
In Vitro osteoarthritic model to evaluate the regenerative capability of tissue engineered constructs 
and bioactive implants for cartilage regeneration: SB/FT/LS-295/2012 – PI: Dr. NEETHU MOHAN 

 

1 
 

                                                  . 
PROJECT COMPLETION REPORT 

SUMMARY 
 
 
 
 
 
 
 

“In Vitro osteoarthritic model to evaluate the 
regenerative capability of tissue engineered 
constructs and bioactive implants for cartilage 
regeneration” 
 

Project No. SB/FT/LS-295/2012  
SCT Project No: 8083 
 
 
Principal Investigator: Dr.NEETHU MOHAN 
Division of Tissue Engineering & Regeneration Technologies 
Biomedical Technology Wing 
Sree Chitra Tirunal Institute for Medical Sciences & 
Technology 
Trivandrum- 695012 
 
 
 
 
 
 
 
 
 
 
 
 
 



In Vitro osteoarthritic model to evaluate the regenerative capability of tissue engineered constructs 
and bioactive implants for cartilage regeneration: SB/FT/LS-295/2012 – PI: Dr. NEETHU MOHAN 

 

2 
 

 
1. Title of the project: “In Vitro osteoarthritic model to evaluate the regenerative 
capability of tissue engineered constructs and bioactive implants for cartilage 
regeneration” 

2. Principal Investigator(s) and Co-Investigator(s): Dr. Neethu Mohan (PI) 
 
3. Implementing Institution(s) and other collaborating Institution(s): Sree Chitra Tirunal 
Institute for Medical Sciences and Technology, Biomedical Technology Wing, Poojappura, 
Trivandrum 
 
4. Date of commencement: 07/10/2013 
 
5. Planned date of completion: 06/01/2017 
 
6. Actual date of completion: 06/01/2017 
 
7. Objectives as stated in the project proposal:  
 
Objective 1: Develop in vitro 3D cartilage defect models that symbolize three different 
stages of joint damage, using engineered constructs and native tissue 
Objective 2:  Evaluate the metabolic status and regenerative capability of healthy cells, 
damaged cells, and mesenchymal stem cells in a 2D osteoarthritic environment. 
Objective 3: .Evaluate the chondrogenesis and matrix synthesis in in vitro osteoarthritic 
models. 
 
8. Deviation made from original objectives if any, while implementing the project and 
reasons thereof:  
One of the defect model suggested in the first objective was “Conventional defect model” 
were engineered constructs will be co-cultured within a defect generated in native 
osteochondral explants tissue.  However it was observed both these systems remained as two 
different entities with limited interactions between the engineered construct and native tissue 
in vitro. Hence the approach was abandoned and the study was focused more on the other two 
models suggested in the objective 1. 

9. Experimental work (summary) 
 
Experimental set up 1  
Develop a 3D nanofiber-hydrogel hybrid construct with physical gradients of chondrogenic 
and osteogenic signals to engineer hyaline and mineralized cartilage as a functional unit. 
Evaluate the performance of engineered constructs in healthy and osteoarthritic environment. 
The raw material signals incorporated in the 3D gradient system is proposed to decrease the 
detrimental effects of cytokines present in OA. 
 
Experimental set up 2  
Develop an engineered 3D cartilage using biomimetic scaffold composed of collagen and 
hyaluronic acid dialdehye (HA).  Cells cultured in biomimetic matrix made of biological 
polymers will be more responsive to cytokines in the OA environment. 
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Experimental set up 3 
Develop an osteoarthritic microenvironment in vitro: using recombinant cytokines and by 
activation of synoviocytes present in an OA condition. . 
 
Experimental set up 4 
Develop 3D biphasic construct to model synovium-cartilage as a functional unit of arthritic 
system.  Generate a 3D synovium-cartilage arthritic model using biphasic constructs.   
 
METHODS & RESULTS 
 
Experimental set up 1:  
Summary: Chondrocytes were cultured in bioactive - nanofiber assembled hydrogels with 
gradients of chondrogenic and mineralized signals to engineer hyaline and mineralized 
cartilage as a single system. These construct could be used to generate an OA system in 
combination with cytokines. The raw material signals incorporated in the 3D gradient system 
might help to decrease the detrimental effects of cytokines of OA. 
 
In the current study, we demonstrated that electrospun fibers could be used as a delivery 
vehicle for chondrogenic and mineralization signals. Further continuous graded distributions 
of these signals were generated in a hydrogel. Electrospun PCL fibers incorporated with 
chondroitin sulphate (CS) (chondrogenic signal) and sol-gel-derived bioactive glass (BG) 
(mineralization signal) were fabricated and the fibers were embedded in an agarose-gelatin 
(AG) hydrogel to formulate the fiber-hydrogel hybrid scaffold. The current study, at first 
evaluated in vitro, the response of chondrocytes to the fibers with chondrogenic signal and 
the mineralization signals. Further we investigated the response of chondrocytes to the 
continuous graded chondrogenic and mineralization signals in the fiber-hydrogel hybrid 
scaffolds. 
 
Fabrication and characterization of electrospun fibers: Five different sets of electrospun 
fiber mats were fabricated: (1) PCL fiber, (2) CS incorporated in PCL fiber at low and high 
concentration (CSL) and (CSH), (4) BG incorporated in PCL fiber at low and high 
concentrations (BGL) and (BGH). The surface morphology of fibers were analyzed using 
environmental scanning electron microscope (FET Quanta 200 ESEM, FEI Quanta, 
Einthoven, Netherlands). The fiber diameters were measured from ESEM images using 
ImageJ software (NIH). The amount of CS incorporated in the CSL and CSH membranes 
were quantified. Further the release of CS from membranes was evaluated for a period of 14 
days. The chemical composition of the CS released was analyzed using Fourier transform 
infra red spectroscopy (FTIR). The weight percentage of BG present in the BGL and BGH 
fibers was determined by simultaneous thermogravimetrydifferential thermal analysis (TGA–
DTA). In vitro biomineralization of the PCL, CSL, CSH, BGL and BGH, fibers were 
assessed after incubation in simulated body fluid (SBF) at 37oC for 14 days and analyzed 
using ESEM (ESEM; FET Quanta 200, FEI Netherlands) with energy dispersive X-ray 
spectroscopy (EDS) (OXFORD X-ray microanalysis software, OXFORD Instruments, UK). 
 
