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            Original Article Matrix-Embedded Cytokines to Simulate Osteoarthritis-Like Cartilage Microenvironments Sumit Murab, MSc, 1 Shibu Chameettachal, MSc, 1 Maumita Bhattacharjee, MSc, 1 Sanskrita Das, MTech, 1 David L. Kaplan, PhD, 2 and Sourabh Ghosh, PhD 1 In vivo, cytokines noncovalently bind to the extracellular matrix (ECM), to facilitate intimate interactions with cellular receptors and potentiate biological activity. Development of a biomaterial that simulates this type of physiological binding and function is an exciting proposition for designing controlled advanced delivery sys- tems for simulating in vivo conditions in vitro. We have decorated silk protein with sulfonated moieties through diazonium coupling reactions to noncovalently immobilize pro-inﬂammatory cytokines interleukin-1 beta (IL- 1b) and tumor necrosis factor alpha (TNF-a) in such a biomimetic manner. After adsorption of the cytokines to the diazonium-modiﬁed silk matrix, constant release of cytokines up to at least 3 days was demonstrated, as an initial step to simulate an osteoarthritic (OA) microenvironment in vitro. Matrix-embedded cytokines induced the for- mation of multiple elongated processes in chondrocytes in vitro, akin to what is seen in OA cartilage in vivo. Gene expression proﬁles with this in vitro tissue model of OA showed signiﬁcant similarities to proﬁles from explanted OA cartilage tissues collected from patients who underwent total knee replacement surgery. The common markers of OA, including COL, MMP, TIMP, ADAMTS, and metallothioneins, were upregulated at least 35-fold in the in vitro model when compared to the control—non-OA in vitro generated tissue-engineered cartilage. The mi- croarray data were validated by reverse transcriptase–polymerase chain reaction. Mechanistically, protein inter- action studies indicated that TNF-a and IL-1b synergistically controlled the equilibrium between MMPs and their inhibitors, TIMPs, resulting in ECM degradation through the MAPK pathway. This study offers a promising initial step toward establishing a relevant in vitro OA disease model, which can be further modiﬁed to assess signaling mechanisms, responses to cell or drug treatments and patient-speciﬁc features. Introduction O steoarthritis (OA), the most prevalent degenerative joint disease, may be deﬁned as a heterogeneous condi- tion resulting from the interactions of a constellation of factors such as mechanical injury, 1 genetic predisposition, 2 aging, 3,4 gender, 5 and body-mass index. 6 These factors can lead to de- fective integrity of articular cartilage and changes in the sub- chondral bone. Despite the prevalence of arthritis, there is no cure due to the limited understanding regarding the mecha- nisms of onset and disease progression, as well as the com- plexity of the disease. Hence establishing a relevant in vitro OA human tissue disease model would have potential as a pre- clinical investigative platform to assess new clinical strategies and to screen potential drug candidates in patient speciﬁc manner. In addition, these tissue constructs can provide im- proved insight into the mechanisms of disease formation and progression. Several animal models of OA have been developed either by surgically induced joint instability (e.g., partial or radical meniscectomy, anterior cruciate ligament transection mod- els) or genetically manipulated animal models enabling speciﬁc proteins to be overexpressed, mutated or silenced, but these models do not fully recapitulate human pathobi- ology. 7 Further, replicating features of OA in vitro is chal- lenging due to the limited understanding of characteristics of diseased tissue matrix, wide genetic variation among human ethnic populations, subtle phenotypic differences between normal and mutant alleles (OA susceptibility single-nucleotide polymorphisms), and the slow and gradual progression of complex OA pathophysiology in humans. Moreover, the in- volvement of articular cartilage, subchondral bone, synovium, and synovial ﬂuid makes the establishment of in vitro tissue- engineered model of OA challenging. OA originates within the cartilage due to wear and tear of matrix, and then the resulting inﬂammation associated processes propagate to the surrounding of joints. In recent studies inﬂammation-related features, either due to primary or secondary causes, are highlighted as important charac- teristics of OA. 8 Locally produced tumor necrosis factor 1 Department of Textile Technology, Indian Institute of Technology Delhi, New Delhi, India. 2 Department of Biomedical Engineering, Tufts University, Boston, Massachusetts. TISSUE ENGINEERING: Part A Volume 19, Numbers 15 and 16, 2013 ª Mary Ann Liebert, Inc. DOI: 10.1089/ten.tea.2012.0385 1 
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Original Article
 Matrix-Embedded Cytokines to SimulateOsteoarthritis-Like Cartilage Microenvironments
 Sumit Murab, MSc,1 Shibu Chameettachal, MSc,1 Maumita Bhattacharjee, MSc,1 Sanskrita Das, MTech,1
 David L. Kaplan, PhD,2 and Sourabh Ghosh, PhD1
 In vivo, cytokines noncovalently bind to the extracellular matrix (ECM), to facilitate intimate interactions withcellular receptors and potentiate biological activity. Development of a biomaterial that simulates this type ofphysiological binding and function is an exciting proposition for designing controlled advanced delivery sys-tems for simulating in vivo conditions in vitro. We have decorated silk protein with sulfonated moieties throughdiazonium coupling reactions to noncovalently immobilize pro-inflammatory cytokines interleukin-1 beta (IL-1b) and tumor necrosis factor alpha (TNF-a) in such a biomimetic manner. After adsorption of the cytokines to thediazonium-modified silk matrix, constant release of cytokines up to at least 3 days was demonstrated, as an initialstep to simulate an osteoarthritic (OA) microenvironment in vitro. Matrix-embedded cytokines induced the for-mation of multiple elongated processes in chondrocytes in vitro, akin to what is seen in OA cartilage in vivo. Geneexpression profiles with this in vitro tissue model of OA showed significant similarities to profiles from explantedOA cartilage tissues collected from patients who underwent total knee replacement surgery. The common markersof OA, including COL, MMP, TIMP, ADAMTS, and metallothioneins, were upregulated at least 35-fold in thein vitro model when compared to the control—non-OA in vitro generated tissue-engineered cartilage. The mi-croarray data were validated by reverse transcriptase–polymerase chain reaction. Mechanistically, protein inter-action studies indicated that TNF-a and IL-1b synergistically controlled the equilibrium between MMPs and theirinhibitors, TIMPs, resulting in ECM degradation through the MAPK pathway. This study offers a promising initialstep toward establishing a relevant in vitro OA disease model, which can be further modified to assess signalingmechanisms, responses to cell or drug treatments and patient-specific features.
 Introduction
 Osteoarthritis (OA), the most prevalent degenerativejoint disease, may be defined as a heterogeneous condi-
 tion resulting from the interactions of a constellation of factorssuch as mechanical injury,1 genetic predisposition,2 aging,3,4
 gender,5 and body-mass index.6 These factors can lead to de-fective integrity of articular cartilage and changes in the sub-chondral bone. Despite the prevalence of arthritis, there is nocure due to the limited understanding regarding the mecha-nisms of onset and disease progression, as well as the com-plexity of the disease. Hence establishing a relevant in vitro OAhuman tissue disease model would have potential as a pre-clinical investigative platform to assess new clinical strategiesand to screen potential drug candidates in patient specificmanner. In addition, these tissue constructs can provide im-proved insight into the mechanisms of disease formation andprogression.
 Several animal models of OA have been developed eitherby surgically induced joint instability (e.g., partial or radical
 meniscectomy, anterior cruciate ligament transection mod-els) or genetically manipulated animal models enablingspecific proteins to be overexpressed, mutated or silenced,but these models do not fully recapitulate human pathobi-ology.7 Further, replicating features of OA in vitro is chal-lenging due to the limited understanding of characteristics ofdiseased tissue matrix, wide genetic variation among humanethnic populations, subtle phenotypic differences betweennormal and mutant alleles (OA susceptibility single-nucleotidepolymorphisms), and the slow and gradual progression ofcomplex OA pathophysiology in humans. Moreover, the in-volvement of articular cartilage, subchondral bone, synovium,and synovial fluid makes the establishment of in vitro tissue-engineered model of OA challenging.
 OA originates within the cartilage due to wear and tearof matrix, and then the resulting inflammation associatedprocesses propagate to the surrounding of joints. In recentstudies inflammation-related features, either due to primaryor secondary causes, are highlighted as important charac-teristics of OA.8 Locally produced tumor necrosis factor
 1Department of Textile Technology, Indian Institute of Technology Delhi, New Delhi, India.2Department of Biomedical Engineering, Tufts University, Boston, Massachusetts.
