrochondrogenic phenotype.  

2. Physiochemical and mechanical properties were found to be unchanged for LIPUS treated 

constructs as compared to unstimulated control.  

3. Cellular proliferation, biochemical analysis, gene expression profiling and immunostaining 

for collagen I and collagen II revealed the effects of LIPUS treatment.  

4. Low-physiological stimulation (D100 group: 100mW/cm2) was found to induce chondrogenic 

bias, high-physiological stimulation (D200 group: 200mW/cm2) and no stimulation (UC 

group) was found to induce fibrochondrogenic phenotype and hyper-physiological 

stimulation (D300 group: 300mW/cm2) resulted in hindered cell proliferation, ECM 

deposition and triggering of inflammatory and matrix resorption pathways.  

5. PPI and gene-gene interaction analysis showed the potential genes and pathways involved in 

the varying behaviour with and without LIPUS treatment.  

6. High-physiological LIPUS stimulation (200mW/cm2) for fibrochondrogenic differentiation 

and it needs to be further evaluated for meniscus regeneration capacity in vivo.
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SUMMARY AND FUTURE PERSPECTIVES 

 

Current clinically approved approaches for meniscus tear treatment including 

meniscectomy, allograft transplantation and implants have their respective drawbacks. Meniscus 

replacement using current FDA approved implants and the subsequent regeneration are riddled 

with issues of non-compliant size, shape, biocompatibility, non-degradability and mechanical 

strength. Meniscus tears of varying sizes need to be addressed differently, while taking into 

account the compliance of physico-chemical, mechanical and biological parameters. In this 

regard, the Objectives 1-5 (Chapter 2-6) of this thesis (Figure S1) provide potential translational 

solutions that can be employed to address the issues associated with the current clinical scenario. 

This dissertation tries to orchestrate clinically relevant meniscus implants, keeping into account 

the essential design considerations described in Chapter 1, i.e., biocompatibility, patient-specific 

shape and size, recapitulation of native mechanical properties, biodegradability and 

incorporation of patient-derived biological cues.  

In Objective-1, a biomaterial ink was formulated using B. mori silk fibroin, A. assama 

silk fibroin and gelatin. This ink possessed the requisite shear thinning and temperature-induced 

gelation and was used for 3D printing implants that were enzymatically crosslinked. 3D printing 

rendered patient-specific shape and size, while the presence of silk-fibroin/gelatin blend rendered 

physico-chemical and biological compatibility for the sustenance of native meniscus cells and 

their extracellular matrix deposition. The 3D scaffolds proved to be mechanically mimicking the 

native meniscus and was found to be immunocompatible. In Objective-2, the 3D printing 

procedure was optimized further by the virtue of photocrosslinking polymers. B. mori silk fibroin 

and gelatin were methacrylated and blended with A. assama silk fibroin to enable one-step 

photopolymerized fabrication. Additionally, in this objective, the zonal complexity of the 

meniscus was recapitulated using a dual-ink printing approach with the photocrosslinking ink 

encapsulating growth factor loaded microspheres. These constructs could lead to zonal 

differentiation of seeded stem cells providing a mode for the regeneration of zonal cellular 

phenotype and extracellular matrix profile of the meniscus. The use of patient-derived growth 

factors is an incumbent approach of the future as it leads to better regeneration potential in the 

clinical setting. Hence, objective 3 focussed on further improvement of the photocrosslinking 

ink by incorporation of autologous growth factor rich plasma and polyethylene glycol 

dimethacrylate. This improved ink aided by acting as a reservoir of autologous growth factors 

TH-3393_176106019



   
 

246 

 

and thereby improving the potential acceptance in clinical scenarios. The 3D printed implants in 

objective 3 could release growth factor rich plasma for weeks, degraded in a slow and sustained 

manner and provided much more enhanced mechanical compliance. 

Smaller meniscus tears are often either ignored or debrided upon detection leading to 

development of osteoarthritis in the long run. Moreover, the limitation of fabrication size for 3D 

printers limits the use of 3D printing for these kinds of defects. Realising the potential of the 

optimized biomaterial-ink composition from objective 3, it was carried forward in objective 4 

with the switch to polyethylene glycol diacrylate for better strength and injectability. This 

tweaked formulation of B mori silk fibroin methacrylate, gelatin methacrylate, polyethylene 

glycol diacrylate and growth factor rich plasma was used as an injectable hydrogel for small 

meniscus tears that can be perilous to treat using 3D printing. The injectable hydrogel 

composition was found to be mechanically compliant to meniscus upon crosslinking and 

promoted proliferation, migration and fibrochondrogenic differentiation of neo-natal human 

stem cells. This hydrogel was tested in vivo as well and was found to heal full thickness defects 

in rabbit meniscus.  

 

 

Figure S1: Schematics illustrating the developed treatment modalities for meniscus tears. 
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Meniscus is a mechanically loaded tissue with cyclic load-bearing properties. 

Additionally, the mechanical stimulation of implants have been known to provide better 

regeneration of meniscus in vitro and in vivo. This perspective was evaluated in objective 5. Here, 

non-invasive mechanical stimulation was provided using low intensity pulsed ultrasound on neo-

natal stem cells that were seeded over 3D scaffolds printed using the injectable hydrogel as an 

ink. The mechanical stimulation led to augmentation of cellular proliferation and differentiation 

as compared to the static controls. Modern treatment approaches could be a combinatorial 

therapy as described in this chapter. Further, in vivo evaluations of these approaches in larger 

animal models would prove to be incremental in the optimization of these patient-specific 

treatment approaches for future clinical applications. 

Future perspectives of this thesis work (Figure S2) would include the application of the 

developed treatment approaches in larger animal models such as goat, sheep and pig for further 

optimization of the formulations of inks towards the load-bearing characteristics of the knee. The 

photo-crosslinking inks developed in this thesis can be used as induced pluripotent stem cell-

loaded bioinks to further development of cellularized treatment approaches with higher patient-

compliance. Furthermore, the photo-polymerising inks could also be optimized for use in 

volumetric bioprinting of meniscal implants that can be used for treatment of meniscus tears. 

The developed inks are facile for use in the laboratory settings and hence can be commercialized 

as off-the-shelf inks for research purposes. The developed 3D printed constructs seeded with 

neo-natal stem cells and matured in vitro can be used as alternative pharmaceutical drug-testing 

platforms for anti-inflammatory drugs. Concerted efforts directed towards the further 

optimization of the treatment approaches discussed in this thesis could lead to clinical translation 

in humans. 
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Figure S2: Schematics illustrating the future perspectives of the present thesis. 
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