 
Results: The fiber mats were of 20–25 lm thickness. The diameter of the PCL, CSL, and 
CSH fibers varied between 200 and 400 nm, intermingled with larger fibers of 0.8–2 mm 
size; the fibers had smooth surface, CS particles were not visible on the fiber surface in 
ESEM. A mixture of both larger fibers of 1–2 mm size, interconnected with smaller fibers, in 
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the range of 200–400 nm were obtained for the BGL and BGH. Fine dispersion of sub micron 
BG particles present on the fiber surface was visualized in ESEM of both BGL and BGH. 
The BGH fibers also displayed BG aggregates on the surface which could be deposited due to 
faster evaporation of solvent from a nearly saturated polymer-bioglass suspension. 
 
The release profile of CS from the CSL and CSH was studied. The fibers showed an initial 
release of 30% in the first hour; further the release remained almost constant up to day 3 in 
CSL, and up to day 14 in CSH. The CSH showed 80% release by day 14, and 20% was 
retained within the fibers beyond 14 days. SafraninO dye staining indicated a uniform 
dispersion of CS on the fibers before the release and negligible levels were detected after the 
release.The release of CS did not influence the fiber structure. The FTIR spectra of the CS 
released from the fibers retained all the characteristic peaks of the native CS powder. This 
data indicated that the chemical structure of the chondroitin sulfate was not altered during the 
electrospinning process. 
 
The DTA–TGA thermogram of PCL, BG powder, BGL, and BGH. PCL showed complete 
decomposition, BG powder showed 83 wt %, BGL and the BGH membranes showed 3 and 
15 wt % of residues and at 4288C. The 17% weight loss of the sol-gel derived BG powder at 
4288C could be due to the removal of the adsorbed water molecules. The actual amount of 
BG incorporated in BGL and BGH was calculated to be 2.4 wand 12.5 wt %, respectively 
with respect to the amount of raw BG powder at 4288C. The biomineralization studies on 
BGL and the BGH fibers showed formation of spherical aggregates of small mineral granules 
throughout the fiber surface. The EDS spectrum of the BGL and BGH fibers displayed, 
characteristic peaks specific for calcium, while control PCL and CS fibers did not show 
calcium deposition. . 
 
Fabrication and characterization of 3D fiber-hydrogel hybrid scaffolds: The fiber-
hydrogel hybrid scaffolds were fabricated by layer by layer arrangement of fiber mats within 
an agarose (AG) hydrogel. Four different types of hybrid scaffolds were fabricated (a) 
Control AG-PCL scaffolds, (b) AG-CS scaffolds had CSL and CSH nanofiber mats, (c) AG-
BG scaffolds had BGL and BGH nanofibermats, (d) AG-GRAD gradient scaffolds had 
nanofiber mats assembled in the sequence CSH-CSL-BGL-BGH. 
 
Characterization of the gradient hydrogel: Vertical cross section of a freeze dried AG-
GRAD gradient scaffold was imaged using ESEM to visualize the arrangement of fiber mats 
within the hybrid scaffolds. The sections (0.5 mm) of freeze dried scaffolds (n=4) were 
stained with DMMB dye (Sigma, St. Louis, MO) and Alizarin red (Sigma, St. Louis, MO) to 
visualize the gradient dispersion of CS and BG, respectively. The sections were imaged using 
bright field microscope and the images of continuous fields were compiled and represented as 
a panel to view the gradation in staining intensity. The release of CS from AG-CS and 
AGGRAD scaffolds was quantified. The release of chondroitin sulfate from AG-CS and AG-
GRAD nanofiber assembled hydrogel scaffolds were analyzed for a period of 21 days. The 
unseeded hydrogels (n=4) were incubated in PBS at 37°C and the released chondroitin sulfate 
was quantified using DMMB dye (Biocolor, UK). . 
 
Results: The ESEM of the vertical cross-section of the lyophilized AG-GRAD scaffold and 
sections stained to visualize the gradient distribution of CS and BG on the scaffolds. The CS 
released from the CSH and CSL fiber mats, diffused over few micrometers within the 
hydrogels. The amounts of CS released from CSH fiber mats were higher than that of CSL 
fiber mats; which resulted in the gradient pattern of CS from top to bottom of the hydrogel. 
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Similarly, the BG released from BGL and BGH fiber mats located at the opposite end of the 
hydrogel, diffused over few micrometers within the hydrogel. Thus an opposing continuous 
gradient of both CS and BG was generated in AG-GRAD scaffold. This was confirmed by 
the DMMB and Alizarin red staining on the vertical cross section of the freeze dried AG-
GRAD scaffold. After generating a gradient pattern, the CS diffused from the hydrogel to the 
aqueous culture medium; however this occurred gradually over a course of 21 days. The 
release of CS from AG-CS and AGGRAD scaffolds for 21 days showed a similar release 
pattern. The data indicated that the presence of BG did not significantly influence the 
diffusion of CS in the AG–GRAD scaffold.  The release profile was similar in both the AG-
CS and AG-GRAD scaffolds. The data indicated that the presence of opposing gradients of 
bioactive glass did not significantly influence the diffusion and release of chondroitin sulfate 
from the AG-GRAD scaffold. 
 
 
Chondrocyte culture on nano fiber mats: Apoptosis was analyzed using a flow cytometer 
to estimate the percentage of apoptotic/necrotic cells and cell viability was evaluated using 
Live/Dead assay kit (Molecular probes, Eugene, OR, USA) and imaged using multi-focus 
fluorescent microscope (Leica DMIL, USA). 
Results: The results of apoptosis analysis indicated that the raw materials incorporated in the 
nanofibers caused negligible apoptosis to the cells. FACS data for apoptosis analysis for the 
CSL and CSH fibers showed 3.4% and 1.6% of apoptic cells, while the BGL and BGH fibers 
showed 5% apoptosis. Only <0.2% cells were dead on all the membranes. Live Dead analysis 
further confirmed that the cells remained viable for 21 days. Cell clusters in the 3D hybrid 
scaffolds after 48 hours of cell encapsulation showed cells are viable, Clusters were 
quantified from the confocal 3D z stack of Live Dead assay from a thickness of 500 µm. 
Groups containing more than 4 cells were defined as one cluster.  
. 
 