 TISSUE ENGINEERING: Part AVolume 19, Numbers 15 and 16, 2013ª Mary Ann Liebert, Inc.DOI: 10.1089/ten.tea.2012.0385
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alpha (TNF-a) and interleukin-1 beta (IL-1b) are the mostwell studied inflammatory mediators in early OA pathobi-ology.9 Macrophages,10 activated synoviocytes,11 or chon-drocytes itself,8,11,12 produce inflammatory cytokines TNF-a,IL-1a, IL-8, prostaglandins and tissue-degrading proteases atregions of damaged cartilage. TNF-a can, in turn, trigger theproduction of several other cytokines (such as IL-8, IL-6, andleukemia inhibitory factor), impair matrix synthesis and re-modeling pathways by suppressing synthesis of aggrecanand collagen type 2, eventually leading to accelerated dam-age of cartilage. After lipopolysaccharide stimulation ofwhole blood, patients with the highest quartile of TNF-aproduction reported a six-fold increased risk of OA.13 Intra-articular simultaneous inoculation of IL-1b and TNF-acaused more cartilage destruction compared to the applica-tion of only IL-1b.14 IL-1b and TNF-a, synergistically, areknown to promote the synthesis of metalloproteinases,15
 activate inflammatory enzymes such as nitric oxide synthase,cyclooxygenase 2 and phospholipase A2,16,17 and regulatethe apoptotic pathway in chondrocytes, depending upon theexpression levels of prostaglandin-E2 and caspase-8.18
 In order to generate an in vitro disease model of OA acontinuous supply of inflammatory cytokines is consideredimportant. In a first attempt, human articular chondrocyteswere cultured on silk protein scaffolds in the presence ofeither two exogenously added cytokines, or with macro-phage-conditioned medium, with a gamut of inflammatorymediators.19 The macrophage-conditioned medium down-regulated expression of collagen type 2 and upregulatedaggrecan expression. Interestingly, cytokine treatment failedto induce hypertrophy and apoptosis of chondrocytes, whichwas achieved with the macrophage-conditioned medium.Culturing synoviocytes, chondrocytes and cartilage ex-plants in the presence of IL-1b and TNF-a-containing mediacaused significant downregulation of lubricin, a superficialzone glycoprotein, which helps to maintain the smoothnessof articular cartilage surfaces, whereas exposure to trans-forming growth factor (TGF-b) significantly upregulated lu-bricin synthesis.20 Further, continuous exposure of humanchondrocytes to reactive oxygen species caused reduction inglycosaminoglycan production and telomere length, leadingto premature senescence.21 Human chondrocytes expressmicroRNA-140, which was found to be significantly down-regulated in OA cartilage.22 On treating normal chon-drocytes with IL-1b in vitro the expression of microRNA-140was downregulated. Interestingly, transfection of chon-drocytes with double-stranded-microRNA-140 down-regulated IL-1b-induced disintegrin and metalloproteinasewith thrombospondin (ADAMTS)-5 gene expression andrecovered IL-1b-induced suppression of aggrecan gene ex-pression.22
 The goal of the present study was to further this mimeticstrategy; thus, rather than the exogenous addition of in-flammatory factors, we utilized matrix-embedded cytokinesto simulate the localized tissue microenvironment with morerelevance to the in vivo condition. Hence, a prerequisite fordeveloping in vitro OA tissue models is to develop a bio-material that can mimic at least some characteristics of ex-tracellular matrix (ECM) and offer a system for sustainedrelease of inflammatory mediators, resulting in more subtlebut chronic modulation in cellular signaling pathways. Thehypothesis for the present study was that biomimetic im-
 mobilization of two pro-inflammatory cytokines (IL-1b andTNF-a) to biomaterial scaffolds, from which they can be re-leased at a steady rate, can simulate the microenvironment ofcartilage tissue to generate OA-like features. While we rec-ognize the complexity of other factors in OA-related symp-toms as mentioned earlier, the central role of inflammation(primary or secondary) in the disease prompted this ap-proach as a useful first step. We used diazonium couplingchemistry to tailor the surface chemistry and hydrophilicityof silk scaffolds to noncovalently adsorb the selected cyto-kines (Fig. 1) to ensure steady release to chondrocytes andthereby generating an inflammatory microenvironmentsimilar to osteoarthritic tissue. Further, comparative infor-mation from transcript profiling from the cartilage of OAdisease patients and the in vitro OA-like tissue system offersa route to understand OA pathophysiology.
 Materials and Methods
 Scaffold preparation
 Preparation of aqueous silk solution. Cocoons from theBombyx mori silkworm were cut and boiled for 30 min in anaqueous solution of 0.02 M Na2CO3, and rinsed several timeswith distilled water. The purified silk fibroin fibers weresolubilized by dissolving in a 9.3 M LiBr solution at 60�C for45 min to generate a 20 wt% solution. This solution was thendialyzed (Slide-A-Lyser dialysis cassette, Mol wt cut off va-lue 3.5 KDa; Thermo Scientific) against distilled water for 2days. This silk solution had a final concentration of *9 wt%.
 Diazonium coupling with silk fibroin. The diazonium re-actions have been described previously.23,24 Three differentconcentrations of diazonium salt solution were prepared,10%, 20%, and 30%, which were compared against unmod-ified silk solution. The corresponding modification of silkwas determined by UV-Vis spectrophotometry (SHIMADZUUV-2450). The extent of azo incorporation was tracked atlmax 274 nm for tyrosine. Then, salt-leached porous scaf-folds were prepared with this modified fibroin.
 ATR-FTIR study. Infrared spectra were measured on anATR FTIR model Alpha-P, Bruker. All spectra were taken inthe spectral range of 4000–500 cm - 1 by accumulation of 264scans and with a resolution of 4 cm - 1.
 Fluorescence spectra
 A Horiba Scientific Fluoromax-4 spectroflurometer wasused for studying the binding of IL-1b with the diazotizedsilk fibroin. The silk fibroin solution was diluted 1000-fold.The cytokine (10 ng/mL) was mixed with diazotized silksolution and allowed to react for 2 h. Samples were excitedat 295 nm to produce > 95% emission from tryptophan resi-dues and changes in the fluorescent spectra of this reac-tion mixture were captured at continuous intervals of 5 minuntil stable (around 120 min). Excitation and emissionbandwidths of 200–400 nm were employed, at a scan speedof 240 nm/min.
 Adsorption and release kinetics studies
 A preweighed silk film (10 mg) was suspended in 5 mL of10 ng/mL of IL-1b solution and incubated at 37�C while
 2 MURAB ET AL.
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stirring at 20 rpm for 24 h. Supernatants were collected at 5,30, 60, 180, 360, 720, and 1400 min and residual concentra-tions of IL-1b were measured by ELISA for human IL-1b(Invitrogen) and adsorption kinetics were plotted. Similarly,release kinetics was studied by immersing films, pre-adsorbed with IL-1b, into PBS on shaker at 30 rpm. Aliquotswere collected after 5, 30, 60, 180, 360, 720, 1400, 2880, and4320 min and assessed for IL-1b concentration.
 Cell culture
 Human articular chondrocytes (a gift from Prof. IvanMartin, University of Basel, Switzerland) were obtained postmortem (within 24 h after death), with ethics approval ofUniversity Hospital, Basel, from the knee joint of a 29-year-old
 patient who had no known clinical history of joint disor-ders.25 Matrigel (BD Biosciences) was diluted in the ratio of1:10 and glass cover slips were coated with 500 mL of thediluted Matrigel and gelled in an incubator at 37�C over-night. TNF-a (10 ng/mL) and IL-1b (10 ng/mL) were incu-bated overnight with the diazotized-silk scaffolds and 2Dfilms. Chondrocytes were cultured on Matrigel-coated coverslips (with or without cytokines), silk films, and cytokine-tethered silk films for 3 days. Films were fixed with 2%glutaraldehyde after 1 and 3 days of culture and processedfor SEM imaging. A total of 1.5 million chondrocytes (P2)were seeded on the silk scaffolds and diazonium coupledcytokine-tethered (10 ng/mL of each cytokines) silk scaf-folds, and cultured in DMEM supplemented with 4 ng/mLTGF-b1, transferrin, insulin, 10% fetal bovine serum, 100 U/mL
 FIG. 1. (A) Binding of tu-mor necrosis factor alpha(TNF-a) to silk polymerchain: the VRSSSR sequenceis highlighted in red color.(B) Binding of interleukin-1beta (IL-1b) to silk polymerchain: the Ser-Asp-Trp-Trp-Ser sequence is highlighted inred color. Color imagesavailable online at www.liebertpub.com/tea
 TISSUE-ENGINEERED MODEL OF OSTEOARTHRITIS 3
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penicillin, and 100mg/mL streptomycin, and cultured for 3weeks. Some of the 3D constructs were harvested after 1week to process for microarray study and other constructswere harvested after 3 weeks to process for histology, geneexpression, and biochemical characterization.