Biochemical, staining and immunostaining of chondrocytes on nanofibers: The 
constructs were digested with papain and the total sGAG and collagen contents were 
estimated. The PCL, CSL, and CSH membranes were stained for sGAGs using SafraninO 
and the hyaline cartilage markers collagen type II and aggrecan were detected by 
immunostaining. The PCL, BGL, and BGH membranes were stained for mineralization using 
Alizarin red; the mineralized cartilage markers collagen X and osteocalcin were detected by 
immunostaining. The PCL, CSL, and CSH membranes were stained for sGAGs using 
Safranin O and the hyaline cartilage markers collagen type II and aggrecan were detected by 
immunostaining. The PCL, BGL, and BGH membranes were stained for mineralization using 
Alizarin red; the mineralized cartilage markers collagen X and osteocalcin were detected by 
immunostaining.  
Result:  sGAG were observed only around cell clusters in PCL, BGL, and BGH. The CSL 
and CSH fibers showed higher and uniform deposition of sGAG than other constructs in 
Safranin O staining. However, the quantitative analysis indicated that the CSL, BGL, and 
BGH membranes showed significantly higher values of sGAG than the PCL (p<0.05). The 
CSH samples showed higher standard deviation in the quantitative analysis. The total sGAG 
content of the CSL membranes were significantly higher than CSH (p<0.05) and than all 
other groups (p50.0002). There were no significant differences in total collagen content 
among the groups. The CSL and CSH constructs showed higher and uniform staining for 
aggrecan and collagen II than the control PCL. 
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The characterization of PCL, BGL, and BGH constructs after 21 days of in vitro culture. The 
BGL and the BGH constructs showed higher calcium deposition than the PCL. Spherical 
nodules of mineralization that resembled hydroxyapatite were observed on the scanning 
electron micrographs. Each of the spherical nodules had an average size of 1–3 mm; many 
such nodules formed larger mineral aggregates that appeared as intense stained regions in the 
Alizarin red staining. The BGH fibers formed morenumber of hydroxyapatite like nodules 
and had higher calcium deposition than the BGL; indicating a linear correlation with the BG 
content on the fibers and mineralization by the cells. The BGL and the BGH constructs 
showed higher positivity for collagen X and osteocalcin than the control PCL.  
 

Chondrocyte encapsulated fiber-hydrogel hybrid constructs: characterization: The cell 
encapsulated AG-PCL, AG-CS, AG-BG, and AG-GRAD hybrid scaffolds were fabricated 
following a similar procedure as described in previously. The viability of cells encapsulated 
in the hybrid constructs was evaluated after 48 h by Live Dead assay and imaged using Nikon 
A1R confocal microscope. The cell distribution and the matrix deposition on the day 2 and 
day 21 were detected by ESEM. The constructs were fixed in 4% paraformaldehyde for 30 
min; horizontal cross sections and vertical cryosections of 30 mm thickness were stained to 
visualize sGAG, collagen, and mineral deposits. 
 
Results: After 21 days of in vitro culture, the surface of the constructs was smooth and had 
more ECM deposition. Figure 11 ESEM of higher magnification showed radiating fibers of 
ECM surrounding each cell clusters. The AG–BG constructs showed small spherical particles 
of 1–3 mm size uniformly dispersed on the ECM. These particles resembled the spherical 
mineral nodules that were positively stained by Alizarin red in the cell seeded BGL and BGH 
fiber mats. The sGAG were observed only around cell clusters, in AG-PCL constructs. The 
AG-CS and AG-GRAD constructs had higher staining for sGAG than AG-PCL and AG-BG; 
the sGAG deposition in 14 day AG-CS was observed both around cell clusters and on the 
surrounding matrix. Vertical cross-sections AGCS constructs showed more sGAG on one 
end. The AG-GRAD constructs showed continuous gradients of sGAG from top to bottom.  
 The AG-BG and the AG-GRAD constructs had higher deposition of collagen than the AG-
PCL and AGCS. The AG-PCL and AG-CS constructs showed calcium deposition only 
around cell clusters. There were higher calcium content and mineral deposits of larger size in 
AG-BG constructs. In AG-GRAD constructs, there was gradient increase of calcium/mineral 
deposits from the CS fiber mat assembled side, toward the BG fiber mat assembled end of the 
hydrogel. 
Publication details: 
Neethu Mohan, Jijo Wilson, Dexy Joseph, Dhanesh Vaikkath and Prabha D Nair, 

Biomimetic fiber assembled gradient hydrogel to engineer glycosaminoglycan enriched and 
mineralized cartilage: An in vitro study, Journal of Biomedical Materials Research Part A, 
103, 12, pages 3896–3906, 2015 
http://onlinelibrary.wiley.com/doi/10.1002/jbm.a.35506/abstract (IF 3.263) 
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Experimental set up 2: Summary 
Develop an engineered 3D cartilage using biomimetic scaffold composed of collagen and 
hyaluronic acid dialdehye (HA).  Cells cultured in biomimetic matrix made of biological 
polymers will be more responsive to cytokines in the OA environment. 
 
Fabrication of collagen-hyaluronic acid dialdehyde gels:  
 
Hyaluronic acid dialdehyde (HA) was prepared as previously reported. Collagen gels were 
prepared by mixing Type I collagen solution (Rat tail, Thermofisher Scientific) with PBS. 
The mixing process was performed on ice and incubated at 37C for 1 hr to form the gel. 
Final concentration of collagen in the gel was 2 mg/ml. A 10% (w/v) solution of HA prepared 
in 1X PBS was mixed with collagen solution in appropriate ratios to fabricate collagen-
hyaluronic acid dialdehyde (CH) composite gels. The pH of the mixture was again adjusted 
to 7.4 using sterile NaOH. .Collagen-HA gels were encapsulated with rabbit chondrocytes 
and the 3D constructs were characterized.  
 
Cell encapsulation in 3D collagen and Collagen-HA gels: 
Chondrocytes (5x104cells/ml) were resuspended in neutralized collagen or collagen-HA 
solutions slides and was allowed to gel at 37°C in a 5% CO2 incubator for 1 hour. After 
gelation, DMEM-HG with 10% FBS was added and cell encapsulated 3D gels were cultured 
for 48 hrs at 37°C in a 5% CO2 incubator. Constructs were cultured for a period of 10 days. 
 
Morphology of cells in 3D Gels  
 
Results: Environmental scanning electron micrographs were used to assess the 
microstructure of collagen, freeze dried HA, collagen-HA gel, cells in collagen and collagen-
HA gels. Collagen gel had a dense network of nano fibers with nanopores present between 
them. Freeze dried 10% HA was highly porous and high magnification images indicated a 
smooth surface.  
Native cartilage had spherical or ovoid shaped chondrocytes of average 6.89 ± 0.92 µm in 
length and was mostly located within the elliptical lacunae. The extra cellular matrix of 
native cartilage composed of collagen and proteoglycans surrounding each cell, appeared as 
highly entangled mesh of fine fibers.  
Cells on surface of collagen gels appeared flat, elongated and had spindle, dendritic or stellate 
morphology. The total length of the cells varied from 60-175 µm. Impressions of elongated 
cells embedded within the collagen gels were also seen on the surface. The matrix had 
nanopores similar to the control unseeded collagen gels. 
 The microstructure of collagen-HA matrix resembled the native tissue in appearance. The 
matrix had nanopores between fibers similar to collagen. Cells on the surface of the collagen-
HA gels had spherical or elliptical cell body. There was 93% reduction in the average area of 
the cell body when compared to collagen.  The cells had long protrusions in the front and at 
the rear end, or multiple protrusions were found surrounding the entire cell body for 
interacting with the matrix. However in these gels macropores were visible in the SEM 
images. The cells were spherical and cell protrusions were not observed. There was 98% 
reduction in area of cell body in Collagen-HA gels when compared to cells on collagen gels. 
These results indicated that on increasing the concentration of HA in composite gels, cells 
adapted a shape or phenotype that closely resembled the native tissue.  
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On10 day culture in collagen-HA gels, chondrocytes secreted dense extra cellular matrix and 
maintained their spherical morphology as in native tissue. In addition, these spherical cells 
had multiple cell protrusions. Extensive ECM deposition was not observed in collagen gels. 
This suggests that CH gels provide a microenvironment similar to native tissue for 
chondrocytes compared to collagen gels. . 
 
Viability of chondrocytes in collagen-HA gels. 
.Results: Cells remained viable in 3D collagen and collagen-HA gels when stained using 
Calcein AM/EtBr. Our resulthat HA did not affect the viability of chondrocytes embedded in 
3D gel, even if the cell morphology was altered from an elongated to rounded shape. 
 
Publication 
The cellular response and cytoskeletal re-organization of chondrocytes in collagen-hyaluronic 
acid hydrogel initiated in this project was explored extensively through a collaborative study 
with Dr. Renu Mohan (Ramalingaswamy Fellow) at SCTIMST, India and the results were 
communicated.  
Renu Mohan, Dhanesh Vaikkath, Neethu Mohan. Hyaluronic acid Dictates Chondrocyte 
Morphology and Migration in Collagen-Hyaluronic acid composite gels. (communicated) 
2017 

 
Experimental set up 3 
Develop an osteoarthritic microenvironment in vitro: using recombinant cytokines and by 
activation of synoviocytes present in an OA condition. Isolation, characterization and 
activation of synoviocytes to generate an osteoarthritic environment in 2D, Evaluation of 
activated cells to synthesize degradative enzymes of OA; matrix metalloproteases (MMPs) 
and nitric oxide (NO). Evaluation of engineered 3D gradient construct in OA 
microenvironment  
 
Result: Type B synoviocytes appear fibroblastic in appearance. They were active protein 
producing cells: secreted collagen, fibronectin, HA and lubricating glycoproteins (surfactant 
characterized by presence of lamellar bodies).Type A macrophages were also found and had 
dendritic appearance. They were terminally differentiated cells. They appeared in the P0 and 
P1 passages and gradually disappeared from culture.The synoviocytes were positive for 
vimentin and cell surface markers CD105, CD106 and CD90 . Synoviocytes secreted sulfated 
glycosaminoglycans that showed positivity for Alcian blue staining. The pellet and the sGAG 
deposition was higher in micromass cultured in DMEM+CS than DMEM alone and higher in 
chondrogenic medium supplemented with chondroitin sulfate indicating that dexamethazone 
and CS in chondrogenic medium stimulate higher GAG deposition. Synoviocytes of passage 
2 were activated to produce MMPs by incubating with recombinant cytokines TNF∞ and IL-
1β for a week. Cytokines were supplemented every 3rd day for a week at low dose and high 
dose of TNF∞ or IL-1β beta. The real time PCR studies indicated that synoviocyte monolayer 
when exposed to pro-inflammatory cytokines TNF-α and IL-1β showed differential 
expression of osteoarthritic markers when compared to synoviocytes cultured in normal 
culture medium. There were significant increase in the expression of catabolic matrix 
metalloproteases (MMP1) and MMP3 in synoviocytes treated with interleukin-1β (IL-1β) and 
tumor necrosis factor-α (TNF-α) than the control. MMP-13 showed 3 fold increase when 
treated with low dose of IL-1β but did not show significant change when treated with other 
concentrations of cytokines. 
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 Synoviocytes secreted IL-1β when activated with recombinant cytokines that was detected 
with rabbit specific IL-1 β ELISA kit. The cytokines secreted by control unstimulated 
synoviocytes were below the detection range. The data is graphically represented below. 
.Recombinant IL-1 stimulated the secretion of rabbit IL-1β than other cytokines.The cells 
exposed to cytokines produced nitric oxide and these cells showed green fluorescence when 
incubated with DAF-M diacetate.  Higher NO was produced on exposure to TNF alpha. 
 
Evaluate the performance of biomaterials and tissue engineered construct in osteoarthritic 
environment 
 

a) The performance of chondroitin sulphate and bioactive glass releasing nanofibers and 
collagen-HA for tissue engineered cartilage in an OA environment 

 The synoviocytes seeded on nanofibers produced nitric oxide upon cytokine stimulation and 
was detected qualitatively by the green fluorescence of cells. There was no decrease in the 
production of nitric oxide in presence of chondroitin sulfate releasing nanofibers. The data 
indicates that the chondroitin sulfate is not capable of decreasing the nitric oxide production 
in an osteoarthritic environment.There was no change in the secretion of rabbit IL-1 by cells 
cultured on control PCL nanofibers. There was decrease in the production of rabbit IL-1 by 
synoviocytes cultured on CSL nano fibers that was stimulated with recombinant cytokines 
IL-1 Low and TNF-high doses. However with increase in concentration of chondroitin 
sulphate in CSH nanofibers the rabbit IL-1 secretion didn’t seem to significantly decrease 
except in case where the cells were stimulated with low dose of recombinant IL-1. 
 
Activation of synoviocytes in 3D collagen:  

Synoviocytes encapsulated in 3D collagen constructs cultured for a week were stimulated 
with recombinant low and high dose of cytokines. Cytokines were supplemented every 3rd 
day for a week at low dose (TNF∞ pg/ml or IL-1β beta pg/ml) and high dose (TNF∞ ng/ml or 
IL-1β beta ng/ml). Medium change was not done for a week; however medium was added 
every third day. The medium was collected at the end of a week and the secretion of 
cytokines were estimated using Rabbit Interleukin 1β,IL-1β ELISA Kit, cusabio CSB-
E06900Rb.  
synoviocytes and chondrocytes in 3D gels in response to cytokines:   
Synoviocytes were encapsulated in collagen gels and chondrocytes in collagen-HA gels. The 
constructs were cultured for a week as described earlier. Stimulation of 3D synoviocytes and 
chondrocytes constructs were carried out by exposure to (a) low dose cytokine combination: 
recombinant cytokines IL-1beta low dose + TNF alpha low dose, (b) high dose cytokine 
combination: IL-1beta high dose + TNF alpha low dose. 
 