 Cartilage biopsy collection
 Articular cartilage samples were obtained from three pa-tients with OA (2 females and 1 male, ranging from 45 to 71years), who fulfilled the OA criteria, undergoing total kneereplacement surgery at New England Baptist Hospital, Bos-ton, with informed consent. All experiments using OA car-tilage biopsy tissue were approved by the InstitutionalReview Board of Tufts University and New England BaptistHospital. All patients with OA received analgesic drugs, butno anti-inflammatory drugs 3 weeks before surgery. Threecartilage samples were collected directly from the degradedlesions, in weight-bearing surfaces of the medial femoralcondyle part of cartilage of knee joints. In order to studydifferences in transcript levels from the chondrocytes fromthe degraded focal lesions and apparently integrated carti-lage area from the same patient, one cartilage sample wasalso collected from the nondegraded part of the non-weight-bearing site of cartilage (henceforth mentioned as ‘‘intactcartilage biopsy’’) from a 45-year-old male OA patient formicroarray study. All samples were immediately processedfor RNA extraction for microarray analysis.
 DNA microarray
 Ten micrograms of RNA from each sample was reversetranscribed and biotin labeled using commercial kits accord-ing to the suppliers’ instructions (TotalPrep RNA Amplifica-tion Kit, Ambion). It was then transcribed and the BiotinylatedcRNA was fragmented by treatment at 94�C for 35 min in40 mM TRIS-acetate, pH 8.1, 100 mM potassium acetate, and30 mM magnesium acetate and hybridized to human Beadarray, HumanRef-6 chips (Illumina), with more than 43,000transcript probes per sample, which generated whole genometranscription profiles simultaneously for six samples. Twoseparate hybridizations were performed for each sample. Thearrays were scanned using the Illumina Bead station 500GXSystem and pixel levels were analyzed using commercialsoftware (Beadstudio, Illumina, Inc.). For each of the twohybridizations, two separate data readings were performed.Raw gene expression data were normalized and analyzedwith GeneChip Operating Software (genome studio v2010.2).
 Functional classification was performed with annotationsfrom the Gene Ontology Annotation Database (www.ebi.ac.uk/GOA). To support the system generated gene list, den-dogram and cluster analysis was performed to obtain thecorrelation among the three groups (tissue-engineered carti-lage, tissue-engineered OA disease model, biopsies from OApatients) that were considered for the experiment. Hierarchicalcluster analysis was performed with log2-transformed signalsnormalized by genes and Manhattan correlation as distancemeasure using Genespring 12.0 software (Agilent).
 Analysis of protein interaction networks
 To study the interactions occurring between the proteinscoded by the differentially regulated genes expressed by the
 cells from the in vivo and in vitro samples, and databases ofknown and predicted protein interactions, STRING 9.0(Search Tool for the Retrieval of Interacting Genes/Proteins)software was used (http://string-db.org/).26 These interac-tions were studied to gain primary ideas about how theproteins being expressed in the two experimental settings(tissue-engineered OA-like model, biopsies from OA pa-tients) were interacting and if the two systems shared simi-larities, which could then be analyzed further by pathwayanalysis.
 Gene ontological classification
 The gene ontological classification of the gene lists wasdone using ToppGene suite gene ontology tool.27 TheToppFun (ToppFun: transcriptome, ontology, phenotype,proteome, and pharmacome annotations based gene listfunctional enrichment analysis) module of the suite was usedfor the classification of the gene lists. ToppFun detectsfunctional enrichment of a gene list based on Transcriptome,Proteome, Regulome, Ontologies (GO, Pathway), Phenotype(human disease and phenotype), Pharmacome (Drug-Geneassociations), literature co-citation, and other features.
 Histology
 Cartilage biopsies and tissue-engineered constructs wererinsed with PBS, fixed in 4% formalin, washed in PBS, em-bedded in paraffin, sectioned (7 mm), and stained either withhematoxylin and eosin (H&E) for studying cell morphologyor with Safranin-O for presence of sulfated glycosamino-glycans (GAG).
 Real-time PCR
 Cartilage tissue biopsies from osteoarthritic patients un-dergoing total knee replacement were collected in RNAlater(Invitrogen). About 30 mg of the degraded and non de-graded tissue was used for total RNA isolation by usingTrizol (Invitrogen) and RNeasy mini kit (Qiagen). It was thenpurified by treating with DNase I to eliminate genomic DNAcontamination. RNA concentrations and the purity weredetermined using Agilent 2100 Bioanalyzer (Ambion).Extracted RNA was reverse-transcribed into cDNA usingfirst-strand cDNA Synthesis Kit (Fermentas). Quantitativereal-time reverse transcriptase–polymerase chain reaction(RT-PCR) was conducted using SYBRgreen chemistry andQuantiTect primer assay (Qiagen) and Rotorgene Q ther-mocycler (Qiagen). The reactions were carried out in tripli-cates for each sample in 25 mL total volume containing 1mLcDNA and 2.5 mL primer. The primers used includedthose for GAPDH (QT00079247), ADAMTS 5 (QT00011088),Aggrecan (QT00001365), MMP1 (QT00014581), MMP2(QT00088396), COMP1 (QT00001050), Collagen 1(QT00037793), Collagen 2 (QT00049518), and Collagen 10(QT00096348). The analysis was carried out with the Rotorgene Q software and the relative expression levels werecalculated using the 2 - (DDc(t)) method with GAPDH as acontrol.
 Biochemical estimation
 Constructs were digested with proteinase K solution.GAG content was measured spectrophotometrically after
 4 MURAB ET AL.
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reacting it with dimethylmethylene blue, using chondroitinsulfate as a standard.28 The normalization of GAG contentwas done against amount of DNA, which was measuredusing a CyQUANT cell proliferation assay kit (MolecularProbes), with calf thymus DNA as a standard.
 Statistical analysis
 Raw data without normalization were analyzed byGeneSpring software 12.0 (Agilent). Mean values were ob-tained for gene readouts after normalization for the dupli-cates of the samples. Fold ratios were derived by comparingnormalized data between two sets, the first set included thecomparison of biopsies from the degraded region againsttissue-engineered constructs with cytokines (the in vitro OA-like model) and the second set consisted of comparison ofbiopsies from nondegraded regions to tissue-engineeredconstructs (the in vitro healthy equivalent tissue model).Gene lists were created with normalized intensities thatcontained genes with p < 0.001 and greater than a fivefoldchange by log transformation of average difference values.Expression data were median centered and statistical com-parisons were done by ANOVA, using the Benjamini andHochberg correction for false-positive reductions.
 Statistical significance for RT-PCR was calculated by in-dependent t tests using SPSS software (SPSS, Inc., an IBMcompany) and was considered significant at p £ 0.05.
 Results
 UV-visible spectroscopy analysis
 Enhanced diazonium reactions increased the number ofmodified tyrosines based on the increase of peak intensity at274 nm (Fig. 2A and Table 1). A maximum of 20% of the totaltyrosine residues present were modified with an azo con-centration of 30% (w/v).
 ATR FTIR analysis
 FTIR analysis was performed to further validate the in-corporation of sulfate groups to fibroin through the diazobond. The intensity of amide peaks at 1621 (amide I) and1522 cm - 1 (amide II) increased with the increase in theconcentration of the diazonium salt (Fig. 2B). The peaks at1180, 1123, 1038, and 1006 cm - 1 are due to the C-N bondformed as a result of the diazonium reaction, which wereabsent in the control silk solution. There was a correspondingincrease in the intensity of the peaks at 1180, 1123, 1038, and1006 cm - 1 with the increase in the diazo concentration. Thediazonium salt incorporation was further confirmed by theS-O (sulfate) stretching vibrations at 760 cm - 1 for whichthere was a constant increase in peak intensity with the in-creasing concentration of the diazonium salt, while the peakwas absent in control silk sample.
 Fluorescence emission spectra
 The binding kinetics of IL-1b with diazotized silk fibroinwas studied exploiting the intrinsic fluorescence property oftryptophan residues present in the conserved domain havingthe sequence Phe-Ser-Trp-Ser-Asp-Trp-Trp-Ser of the cyto-kine IL-1b, which is responsible for the binding of the mol-ecule on to the sulfate moiety.29 There was a continuous
 quenching in the fluorescence intensity of the tryptophanresidues at 470 nm with the increase of time of reaction,which reached a constant after 120 min as a result of bindingwith the sulfate functionality of diazo modified silk (Fig. 3).