Results: Synoviocytes showed characteristic long spindle shaped fibroblastic morphology 
with prominent cytoskeletal proteins actin and tubulin when seeded in collagen gels and 
cultured in normal medium..There was reduction in the size of the collagen constructs to one 
third of its original size due to shrinking of the matrix by fibroblasts. In presence of low dose 
of cytokines, the tubulin showed intensive staining while actin stress fibers of most of the 
cells were not observed.. However in presence of high cytokines, the cytoskeleton actin was 
prominent while tubulin was diffusely stained indicating changes in tubulin organization.  
The data indicates that organization of cytoskeletal proteins of synoviocytes seeded in 
collagen gels were affected in presence of cytokines in an in vitro arthritic microenvironment 
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Results: To investigate the role of cytokines on cytoskeletal components of chondrocytes in 
3D; cells encapsulated in collagen-HA gels for 48 hrs were imaged for actin, and tubulin. 
Cells encapsulated in collagen-HA gels cultured in normal medium for 48 hrs did not show 
formation of actin stress fibers; actin appeared condensed at cell periphery or at the tip of the 
cell protrusions.  Our results indicated that changes in matrix composition can induce actin 
reorganization with changes in cell shape and localization on the protrusions.  The cells in 
these constructs showed similar expression of cytoskeletal proteins on long term culure for 10 
days in control medium with actin condensed at cell periphery or at the tip of the cell 
protrusions. The cytoskeletal proteins showed similar pattern when exposed to low dose of 
cytokines. However on exposure to high dose of cytokines the actin staining became more 
prominent in the cell body with appearance of stress fibers and tubulin expression remained 
unchanged.  

Results: The sGAG and type I collagen immunostaining showed similar staining intensity in 
3D synovial constructs cultured in control medium and low dose of cytokines. The results 
indicated that the low dose cytokine exposure did not affect the ECM production of 
synoviocytes. There was no significant increase in the production of rabbit IL-1β in 
chondrocytes encapsulated in 3D collagen-HA constructs. The sGAG staining for Safranin O, 
immunostaining for aggrecan and collagen Type II was decreased in 3D chondrocyte seeded 
collagen constructs and treated with low dose of cytokines. There was no change in vCAm 
expression. The data indicated that cytokines exposure resulted in MMP production that was 
able to degrade the collagen matrix and decreased sGAG, collagen type II and aggrecan 
production. The cytokine treated chondrocyte seeded on collagen-HA had higher staining 
intensity for matrix proteins; sGAG, collagen type II and aggrecan. The data indicates that 
presence of hyaluronic acid in the matrix helps to decrease the degradative effects of matrix 
when treated with cytokines. The low dose of cytokines present in physiologically relevant 
doses observed in early osteoarthritis was not able to produce detectable level of matrix 
degradation in cehondrocytes cultured in hyaluronic acid in containing collagen matrix.  

Publication: Neethu Mohan, Renu Mohan Culture of synoviocyte-chondrocyte in 3D 
biphasic construct in an osteoarthritic microenvironment. 2017. (to be communicated) 

10. Detailed analysis of results indicating contributions made towards increasing the 
state of knowledge in the subject:  
 
The regenerative capability of bioactive implants or tissue engineered constructs in an 
“arthritic joint” is totally different from that implanted into a healthy joint space. Hence the 
contemporary approach of evaluating the performance of a tissue engineered construct in a 
healthy standard ex vivo conditions in laboratory or implanting constructs into HEALTHY 
animal knees is totally unrealistic as a model of a patient’s condition. Hence it is essential to 
evaluate the performance of biomaterial based implants or engineered constructs in an 
osteoarthritic environment in vitro. The study thus focus to create an osteoarthritic 
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microenvironment in vitro to test the performance of bioactive implants or engineered 
cartilage constructs. 

Two types of 3D tissue engineered cartilage constructs were fabricated to design an 
osteoarthritic mcroenvironment.  
 
A) A 3D nanofiber-hydrogel hybrid construct with physical gradients of chondrogenic and 
osteogenic signals to engineer hyaline and mineralized cartilage as a functional unit 
 
B) A 3D biphasic construct with co-culturef chondrocyte and synoviocytes to model a 
synovium-cartilage as a functional unit of osteoarthritic system. 
 
A) A 3D nanofiber-hydrogel hybrid construct with physical gradients of chondrogenic and 
osteogenic signals to engineer hyaline and mineralized cartilage as a functional unit. The 3D 
osteochondral were tested as a functional cartilage-bone unit that synthesize tissue specific 
ECM in response to the signals present on the fibers and were evaluated as a system for 
osteoarthritic environment.  
 
The deep zone or hypertrophic zone of articular cartilage is calcified which helps in the firm 
anchoring of cartilage to the subchondral bone. A gradual transition of calcification is 
observed from hyaline to mineralized matrix over few micrometers of length that helps in 
transmitting load from the joint to the bone. The gradient calcified cartilage at the interface 
also regulates the diffusion of nutrients and direct signaling between subchondral bone and 
articular cartilage. The gradual transition in physico-chemical and biological properties is 
required to connect the mechanically mismatched tissues for smooth co-ordination of 
functions. 
Both mechanical and biochemical interactions, play an important role in the maintenance and 
degeneration of the joint. Such a gradient mineralization is also required in tissue engineered 
cartilage for better integration with the bone during in vivo regeneration. Towards generating 
an engineered construct with gradients of mineralization, the present study used electrospun 
fibers for sustained release of the raw-materials (CS and BG) to elicit desired cellular 
response and tissue specific matrix synthesis in a 3D hydrogel. 
 
The study investigated the potential of electrospun fiber assembled hydrogel, with physical 
gradients of chondroitin sulfate (CS) and sol-gel-derived bioactive glass (BG), to engineer 
hyaline and mineralized cartilage in a single 3D system. Electrospun poly(caprolactone) 
(PCL) fibers incorporated with 0.1% w/w of CS (CSL) and 0.5% w/w of CS (CSH), 
2.4% w/w of BG (BGL) and 12.5% w/w of BG (BGH) were fabricated. 
 
The CS showed a sustained release up to 3 days from CSL and 14 days from CSH fibers. 
Chondrocytes secreted hyaline like matrix with higher sulfated glycosaminoglycans 
(sGAG), collagen type II and aggrecan on CSL and CSH fibers. Mineralization was observed 
on BGL and BGH fibers when incubated in simulated body fluid for 14 days. Chondrocytes 
cultured on these fibers secreted a mineralized matrix that consisted of sGAG, hypertrophic 
proteins, collagen type X, and osteocalcin. The CS and BG incorporated PCL fiber mats were 
assembled in an agarose-gelatin hydrogel to generate a 3D hybrid scaffold. The signals in the 
fibers diffused and generated continuous opposing gradients of CS (chondrogenic signal) and 
BG (mineralization) in the hydrogel. 
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The chondrocytes were encapsulated in hybrid scaffolds; live dead assay at 48 h showed 
viable cells. Cells maintained their phenotype and secreted specific extracellular matrix in 
response to signals within the hydrogel. Continuous opposing gradients of sGAG enriched 
and mineralized ECM were observed surrounding each cell clusters on gradient hydrogel 
after 14 days of culture in response to the physical gradients of raw materials CS and BG. A 
construct with gradient mineralization might accelerate integration to subchondral bone 
during in vivo regeneration. 
 
The FTIR results of the CS released from the fibers indicated that the chemical structure of 
CS was intact and not affected during the electrospinning process. Previous reports have 
shown long term controlled release of covalently bound CS from nanofibers. The CS released 
or entrapped within the fiber mat have generated a favorable niche, within which cells 
showed preferential accumulation, the cells have utilized the CS entrapped or released from 
the fibers which resulted in higher hyaline cartilage specific matrix synthesis in CSL and 
CSH than the control PCLThe results of in vitro mineralization indicated that the BG 
incorporated fibers had inherent ability to induce mineralization. 
 
The sol-gel-derived and ethanol stabilized BG had higher potential for biomineralization 
when compared to BG stabilized by conventional calcination method as previously reported 
from our groupOur results indicated that the fibers incorporated with sol-gel derived BG have 
an inherent ability to promote the deposition of mineralized ECM by cells. The nano 
dispersion of BG on the fibers have introduced hypertrophy to the chondrocytes that resulted 
in enhanced deposition of hypertrophic proteins like collagen X and osteocalcin that is 
present in mineralized cartilage. Hypertrophic chondrocytes in the cartilage are found to 
express osteocalcin during mineralized state as in endochondral ossification. All these results 
indicated that the chondrocytes are able to synthesize tissue specific ECM in response to the 
signals present on the fibers. 
 
We further investigated whether the fiber mats when assembled in a specific pattern within a 
3D Agarose-Gelatin (AG) hydrogel, can release the chondrogenic and mineralization signals 
and generate a diffusion gradients within the hydrogel. Agarose is a neutral polymer that 
maintains the chondrogenic phenotype. However, chondrocytes are unable to adhere or 
degrade the surrounding agarose gel matrix and exhibit limited interactions within an agarose 
gel. So a blend of agarose and gelatin in the ratio 50:50 was used to enhance the cell-scaffold 
interaction. AG scaffold thus helped to retain the chondrogenic phenotype by maintaining 
the spherical shape of cells, prevented dedifferentiation to fibro-cartilage and maintained cell 
viability. Our study showed that, chondrocytes respond to the gradient distribution of 
chondrogenic and mineralization signals within the scaffold and synthesize GAG. Raw 
materials like CS and BG are better alternatives to expensive growth factors in accelerating 
the tissue enriched and mineralized matrices in a single construct. A gradient of 
mineralization might generate a gradient of stiffness in these constructs which will be 
explored in detail in our future studies. regeneration and to speed up the tissue engineering 
approaches to reach the clinics. Controlled delivery of CS from the electrospun fiber mats 
stimulated chondrocytes to accelerate the synthesis of hyaline like ECM. They secreted 
hypertrophic proteins and showed enhanced mineralization in response to BG on the fibers.  
 
Mineralization increased with the concentration of BG on the BG fibers. CS and BG 
incorporated fibers thus have the potential to engineer a hyaline like and mineralized ECM. 
Raw material incorporated nanofibers were assembled within an AG hydrogel to generate 
physical gradients of CS and BG. Chondrocyte encapsulated in the hydrogel respond 
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to the physical gradients of raw materials and generated an opposing continuous gradients of 
sGAG enriched ECM and mineralized ECM as observed in the native osteochondral 
interface. A tissue engineered cartilage with a mineralized ECM at the interface may exhibit 
better integration with subchondral bone. 
 
The ability of chondroitin sulphate encapsulated nanofibers to decrease the production of NO 
by activated synoviocytes were evaluated qualitatively. The DAF-M Diacetate staining for 
NO indicated the the rawmaterial chondroitin sulphate in the nanofibers did not bring any 
decrease in the production of NO. Further the ability of these nanofibers to decrease the 
production of rabbit IL-1β was evaluated quatitatively using ELISA. The results indicated 
that the chondroitin sulphate was able to significantly decrease the production of rabbit IL-1β 
in medium stimulated with recombinant IL-1β at physiologically relevant dose found in early 
OA; however they were not able to decrease the production of cytokine when cells were 
stimulated with TNF-α.  The results indicated that the chondroitin sulphate alone used in the 
nanofibers at concentration used in the study may not be sufficient to bring significant 
decrease of cytokines of OA. 

The 3D gradient system in synthetic-biopolymers served as ideal cartilage system. The rabbit 
cells cultured in raw material incorporated CS nanofibers were able to respond to an 
osteoarthritic microenvironment by decreasing the production of recombinant IL-1β, however 
were not able to decrease NO production. The cells encapsulated in AG gels when cultured in 
osteoarthritic microenvironment did not significant response to cytokine stimulation. This 
could be due to hindrance generated by synthetic polymers in diffusion of cytokines or 
inability of MMP produced by the cells to degrade the ECM within the synthetic nanofiber-
AG synthetic-biopolymer system. So further studies were concentrated on developing the 
synoviocyte-cartilage functional unit in totally collagen-collagen-Hyaluronic acid biopolymer 
system that closely mimic the native synovium-cartilage of the joint. 
 
B) A 3D biphasic construct with co-culture to model a synovium-cartilage as a functional unit 
of osteoarthritic system. 
 
Collagen-hyaluronic acid hydrogels mimic the ECM of native cartilage in composition and 
are widely used as 3D matrices for cartilage tissue engineering.Cells modulate their shape, 
attachment, migration and matrix remodeling depending on its interactions with the matrix 
and cytoskeletal proteins play an important role in directing these functions.  In this study we 
demonstrated how varying the concentrations of hyaluronic acid dialdehyde in collagen-HA 
hydrogels and changes in its microstructure influence the chondrocyte shape, cytoskeletal 
organization, viability, migration and gel contraction. 
 