 Adsorption and release kinetics studies
 Adsorption studies showed a uniform trend of adsorptionof the cytokine by both the silk and diazonium-coupled silkfilms. The adsorption studies were conducted up to 1 dayand showed that the diazonium-coupled silk films adsorbeda slightly higher amount, with statistically significant dif-ferences ( p < 0.05, n = 3, SD = 0.094). The release experimentsshowed a significant difference between the diazonium-coupled and unmodified silk films. The silk films showed a
 FIG. 2. (A) Comparison of the UV-Vis Spectra of unmodi-fied silk and sulfonic acid azosilks modified with increasingequivalents of diazonium salt. (B) ATR-FTIR Spectra show-ing increase in modification of tyrosine residues with in-crease in azo concentration. Color images available online atwww.liebertpub.com/tea
 Table 1. Estimated Percentage of Tyrosine Groups
 Modified with Varied Amount of Diazonium Salt
 SampleEquivalents
 added Absorbance
 Azoconc.(%)
 Silkconc.(%)
 % Aminoacids
 modified
 Silk control 0 0.187 0 4 0AZO 1 1 0.294 10 4 8AZO 2 2 0.365 20 4 14AZO 3 3 0.467 30 4 20
 TISSUE-ENGINEERED MODEL OF OSTEOARTHRITIS 5
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burst release after 1 hr followed by subsequent fast release ofcytokine from the films (Fig. 4). In contrast, the diazotizedsilk films demonstrated slow and steady release of the ad-sorbed cytokine over 3 days. These results indicate that di-azotization of silk results in controlled release of thecytokines, a feature hypothesized to help in mimicking themicroenvironment in OA-like tissues.
 Cell culture and morphological study
 To investigate the role of matrix-tethered cytokines onchondrocyte function, we first documented changes in cellmorphology on silk films and Matrigel, with or withoutanchoring cytokines to the matrix. Chondrocytes grown onsilk films showed good attachment and spreading, withsmaller cytoplasmic projections of 1–2 mm from the periph-ery of the cells (Fig. 5A). In contrast, cells on cytokine-immobilized silk films exhibited extensive development ofcellular extensions resembling filopodia, and lamellipodiawithin 8 h (Fig. 5B). The length of these cellular processeswas as long as 15mm after 1 day (Fig. 5C). As additionalcontrols, in order to replicate ECM surface chemistry, cellswere cultured over Matrigel layers with or without cyto-kines. Cells expressed more sprouting cytoplasmic exten-sions, with anchorage points embedded to the matrix oncytokine-sequestered Matrigel (Fig. 5D), compared to onlyMatrigel (Fig. 5E).
 Histological analysis-features of OA
 H&E staining of chondrocytes cultured on silk scaffoldsshowed round morphologies (Fig. 6A), as well as abundantproduction of ECM. After 4 weeks of culture 84% – 5%cells were rounded. In contrast, chondrocytes cultured on
 cytokine-immobilized silk matrices displayed mixed popu-lations of round and extended cell morphologies, consis-tent with a fibroblastic phenotype (Fig. 6B); 56% – 9% ofcells were rounded ( p < 0.001, n = 3). After 21 days of staticculture, more intense safranin-O staining was detected in
 FIG. 3. Binding kinetics of IL-1bon diazotized silk film. Color ima-ges available online at www.liebertpub.com/tea
 FIG. 4. (A) Adsorption and (B) release kinetics of cytokinesfrom the silk film as determined by ELISA. Color imagesavailable online at www.liebertpub.com/tea
 6 MURAB ET AL.
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tissue-engineered constructs on the silk scaffolds comparedto the in vitro OA tissue models (Fig. 6C, D). GAG/DNA inthe in vitro TE cartilage model was 6.5 – 0.2. In contrast,safranin-O-stained sections of in vitro disease model dem-onstrated evidence of nominal and nonuniform safranin-Ostaining, indicating less GAG production and/or retentioncompared to the tissue-engineered cartilage constructs.GAG/DNA for the in vitro disease model (with cytokines)was 3.1 – 0.5, validating the histology results.
 Histological analysis of OA cartilage biopsies was per-formed in order to validate the microarray results of the OAcartilage biopsies. In all biopsies from degraded lesions thethickness of cartilage layers appeared to be reduced com-pared to the normal tissue. Nonuniform depletion of matrixproteoglycans (Fig. 6E), clefts, or fissures was evident, be-ginning in the superficial layers and progressing inward asthe cartilage ECM eroded. Clustering of cells, especially inthe middle layers of the cartilage, probably indicates coloniesof regenerating chondrocytes (Fig. 6F). Tidemarks that di-vide the uncalcified cartilage from the deeper calcified car-
 tilage were prominent. Formation of new blood vessels wasalso visualized (arrow mark) (Fig. 6G), along with sub-chondral bony cysts between the junction of bone and ar-ticular cartilage. The formation of bony outgrowths orosteophytes was observed around the margins of the carti-lage and subchondral bone.
 Comparative gene expression profiling
 A differential gene expression study was conducted forboth the tissue-engineered cartilage with cytokines (in vitroOA-like model) and OA biopsies (in vivo diseased condition),with the tissue-engineered cartilage construct (without cy-tokine) as the reference (Fig. 7). Over 43,000 transcripts wereexpressed in all samples. In comparison to the tissue-engineered cartilage, 144 and 168 genes were differentiallyexpressed in the in vitro tissue model and diseased biopsysamples, respectively. Of these, 116 genes were upregulatedmore than fivefold, while 28 genes were downregulatedmore than fivefold in the case of the in vitro disease model,
 FIG. 5. Morphology ofchondrocytes on (A) silk filmand (B) cytokine immobilizeddiazotized silk film within8 h, (C) extensive expressionof cellular extensions on cy-tokine immobilized silk filmafter 1 day, (D) similar ex-tensions noticed on cytokine-sequestered Matrigel layer,(E) chondrocytes on Matrigel-coated coverslip without cy-tokines after 1 day (arrowsindicate smaller cytoplasmicprojections from the periph-ery of the cells on silk films,compared to cytokine im-mobilized silk films and Ma-trigel).
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compared to tissue-engineered construct. Similarly, in thecase of OA biopsy samples 133 genes were upregulated and35 genes were downregulated significantly, compared to thetissue-engineered constructs.
 Differential gene expression profiles of in vitro diseasemodel and OA cartilage biopsies were compared (Fig. 7). Thein vitro diseased tissue model showed strong similarity ingene expression patterns with the OA cartilage biopsies, inthat the major categories of genes that were upregulatedwere those related to cytokines, chemokines, angiogenesis,growth factors, ECM remodeling, ossification, and apoptosis,with higher degrees of expression intensity of OA signalingtranscripts in the case of diseased biopsies as compared tothe in vitro disease model. In particular, significant upregu-lation was found in a number of ECM components, including
 COMP (72.9-fold), COLA1 (6.8-fold), COL8A2 (6.94-fold),COL2A1 (9.76-fold), and Asporin (5.66-fold), as well asmatrix degrading components, for example, ADAM28 (5.2-fold), ADAM32 (10.19-fold), and MMP3 (14.67-fold), in OAcartilage biopsies, as compared to the in vitro OA diseasedmodel (Table 2A and 2B). Interestingly, transcripts related toinhibitors of MMPs, such as TIMP1 (53.01-fold) and TIMP2(5.46-fold) were also upregulated in OA biopsies, in com-parison to the in vitro diseased model construct.
 One major group of genes that was highly expressed inthe in vitro disease and in vivo conditions were the cyto-kines, chemokines, and their receptors. These genes probablyregulate OA pathophysiology as triggers and signalingmolecules for modulating cellular functions. The receptorsthat were highly expressed included ITGB1 (7.73-fold
 FIG. 6. (A) Hematoxylinand eosin (H&E)–stainedsection of tissue-engineeredcartilage showing roundedcell morphology. (B) H&E-stained section of in vitro os-teoarthritic (OA) modelshowing mixed population ofrounded and elongated cells(marked by arrows). (C) Sa-franin-O staining of tissue-engineered cartilage showingthe presence of glycosamino-glycans (GAG). (D) Safranin-O staining showing the ab-sence of GAG. (E) H&E-stained cartilage biopsy tissueshowing histological featuresof osteoarthritis such as fi-brillation and erosion of GAGdeposition, (F) clusteredchondrocytes, (G) tide markand subchondral bone cyst(marked by arrow), and (H)signs of angiogenic invasionin cartilage (marked by ar-row). Color images availableonline at www.liebertpub.com/tea
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upregulated), RELT (5.24-fold upregulated), EPHA3 (5.59-fold upregulated), LPAR1 (7.43-fold upregulated), PIGR(8.16-fold downregulated), SCARA3 (6.59-fold upregulated),TNFRSF8 (6.63-fold upregulated), SCARB2 (5.49-fold upre-gulated), CXCR5 (7.3-fold downregulated), GABARA (6.58-fold upregulated), NCOA4 (8.47-fold upregulated), andTRIP4 (5.01-fold downregulated), while the chemokinesthat were highly expressed included CXCL1 (5.38-folddownregulated), CCL20 (5.15-fold upregulated), and CXCR5(7.3-fold downregulated) in the OA diseased biopsies withrespect to the in vitro tissue diseased model. These geneswere not expressed significantly in the intact region of OAcartilage from patients and tissue-engineered cartilage(Supplementary Data S1, S2; Supplementary data are avail-able online at www.liebertpub.com/tea).
 A pairwise comparison revealed that genes associated withangiogenesis, such as ANGPTL4, were 38.97-fold upregulated
 in the OA biopsies as compared to the in vitro disease tissuemodel, while expression of other angiogenic transcripts (Angio-associated migratory cell protein (AAMP), angiopoietin 1(ANGPT1), angiotensin II receptor, type 2 (AGTR2), and vas-cular endothelial growth factor (VEGF)-C) were similarly ex-pressed (within 1.5-fold change), suggesting that angiogenesisis a feature of OA pathogenesis, both in vitro and in vivo.
 Analysis of the protein–protein interaction network
 The protein–protein interaction network analysis showedthat genes exhibited a high degree of connection in case ofthe in vitro OA model (minimum connections on a hub werefound to be 4 with a maximum of 15 connections), whencompared to the OA biopsy (minimum connections on a hubwere found to be 2 with a maximum of 9 connections), in-dicating greater degree of complexity of the protein
 FIG. 7. (A) Modulation ofgene expression in biopsiesfrom degraded lesion, in vitroOA model, cartilage from in-tact region, and tissue-engineered cartilage. (B) Ex-tent of the up- or down-regulation of each gene intissue-engineered cartilage,degraded lesion of OA biop-sies, intact portion of OAbiopsies, and in vitro OAmodel. (C) Variation amongbiopsies. (D) Relative expres-sion of vimentin. Color ima-ges available online atwww.liebertpub.com/tea
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Table 2a. Modulation of Gene Expression in Osteoarthritic Cartilage Biopsy Compared
 to In Vitro Osteoarthritic Model (More Than Fivefold Upregulated Genes)
 SymbolEntrez
 gene IDFold
 change Definition
 HTRA1 5654 77.95 Homo sapiens HtrA serine peptidase 1 (HTRA1), mRNA.COMP 1311 72.97 Homo sapiens cartilage oligomeric matrix protein (COMP), mRNA.MT2A 4502 65.29 Homo sapiens metallothionein 2A (MT2A), mRNA.CILP 8483 60.07 Homo sapiens cartilage intermediate layer protein, nucleotide
 pyrophosphohydrolase (CILP), mRNA.TIMP1 7076 53.01 Homo sapiens TIMP metallopeptidase inhibitor 1 (TIMP1), mRNA.ANGPTL4 51129 38.97 Homo sapiens angiopoietin-like 4 (ANGPTL4), transcript variant 1, mRNA.PRG4 10216 33.60 Homo sapiens proteoglycan 4 (PRG4), mRNA.CDK2AP1 8099 27.21 Homo sapiens CDK2-associated protein 1 (CDK2AP1), mRNA.MFGE8 4240 26.30 Homo sapiens milk fat globule-EGF factor 8 protein (MFGE8), mRNA.SERPINE2 5270 17.40 Homo sapiens serpin peptidase inhibitor, clade E (nexin, plasminogen
 activator inhibitor type 1), member 2 (SERPINE2), mRNA.MT1G 4495 16.88 Homo sapiens metallothionein 1G (MT1G), mRNA.ACTB 60 16.10 Homo sapiens actin, beta (ACTB), mRNA.MMP3 4314 14.67 Homo sapiens matrix metallopeptidase 3 (stromelysin 1,
 progelatinase) (MMP3), mRNA.CD68 968 13.40 Homo sapiens CD68 antigen (CD68), mRNA.CAMLG 819 13.36 Homo sapiens calcium modulating ligand (CAMLG), mRNA.RIS1 25907 11.90 Homo sapiens Ras-induced senescence 1 (RIS1), mRNA.SAA2 6289 11.87 Homo sapiens serum amyloid A2 (SAA2), mRNA.PRDX1 5052 11.58 Homo sapiens peroxiredoxin 1 (PRDX1), transcript variant 2, mRNA.BCL2L13 23786 11.33 Homo sapiens BCL2-like 13 (apoptosis facilitator) (BCL2L13), nuclear
 gene encoding mitochondrial protein, mRNA.G3BP1 10146 11.30 Homo sapiens GTPase activating protein (SH3 domain) binding
 protein 1 (G3BP1), transcript variant 1, mRNA.MT1F 4494 10.77 Homo sapiens metallothionein 1F (MT1F), mRNA.COL2A1 1280 9.76 Homo sapiens collagen, type II, alpha 1 (primary osteoarthritis,
 spondyloepiphyseal dysplasia, congenital) (COL2A1),transcript variant 1, mRNA.
 ITM2B 9445 9.65 Homo sapiens integral membrane protein 2B (ITM2B), mRNA.PSMC1 5700 9.58 Homo sapiens proteasome (prosome, macropain) 26S subunit,
 ATPase, 1 (PSMC1), mRNA.GSPT1 2935 9.25 Homo sapiens G1 to S phase transition 1 (GSPT1), mRNA.NFATC1 4772 9.01 Homo sapiens nuclear factor of activated T-cells, cytoplasmic,
 calcineurin-dependent 1 (NFATC1), transcript variant 3, mRNA.CCPG1 9236 8.96 Homo sapiens cell cycle progression 1 (CCPG1), transcript variant 1, mRNA.SS18L2 51188 8.93 Homo sapiens synovial sarcoma translocation gene on chromosome
 18-like 2 (SS18L2), mRNA.CYP26C1 340665 8.86 Homo sapiens cytochrome P450, family 26, subfamily C,
 polypeptide 1 (CYP26C1), mRNA.ICA1 3382 8.80 Homo sapiens islet cell autoantigen 1, 69 kDa (ICA1), transcript
 variant 3, mRNA.RCAN1 1827 8.73 Homo sapiens regulator of calcineurin 1 (RCAN1), transcript variant 2, mRNA.HOXB8 3218 8.57 Homo sapiens homeo box B8 (HOXB8), mRNA.NCOA4 8031 8.47 Homo sapiens nuclear receptor coactivator 4 (NCOA4), mRNA.PAGE2B 389860 8.43 Homo sapiens P antigen family, member 2B (PAGE2B), mRNA.CD44 960 8.17 Homo sapiens CD44 molecule (CD44), transcript variant 3, mRNA.CARD14 79092 7.77 Homo sapiens caspase recruitment domain family, member 14
 (CARD14), transcript variant 2, mRNA.ITGB1 3688 7.73 Homo sapiens integrin, beta 1 (fibronectin receptor, beta polypeptide,
 antigen CD29 includes MDF2, MSK12) (ITGB1), transcript variant 1A, mRNA.CTSD 1509 7.71 Homo sapiens cathepsin D (CTSD), mRNA.CEP27 55142 7.69 Homo sapiens centrosomal protein 27 kDa (CEP27), mRNA.SLC6A9 6536 7.68 Homo sapiens solute carrier family 6 (neurotransmitter transporter,
 glycine), member 9 (SLC6A9), transcript variant 1, mRNA.CALM2 805 7.63 Homo sapiens calmodulin 2 (phosphorylase kinase, delta) (CALM2), mRNA.PRKRIR 5612 7.53 Homo sapiens protein-kinase, interferon-inducible double stranded
 RNA dependent inhibitor, repressor of (P58 repressor) (PRKRIR), mRNA.LPAR1 1902 7.43 Homo sapiens lysophosphatidic acid receptor 1 (LPAR1), transcript
 variant 1, mRNA.
 (continued)
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Table 2a. (Continued)
 SymbolEntrez
 gene IDFold
 change Definition
 NFKBIA 4792 7.36 Homo sapiens nuclear factor of kappa light polypeptide gene enhancerin B-cells inhibitor, alpha (NFKBIA), mRNA.
 G1P3 2537 7.14 Homo sapiens interferon, alpha-inducible protein (clone IFI-6-16) (G1P3),transcript variant 1, mRNA.