The molecular weight of hyaluronic acid in a healthy human knee joint is 6 × 106 Da and 
intra-articular injections of high molecular weight hyaluronic acid  was found to have a 
chondroprotective effect by improving joint lubrication in osteoarthritic knees. To biomimic 
the microenvironment in articular cartilage, we used high molecular weight hyaluronic acid 
(MW1.5-1.8 x106 Dalton) for our studies. Hyaluronic acid was oxidized with periodate to 
produce aldehyde, which interacts with the free amino groups in collagen to form an ionic 
cross-linked network via Schiffs base and form stable Collagen-HA hydrogel systems.  
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Chemical composition and difference in micro architecture of scaffolds can influence cell 
migration during in vitro culture.  Cell migration in dense 3D matrix depends on stiffness of 
the hydrogels where cells are embedded, steric hindrance by matrix components, production 
of matrix metalloproteases by cells to cleave the dense matrix or the cells squeeze through the 
macro pores of the matrix.   

Chondrocytes were encapsulated in a 3D biomimetic scaffold that is very similar to 
biological matrix of chondrocyte: composed of collagen and high MW proteoglycan 
hyaluronic acid. In a system that is similar to the native tissue, chondrocytes assumed a 
spherical shape and cytoskeletal structure that was very similar in native tissue and secreted 
extensive ECM containing type II collagen and sGAG. In collagen matrix, the cells assumed 
an elongated fibroblastic morphology with cytoskeletal elements similar to that of fibroblasts. 
They screted low amounts of ECM that stained less for collagen type II, the cartilage specific 
collagen. The changes in the shape and cytoskeletal organization was studied extensively 
through a collaborative study with Dr. Renu Mohan at SCTIMST, India and the results were 
communicated. According to our study, the HA content in the CH gels modulates the cell 
shape, cellular protrusions, cytoskeletal reorganization, migration and matrix remodeling 
without affecting cell viability. The hyaluronic acid content in native healthy cartilage is 
different from that of a degenerated tissue like osteoarthritis. High proteoglycan content is 
required to maintain spherical cell phenotype in healthy cartilage and limits cellular 
movements while low proteoglycan content facilitates migration during cartilage repair. By 
varying the concentration of hyaluronic acid dialdehyde in CH gels, it is possible to make 3D 
in vitro models of healthy and osteoarthritic cartilage to specifically address the roles of 
hyaluronic acid on dynamic cellular responses. 
 

Renu Mohan, Dhanesh Vaikkath, Neethu Mohan. Hyaluronic acid Dictates Chondrocyte 
Morphology and Migration in Collagen-Hyaluronic acid composite gels. (communicated) 
2017 

Abstract: Tissue equivalent collagen-hyaluronic acid based hydrogels are widely used for 
cartilage tissue engineering;  the effects of varying hyaluronic acid concentrations on 
chondrocyte behaviour is of crucial importance and has not been explored in detail. In the 
present study, we examined how the cellular responses are altered with varying 
concentrations of hyaluronic acid in hydrogels. Different concentrations of hyaluronic acid 
dialdehyde (HA) were mixed with collagen to fabricate collagen-HA composite gels. 
Chondrocytes were cultured on these gels and examined the effects of HA on cell shape, 
migration, cytoskeleton, gel contraction and viability. 

We found that chondrocyte responses could be dramatically altered by varying the 
concentration of HA in the composite gels, without affecting their viability. At high HA 
concentrations, cells adapt a spherical morphology without any protrusions similar to that in 
native tissue and stalled cell migration. At low HA concentrations, the cells had large number 
of protrusions that aid them to migrate faster. These changes were also reflected on their 
ability to contract the gels and the organization of cytoskeletal proteins, specifically at the 
cellular protrusions. Chondrocyte migration in 3D scaffolds is relevant for the deposition of 
extra cellular matrix and for proper integration at tissue-implant interface during cartilage 
regeneration. Cell responses in low HA gels mimicked damaged cartilage whereas those in 
high HA gels resembled healthy cartilage tissue. Our study illustrates the importance of 
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careful formulation of hydrogel compositions in designing biomimetic matrices and these 
composite gels may serve as in vitro models to study chondrocyte behavior. 

Most in vitro models of OA are based on simulation of the OA intraarticular environment 
with the addition of high levels of proinflammatory compounds IL-1 and TNF to cartilage 
explants or chondrocytes. Usually these cytokines are added at concentrations 10–1,000 times 
higher than the levels typically found in OA joint. In this study we have stimulated the 
synoviocytes, cells that produce these proinflammatory molecules in OA joints to secrete 
MMPs that degrade the cartilage. We have used two different doses of recombinant cytokine 
combination, the low dose resembles the physiologically relevant level of cytokines observed 
in OA and high dose is the concentration used in other reported OA systems.  OA cartilage 
produces large amount of NO, and high level of nitrites/ nitrates in the synovial fluid and 
serum of arthritis patients, which is caused by an increased level of the inducible form of NO 
synthase (iNOS). NO can inhibit the synthesis of cartilage matrix macromolecules such as 
aggrecans, can enhance MMP activity, and can reduce the synthesis of IL-1Ra by 
chondrocytes.  We used a co-culture of synoviocytes and chondrocytes in 3D biomimetic 
scaffolds and stimulated the synoviocytes in the co-culture with cytokines. 
The Synoviocytes were successfully isolated from native synovium of rabbit joint and 
characterized for specific markers. Cells responded to specific medium by production of 
sGAG in micromass culture. Synoviocytes were activated using recombinant cytokines in 
different doses by producing matrix metallo proteases (MMP1, MMP3 and MMP13). Higher 
amount to MMP expression was observed in RT PCR studies when stimulated with higher 
doses of IL-1β and TNF-α. Synoviocytes also secreted rabbit IL-1β and NO.  
 

To model a 3D synoviocyte system that resembled the synovium of OA joint, synoviocytes 
were encapsulated in a thin layer of collagen. The cells proliferated well in the collagen and 
expressed sGAG and collagen type I, typical ECM components of synovium. The constructs 
secreted IL-1β on stimulation; the amount of rabbit IL-1β secreted by the cells was higher in 
low and high dose of stimulation than the control. 

Synoviocytes encapsulated in 3D collagen also responded to cytokine stimulation and 
secreted rabbit IL-1β, the amount of IL-1β secretion increased with increase in concentration 
of cytokines used for stimulation. We further investigated whether cytokine stimulation 
altered cellular shape and cytoskeletal organization of synoviocytes upon cytokine 
stimulation. Actin-tubulin costaining in 3D collagen and confocal imaging indicates that actin 
stress fibers are formed in control unstimulated constructs. These stress fibers are typical and 
specific to fsynovial fibroblasts. However the actin stress fibers were not observed in these 
cells upon physiologically relevant low dose of cytokine combination. The tubulin 
organization was not affected at this dose. On the contrary at high dose of cytokine 
combination, the actin stress fibers remained unaltered and tubulin expression seemed to 
altered with diffused staining. The results indicated that the there is alteration in the 
cytoskeleton of synoviocytes in an OA micro environment. 