 COL8A2 1296 6.94 Homo sapiens collagen, type VIII, alpha 2 (COL8A2), mRNA.MRPL17 63875 6.93 Homo sapiens mitochondrial ribosomal protein L17 (MRPL17), nuclear
 gene encoding mitochondrial protein, mRNA.MATK 4145 6.91 Homo sapiens megakaryocyte-associated tyrosine kinase (MATK),
 transcript variant 2, mRNA.COL4A1 1282 6.80 Homo sapiens collagen, type IV, alpha 1 (COL4A1), mRNA.EEF2 1938 6.71 Homo sapiens eukaryotic translation elongation factor 2 (EEF2), mRNA.PRCP 5547 6.70 Homo sapiens prolylcarboxypeptidase (angiotensinase C) (PRCP),
 transcript variant 2, mRNA.MAP3K5 4217 6.64 Homo sapiens mitogen-activated protein kinase kinase kinase 5
 (MAP3K5), mRNA.TNFRSF8 943 6.63 Homo sapiens tumor necrosis factor receptor superfamily, member 8
 (TNFRSF8), transcript variant 1, mRNA.SCARA3 51435 6.59 Homo sapiens scavenger receptor class A, member 3 (SCARA3),
 transcript variant 2, mRNA.GABARAPL1 23710 6.58 Homo sapiens GABA(A) receptor-associated protein like 1
 (GABARAPL1), mRNA.ITGA1 3672 6.54 Homo sapiens integrin, alpha 1 (ITGA1), mRNA.BNIP3 664 6.51 Homo sapiens BCL2/adenovirus E1B 19 kDa interacting protein 3
 (BNIP3), nuclear gene encoding mitochondrial protein, mRNA.PSMB3 5691 6.35 Homo sapiens proteasome (prosome, macropain) subunit, beta type,
 3 (PSMB3), mRNA.PLOD1 5351 6.26 Homo sapiens procollagen-lysine 1, 2-oxoglutarate 5-dioxygenase 1
 (PLOD1), mRNA.PLD3 23646 6.26 Homo sapiens phospholipase D family, member 3 (PLD3), transcript
 variant 2, mRNA.ATF2 1386 6.19 Homo sapiens activating transcription factor 2 (ATF2), mRNA.CCNF 899 6.11 Homo sapiens cyclin F (CCNF), mRNA.MRPS6 64968 6.09 Homo sapiens mitochondrial ribosomal protein S6 (MRPS6), nuclear
 gene encoding mitochondrial protein, mRNA.PPP1R14B 26472 6.03 Homo sapiens protein phosphatase 1, regulatory (inhibitor) subunit
 14B (PPP1R14B), mRNA.NR2E1 7101 5.99 Homo sapiens nuclear receptor subfamily 2, group E, member 1
 (NR2E1), mRNA.LASS6 253782 5.95 Homo sapiens LAG1 homolog, ceramide synthase 6 (LASS6), mRNA.CD81 975 5.93 Homo sapiens CD81 molecule (CD81), mRNA.ERRFI1 54206 5.92 Homo sapiens ERBB receptor feedback inhibitor 1 (ERRFI1), mRNA.GLTSCR2 29997 5.92 Homo sapiens glioma tumor suppressor candidate region gene 2
 (GLTSCR2), mRNA.ANXA7 310 5.90 Homo sapiens annexin A7 (ANXA7), transcript variant 2, mRNA.S100A6 6277 5.87 Homo sapiens S100 calcium binding protein A6 (S100A6), mRNA.RRAGA 10670 5.86 Homo sapiens Ras-related GTP binding A (RRAGA), mRNA.DNAJB12 54788 5.80 PREDICTED: Homo sapiens DnaJ (Hsp40) homolog, subfamily B,
 member 12, transcript variant 2 (DNAJB12), mRNA.CD300A 11314 5.77 Homo sapiens CD300a molecule (CD300A), mRNA.PRAME 23532 5.75 Homo sapiens preferentially expressed antigen in melanoma (PRAME),
 transcript variant 5, mRNA.MMEL1 79258 5.73 Homo sapiens membrane metallo-endopeptidase-like 1 (MMEL1), mRNA.PXMP4 11264 5.73 Homo sapiens peroxisomal membrane protein 4, 24 kDa (PXMP4),
 transcript variant 1, mRNA.RHOA 387 5.69 Homo sapiens ras homolog gene family, member A (RHOA), mRNA.ASPN 54829 5.66 Homo sapiens asporin (ASPN), mRNA.IFI44 10561 5.64 Homo sapiens interferon-induced protein 44 (IFI44), mRNA.FTH1 2495 5.61 Homo sapiens ferritin, heavy polypeptide 1 (FTH1), mRNA.UBXD2 23190 5.60 Homo sapiens UBX domain containing 2 (UBXD2), mRNA.ADD3 120 5.59 Homo sapiens adducin 3 (gamma) (ADD3), transcript variant 1, mRNA.EPHA3 2042 5.59 Homo sapiens EPH receptor A3 (EPHA3), transcript variant 2, mRNA.
 (continued)
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interaction network identified among the differentially ex-pressed genes of the in vitro OA model. The protein networkobtained for the diseased condition showed three subnet-works (i.e., matrix production, matrix degradation, and ap-optosis) that were highly interconnected within themselvesand with other networks, contributing to cartilage destruc-tion (Fig. 8A). The protein–protein interaction studies re-vealed possible roles of these two proinflammatory cytokinesin the pathogenesis of OA, as evidenced by the complexnetwork of MMP and the related ADAMTS genes, whichwere in turn connected to TNF and IL receptor networks.These findings highlight the presence of a stimulating actionof these inflammatory cytokines on the action of the me-talloproteinases. MMP3 had four major interactants, Col2A1, COMP, TIMP1, and TIMP2, causing an imbalancewhich could disrupt cartilage homeostasis (Fig. 8B, C, D).The close connection of CD44 with integrin a1 and integrinb1 provided chondrocytes the ability to sense changes in theextracellular microenvironment. Vimentin was present in acentre of a network, as connected with integrin a1, b-actin,and tumor necrosis factor receptor superfamily member 8.
 In contrast, the networks presented in tissue-engineeredcartilage (without cytokines) showed an absence of the ap-
 optotic subnetwork, but the other two subnetworks of matrixproduction and matrix degeneration were present but withlower levels of complexity and interconnections (Supple-mentary Fig. S1).
 Gene ontological classification of the gene lists
 Gene ontology analysis was performed to directly com-pare differentially expressed genes in OA biopsies and in thein vitro disease model compared to tissue-engineered carti-lage, and categorize differentially expressed genes into thethree main gene ontology classifications: biological process,molecular function, and cellular components (Fig. 9). Geneontological classification and analysis demonstrated that thein vitro model of OA expressed the major marker genes ofOA, including matrix degeneration and production, apo-ptosis, chemokines, cytokine and their receptors, angiogen-esis, and osteogenic differentiation.
 The in vitro cartilage model showed upregulation of genesin the gene ontological categories for immune response (50genes), response to external stimulus (37 genes), apoptosis (23genes), and ECM (25 genes). In contrast, input genes in OAbiopsies compared to tissue-engineered cartilage were located
 Table 2a. (Continued)
 SymbolEntrez
 gene IDFold
 change Definition
 SCRG1 11341 5.59 Homo sapiens scrapie responsive protein 1 (SCRG1), mRNA.CRTAC1 55118 5.58 Homo sapiens cartilage acidic protein 1 (CRTAC1), mRNA.IGFBP7 3490 5.56 Homo sapiens insulin-like growth factor binding protein 7 (IGFBP7), mRNA.SCARB2 950 5.49 Homo sapiens scavenger receptor class B, member 2 (SCARB2), mRNA.LYST 1130 5.48 Homo sapiens lysosomal trafficking regulator (LYST), mRNA.TIMP2 7077 5.46 Homo sapiens TIMP metallopeptidase inhibitor 2 (TIMP2), mRNA.MYH9 4627 5.45 Homo sapiens myosin, heavy chain 9, nonmuscle (MYH9), mRNA.KCNAB3 9196 5.38 Homo sapiens potassium voltage-gated channel, shaker-related subfamily,
 beta member 3 (KCNAB3), mRNA.MARCKSL1 65108 5.31 Homo sapiens MARCKS-like 1 (MARCKSL1), mRNA.MYOM1 8736 5.30 Homo sapiens myomesin 1 (skelemin) 185 kDa (MYOM1), mRNA.NPAL1 152519 5.30 Homo sapiens NIPA-like domain containing 1 (NPAL1), mRNA.EXOC2 55770 5.29 Homo sapiens exocyst complex component 2 (EXOC2), mRNA.AK3 50808 5.28 Homo sapiens adenylate kinase 3 (AK3), nuclear gene encoding
 mitochondrial protein, mRNA.RELT 84957 5.24 Homo sapiens RELT tumor necrosis factor receptor (RELT),
 transcript variant 1, mRNA.LY96 23643 5.20 Homo sapiens lymphocyte antigen 96 (LY96), mRNA.SEPT9 10801 5.20 Homo sapiens septin 9 (SEPT9), mRNA.ADAM28 10863 5.20 Homo sapiens ADAM metallopeptidase domain 28 (ADAM28),
 transcript variant 1, mRNA.CCL20 6364 5.15 Homo sapiens chemokine (C-C motif) ligand 20 (CCL20), mRNA.VPS52 6293 5.11 Homo sapiens vacuolar protein sorting 52 homolog (S. cerevisiae)
 (VPS52), mRNA.CCNI 10983 5.10 Homo sapiens cyclin I (CCNI), mRNA.PCOLCE2 26577 5.08 Homo sapiens procollagen C-endopeptidase enhancer 2 (PCOLCE2), mRNA.TAPBP 6892 5.08 Homo sapiens TAP binding protein (tapasin) (TAPBP), transcript
 variant 3, mRNA.BPIL1 80341 5.07 Homo sapiens bactericidal/permeability-increasing protein-like 1
 (BPIL1), mRNA.PRRC1 133619 5.07 Homo sapiens proline-rich coiled-coil 1 (PRRC1), mRNA.TPH1 7166 5.07 Homo sapiens tryptophan hydroxylase 1 (TPH1), mRNA.PROS1 5627 5.04 Homo sapiens protein S (alpha) (PROS1), mRNA.CLIC3 9022 5.03 Homo sapiens chloride intracellular channel 3 (CLIC3), mRNA.CADM1 23705 5.02 Homo sapiens cell adhesion molecule 1 (CADM1), mRNA.
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Table 2b. Modulation of Gene Expression in Osteoarthritic Cartilage Biopsy Compared
 to In Vitro Osteoarthritic Model (More Than Fivefold Downregulated Genes)
 SymbolEntrez
 gene IDFold
 change Definition
 ADAM32 203102 10.19 Homo sapiens ADAM metallopeptidase domain 32 (ADAM32), mRNA.BTNL3 10917 9.91 Homo sapiens butyrophilin-like 3 (BTNL3), mRNA.OR7C2 26658 9.76 Homo sapiens olfactory receptor, family 7, subfamily C, member
 2 (OR7C2), mRNA.CACNG1 786 9.31 Homo sapiens calcium channel, voltage-dependent, gamma subunit 1
 (CACNG1), mRNA.MANBAL 63905 9.08 Homo sapiens mannosidase, beta A, lysosomal-like (MANBAL),
 transcript variant 1, mRNA.GJC1 125111 8.78 Homo sapiens gap junction protein, chi 1, 31.9 kDa (GJC1), mRNA.EDA 1896 8.63 Homo sapiens ectodysplasin A (EDA), transcript variant 4, mRNA.CUEDC1 404093 8.44 Homo sapiens CUE domain containing 1 (CUEDC1), mRNA.UBTD1 80019 8.28 Homo sapiens ubiquitin domain containing 1 (UBTD1), mRNA.RGS9BP 388531 8.20 Homo sapiens RGS9 anchor protein (RGS9BP), mRNA.PLXNB1 5364 8.17 Homo sapiens plexin B1 (PLXNB1), mRNA.PIGR 5284 8.16 Homo sapiens polymeric immunoglobulin receptor (PIGR), mRNA.HNRNPG-T 27288 8.11 Homo sapiens testes-specific heterogenous nuclear ribonucleoprotein
 G-T (HNRNPG-T), mRNA.ST7L 54879 8.11 Homo sapiens suppression of tumorigenicity 7 like (ST7L), transcript
 variant 4, mRNA.PDE1A 5136 7.67 Homo sapiens phosphodiesterase 1A, calmodulin-dependent (PDE1A),
 transcript variant 2, mRNA.MAX 4149 7.42 Homo sapiens MYC associated factor X (MAX), transcript variant 5, mRNA.FGF7 2252 7.40 Homo sapiens fibroblast growth factor 7 (keratinocyte growth factor)
 (FGF7), mRNA.BTBD11 121551 7.34 Homo sapiens BTB (POZ) domain containing 11 (BTBD11), transcript
 variant b, mRNA.CXCR5 643 7.30 Homo sapiens chemokine (C-X-C motif) receptor 5 (CXCR5),
 transcript variant 2, mRNA.TFF1 7031 7.14 Homo sapiens trefoil factor 1 (TFF1), mRNA.LTA 4049 7.01 Homo sapiens lymphotoxin alpha (TNF superfamily, member 1) (LTA), mRNA.ANKRD34B 340120 6.82 Homo sapiens ankyrin repeat domain 34B (ANKRD34B), mRNA.SUMO1 7341 6.66 Homo sapiens SMT3 suppressor of mif two 3 homolog 1 (S. cerevisiae)
 (SUMO1), transcript variant 1, mRNA.ECSIT 51295 6.50 Homo sapiens ECSIT homolog (Drosophila) (ECSIT), mRNA.CDC2L2 985 6.32 Homo sapiens cell division cycle 2-like 2 (PITSLRE proteins) (CDC2L2),
 transcript variant 3, mRNA.RAB40AL 282808 6.25 Homo sapiens RAB40A, member RAS oncogene family-like
 (RAB40AL), mRNA.DNMT2 1787 6.24 Homo sapiens DNA (cytosine-5-)-methyltransferase 2 (DNMT2),
 transcript variant e, mRNA.MON2 23041 6.20 Homo sapiens MON2 homolog (yeast) (MON2), mRNA.SMPX 23676 6.17 Homo sapiens small muscle protein, X-linked (SMPX), mRNA.FETUB 26998 6.16 Homo sapiens fetuin B (FETUB), mRNA.MURC 347273 6.15 Homo sapiens muscle-restricted coiled-coil protein (MURC), mRNA.K5B 196374 6.02 Homo sapiens keratin 5b (K5B), mRNA.IRF4 3662 6.02 Homo sapiens interferon regulatory factor 4 (IRF4), mRNA.HOXD3 3232 6.01 Homo sapiens homeobox D3 (HOXD3), mRNA.CA8 767 6.00 Homo sapiens carbonic anhydrase VIII (CA8), mRNA.AK2 204 5.99 Homo sapiens adenylate kinase 2, transcript variant AK2B, mRNA.AKAP11 11215 5.94 Homo sapiens A kinase (PRKA) anchor protein 11, transcript variant 2, mRNA.PARVB 29780 5.91 Homo sapiens parvin, beta (PARVB), transcript variant 2, mRNA.SEMA6D 80031 5.87 Homo sapiens sema domain, transmembrane domain (TM), and
 cytoplasmic domain, (semaphoring) 6D, transcript variant 4, mRNA.APRIN 23047 5.84 Homo sapiens androgen-induced proliferation inhibitor (APRIN),
 transcript variant 2, mRNA.VIM 7431 5.83 Homo sapiens vimentin (VIM), mRNA.ALS2 57679 5.75 Homo sapiens amyotrophic lateral sclerosis 2 (juvenile) (ALS2), mRNA.TAF4 6874 5.72 Homo sapiens TAF4 RNA polymerase II, TATA box binding protein
 (TBP)-associated factor, 135 kDa (TAF4), mRNA.DHRS2 10202 5.71 Homo sapiens dehydrogenase/reductase (SDR family) member 2
 (DHRS2), transcript variant 1, mRNA.
 (continued)
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in the following major gene ontological categories that signifytheir biological functions: receptor binding (58 genes), apo-ptosis (12 genes), cell communication (62 genes), immunesystem process (29 genes), and ECM (17 genes). These bio-logical functions fall in the pathophysiological cascade of OA,showing the validity of the in vitro disease model. Pathwayanalysis showed that 8 transcripts encoding the inflammationmediated by chemokine and cytokine signaling pathway wereupregulated in OA biopsy, as compared to 12 transcripts inthe in vitro disease model. OA biopsy and in vitro diseasemodel expressed 2 and 6 transcripts of interleukin signalingpathway, and 6 and 6 transcripts from Apoptosis signalingpathway, respectively. Interestingly, 8 transcripts related toWnt signaling pathway were significantly expressed in thein vitro disease model. The Wnt pathway is known to regulateMMPs and aggrecanases. The significant expression of theseOA triggering pathways clearly highlighted the validity of thedeveloped in vitro disease model.
 Reverse transcriptase–polymerase chain reaction
 Since the genes implicated in matrix synthesis and matrixdegradation are mostly affected by the OA disease condition,eight genes were selected covering these biological processes:collagen 1, collagen 2, collagen 10, aggrecan, COMP1, MMP
 1, MMP 2, and ADAMTS5 and were further analyzed byquantitative RT-PCR (Fig. 10). Expression of ADAMTS5 wasupregulated in the degraded area of cartilage tissues as wellas in vitro disease model, whereas it was downregulated inthe nondegraded area of OA cartilage tissues. COMP 1,MMP 2, aggrecan, collagen 1, and collagen 2 were upregu-lated in all degraded tissues, nondegraded tissues, as well asthe in vitro disease constructs, but the level of expression wassimilar to that of the degraded tissues. MMP 1 and Collagen10 were downregulated in all degraded tissues, nondegradedtissues, as well as the tissue-engineered constructs, but thelevel of expression was similar to that of the degraded tis-sues. Overall, except for the expression of ADAMTS5, theRT-PCR and microarray data were in agreement, corrobo-rating the validation/accuracy of the microarray-basedtranscriptional analysis. Differences in gene expression levelsbetween tissue-engineered constructs and intact cartilagebiopsies were found to be statistically significant ( p £ 0.05),while that between in vitro OA-like model and degradedbiopsies were found to be statistically significant ( p < 0.05).