Cytoskeletal organization of chondrocytes encapsulated in collagen-HA gels cultured in 
normal medium for 48 hrs did not show formation of actin stress fibers; actin appeared 
condensed at cell periphery or at the tip of the cell protrusions. Our results indicate that 
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changes in matrix composition can induce actin reorganization with changes in cell shape and 
localization on the protrusions.  These observations mimic the cytoskeleton of chondrocytes 
in an OA. The cells in these constructs showed similar expression of cytoskeletal proteins on 
long term culure for 10 days in control medium with actin condensed at cell periphery or at 
the tip of the cell protrusions. The cytoskeletal proteins showed similar pattern when exposed 
to low dose of cytokines. However on exposure to high dose of cytokines the actin staining 
became more prominent in the cell body with appearance of stress fibers as observed in 
fibroblasts and tubulin expression remained unchanged. 

The cytokines exposure resulted in MMP production that was able to degrade the collagen 
matrix and decreased sGAG, collagen type II and aggrecan production. The cytokine treated 
chondrocyte seeded on collagen-HA had higher staining intensity for matrix proteins; sGAG, 
collagen type II and aggrecan. The data indicates that presence of hyaluronic acid in the 
matrix helps to decrease the degradative effects of matrix when treated cytokines. The low 
dose of cytokines present in physiologically relevant doses observed in early osteoarthritis 
was not able to produce detectable level of matrix degradation in cehondrocytes cultured in 
hyaluronic acid in contain collagen matrix. 
The synovium-chondrocyte co-culture in 3D biphasic construct represent a synovium-
cartilage functional unit of the native tissue. The cytokine stimulation of synovium-
chondrocyte co-culture system mimic the microenvironment of the OA. The actin-collagen 
type II staining and confocal imaging shows the co-culture system in biphasic construct. In 
the control unstimulated system, the synoviocytes appear well spread with prominent actin 
and collagen type II appear in clusters surrounding the chondrocytes. In low dose of cytokine 
combination, the actin of synoviocytes are observed only in few cells, collagen deposition 
also seemed to be less. In high cytokine combination more actin positive synoviocytes were 
observed and collagen deposition also more prominent. The co-culture system in low dose of 
cytokine combinations, represent an ideal sytem of OA with physiologically relevant 
microenvironment as observed in OA. This in vitro model is can be used to test the response 
of drugs, raw materials, bioactive signals like growth factors used for treatment of OA. The 
cells in co-culture system in high dose of cytokine combination do not seemed to mimic the 
degradative environment of OA. It need to be further investigated whether the high cytokine 
combination have other positive effect on cells. 

 
11. Conclusions summarizing the achievements and indication of scope for future work:  
 

 A 3D nanofiber-hydrogel hybrid construct with physical gradients of chondrogenic 
and osteogenic signals to engineer hyaline and mineralized cartilage as a functional 
unit was developed. 

 The electrospun fiber assembled hydrogel, with physical gradients of chondroitin 
sulfate (CS) and sol-gel-derived bioactive glass (BG), could engineer hyaline and 
mineralized cartilage in a single 3D system 
 

 The synoviocytes cultured in raw material incorporated CS nanofibers were able to 
decrease the certain harmful components of an osteoarthritic microenvironment by 
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decreasing the production of recombinant IL-1β; however were not able to decrease 
NO production.  
 

 The cells encapsulated in 3D gradient constructs made of synthetic-natural polymers 
when cultured in osteoarthritic microenvironment did not respond significantly to 
cytokine stimulation. This could be due to hindrance generated by synthetic polymers 
in diffusion of cytokines or inability of MMP produced by the cells to degrade the 
ECM within the synthetic nanofiber-AG synthetic-biopolymer system. So further 
studies were concentrated on developing the synoviocyte-cartilage functional unit in 
totally collagen-collagen-Hyaluronic acid biopolymer system that closely mimic the 
native synovium-cartilage of the joint. 
 

 A 3D biphasic collagen-hyaluronic acid dialdehyde (HA) hydrogels with co-culture of 
synoviocytes and chondrocytes was developed to model synovium-cartilage as a 
functional unit of osteoarthritis. 

 
 The hyaluronic acid dialdehyde composition in collagen-HA (CH) hydrogels and 

changes in its microstructure influenced the chondrocyte shape, cytoskeletal 
organization, viability, migration and gel contraction. In this hydrogel, chondrocytes 
assumed a spherical shape and cytoskeletal structure that was very similar in native 
tissue and secreted extensive ECM containing type II collagen and sGAG. 

 
 Two different doses of recombinant cytokine combinations were use to mimic OA 

environment; the low dose resembled the physiologically relevant level of cytokines 
observed in OA and high dose is the concentration used in other reported OA system. 
 

 Synoviocytes from native synovium of rabbit joint and characterized by specific 
markers were activated using recombinant cytokines in two different doses. They 
showed expression of matrix metallo proteases (MMP1, MMP3 and MMP13) that can 
degrade the ECM. Higher amount to MMP expression was observed when stimulated 
with higher doses of IL-1β and TNF-α. Synoviocytes also secreted rabbit IL-1β and 
NO.  
 

 Cytokines exposure resulted in MMP production that was able to degrade the 
biomimetic matrix as in OA. The presence of hyaluronic acid in the matrix decreased 
the degradative effects of matrix when treated cytokines. The low dose of cytokines 
present in physiologically relevant doses observed in early osteoarthritis was not able 
to produce detectable level of matrix degradation in chondrocytes cultured in 
collagen-HA matrix. 
 

 As 3D model of synovioal tissue of OA joint, synoviocytes cultured in thin layer of 
collagen proliferated and expressed sGAG and collagen type I, and secreted IL-1β on 
stimulation; and responded to two doses of cytokine stimulation. The cytoskeleton of 
synoviocytes were reorganized in an OA micro environment. 
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 Synovium-chondrocyte co-culture in 3D biphasic construct represented a synovium-
cartilage functional unit of the native tissue. The cytokine stimulation of synovium-
chondrocyte co-culture system mimic the microenvironment of the OA. 

 The co-culture system in low dose of cytokine combinations, represent an ideal sytem 
of OA with physiologically relevant microenvironment as observed in OA. This in 
vitro model can be used as a platform to test the response of drugs, raw materials, 
bioactive signals like growth factors used for treatment of OA. 

 
12. S&T benefits accrued:  
 

 Obtained expertise in nanofiber based signal delivery 
 Obtained expertise in nanofiber-hydrogel hybrid system 
  Obtained expertise in cytokine based cell response  
 Able to collaborate with colleagues with expertise in cytoskeletal protein dynamics 
 Techniques learned: Dual immunolabelling of cytoskeleton 
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