 Discussion
 The current generation of therapeutic modalities ismoving toward patient-specific clinical strategies. To further
 Table 2b. (Continued)
 SymbolEntrez
 gene IDFold
 change Definition
 MEF2C 4208 5.71 Homo sapiens myocyte enhancer factor 2C (MEF2C), mRNA.TRH 7200 5.66 Homo sapiens thyrotropin-releasing hormone (TRH), mRNA.NTF3 4908 5.66 Homo sapiens neurotrophin 3 (NTF3), mRNA.AKAP7 9465 5.66 Homo sapiens A kinase (PRKA) anchor protein 7 (AKAP7),
 transcript variant gamma, mRNA.TTTY5 83863 5.53 Homo sapiens testis-specific transcript, Y-linked 5 (TTTY5), noncoding RNA.CAMKK1 84254 5.51 Homo sapiens calcium/calmodulin-dependent protein kinase kinase 1,
 alpha (CAMKK1), transcript variant 3, mRNA.MSH4 4438 5.51 Homo sapiens mutS homolog 4 (E. coli) (MSH4), mRNA.OCLM 10896 5.45 Homo sapiens oculomedin (OCLM), mRNA.APLN 8862 5.45 Homo sapiens apelin (APLN), mRNA.BTBD11 121551 5.44 Homo sapiens BTB (POZ) domain containing 11 (BTBD11),
 transcript variant 1, mRNA.ACSL5 51703 5.43 Homo sapiens acyl-CoA synthetase long-chain family member 5
 (ACSL5), transcript variant 1, mRNA.MTUS1 57509 5.40 Homo sapiens mitochondrial tumor suppressor 1 (MTUS1), nuclear
 gene encoding mitochondrial protein, transcript variant 5, mRNA.XCL1 6375 5.38 Homo sapiens chemokine (C motif) ligand 1 (CXCL1), mRNA.TCHP 84260 5.37 Homo sapiens trichoplein, keratin filament binding (TCHP), mRNA.TDRD4 54513 5.36 Homo sapiens tudor domain containing 4 (TDRD4), mRNA.KRTAP19-1 337882 5.33 Homo sapiens keratin associated protein 19-1 (KRTAP19-1), mRNA.SELS 55829 5.27 Homo sapiens selenoprotein S (SELS), transcript variant 1, mRNA.TEAD2 8463 5.26 Homo sapiens TEA domain family member 2 (TEAD2), mRNA.FLJ40142 400073 5.26 Homo sapiens FLJ40142 protein (FLJ40142), mRNA.VEGFB 7423 5.25 Homo sapiens vascular endothelial growth factor B (VEGFB), mRNA.NLK 51701 5.24 Homo sapiens nemo-like kinase (NLK), mRNA.TMLHE 55217 5.22 Homo sapiens trimethyllysine hydroxylase, epsilon (TMLHE), mRNA.ISYNA1 51477 5.19 Homo sapiens inositol-3-phosphate synthase 1 (ISYNA1), mRNA.CASP9 842 5.17 Homo sapiens caspase 9, apoptosis-related cysteine peptidase
 (CASP9), transcript variant alpha, mRNA.CFHR3 10878 5.17 Homo sapiens complement factor H-related 3 (CFHR3), mRNA.Sept2 4735 5.15 Homo sapiens septin 2 (SEPT2), transcript variant 3, mRNA.TRIP4 9325 5.01 Homo sapiens thyroid hormone receptor interactor 4 (TRIP4), mRNA.
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exploit this approach, there is a need to establish patient-specific and tissue-specific disease tissue model systems withwhich to explore drug response profiles. This goal is beingrealized with progress in many areas of complex 3D tissuesystems in vitro.30
 Key features of OA pathogenesis include (a) modulationof metabolic activation of chondrocytes toward dediffer-entiated or immature state, (b) hypertrophy and increasedapoptosis of chondrocytes,31,32 (c) oxidative stress and in-flammatory microenvironment,8,13,33,34 (d) changes in ECMcomposition with damaged collagen network, depletedGAG, reduced keratan sulfate content, and increased watercontent, (e) elevated MMPs35 and ADAMTS motif activity,36
 (f) growth of osteophytes and thickening of subchondrallayer, and (g) neuro/angiogenic invasion.33
 In early stages of OA the balance between degradationand synthesis of the pericellular matrix of chondrocytes isdisturbed.37 Animal models of secondary (posttraumatic)OA showed enhanced synthesis of collagen 2 and ag-grecan,38 as well as abnormal ECM components. Transgenicmice expressing mutant aggrecan, lacking a key aggrecanasecleavage site, demonstrated that erosion of ECM is thekey event in the biomechanical failure of the OA joint, irre-spective of whether the initiating cause was driven by in-flammation (antigen-induced arthritis) or biomechanics(meniscectomy-induced).39 Local immobilization of inflam-matory mediators could trigger a cascade of matrix degrad-ing signaling by direct contact with cellular receptors,40 basedon immunohistochemical analysis of whole joints of OA-prone guinea pigs. The gradual enhancement and temporal
 FIG. 8. Protein interaction network analysis (confidence view) for (A) upregulated genes in diseased condition, (B) matrix-related proteins, (C) receptors binding, and (D) apoptotic process. Color images available online at www.liebertpub.com/tea
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expression and tissue localization of IL-1b occurred withprogression of spontaneous OA onset. All these findingscorroborate the concept of local inflammation in OA carti-lage, rather than systemic inflammation in early stages ofdegenerative joint disease. Tiku et al. reported that chon-drocyte-derived lipid peroxidation end products mediate theoxidation of neighboring collagen fibrils in OA cartilage,leaving them susceptible to degradation.41 El-Bikai et al.supported this concept by showing that ICAM-1, integrina1b1, MMP13, extracellular signal-regulated kinases 1 and 2,and COX-2 were strongly upregulated in chondrocytes cul-tured over 4-hydroxynonenal anchored collagen 2 fibrils.42
 These findings indicate that the intimate interaction betweenreceptors of chondrocytes with inflammatory mediators an-chored to the underlying matrix or modulated matrix com-position initiates cascades of signaling pathways triggeringearly features of OA pathogenesis.
 GAG components of the ECM of native cartilage canspecifically bind to the heparin binding domains of growthfactors and cytokines and immobilize them in the ECM, sothat the cellular receptors can intimately bind to these factorsand potentiate their biological activity. For example, the for-mation of a ternary complex among fibroblast growth factors
 (FGF), their high-affinity receptors, and the proteoglycan he-paran sulfate results in activation of FGF.43 This phenomenonhas been replicated in numerous studies to develop growthfactor delivery systems or immobilization of diffusible orsoluble factors in a scaffold, for example, controlled deliveryof bone morphogenetic protein by heparin-loaded hydro-gels,44 delivery of FGF from chondroitin sulfate-chitosanscaffolds,45 and silk.23,24 The affinity of IL-1b and TNF-a forheparin sulfate46,47 provided the inspiration in the presentwork for control release of these cytokines, instead of exoge-nous addition through the media. Immobilization of cytokinesto the scaffold may enhance function by facilitating highconcentrations of cytokine accumulated on scaffold surfaces orby promoting conformation-dependent interactions of cyto-kines and their receptors on cell membranes to facilitate signaltransduction cascades. Covalent crosslinking of bioactive fac-tors with biomaterials may mask the active sites required forcytokine binding to cell surface receptors and inhibit the in-ternalization of growth factor–receptor complexes by cells.Diazonium coupling of silk scaffold had been reported toenhance cell attachment and proliferation on silk scaffolds23,24
 due to enhancement of hydrophilicity of the silk fibroin sur-face; thus, we utilized this approach in the current study.
 FIG. 9. Comparative gene ontology of OA biopsies versus tissue-engineered in vitro disease model system, compared totissue-engineered cartilage. Color images available online at www.liebertpub.com/tea
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The N-terminus of the trimeric TNF-a molecule comprisesof two basic arginines inside the short amino-acid sequenceVal-Arg-Ser-Ser-Ser-Arg (VRSSSR) (Fig. 1), which is essentialfor binding of TNF-a to heparin sulfate.48 The same domaincould be utilized for the binding of TNF-a to the diazotizedsilk to simulate in vivo conditions. The binding of IL-1b toheparin sulfate takes place at a conserved domain having thesequence Phe-Ser-Trp-Ser-Asp-Trp-Trp-Ser.29 Both the firstand second tryptophan residues in this sequence are essen-tial for tight binding of IL-1b to heparan sulfate.
 Wenk et al. reported the highest metabolic activity ofmesenchymal stem cells cultured on matrices consisting of 20sulfonic acid groups per silk fibroin molecule.24 Hence, theoptimized concentration of diazonium modified silk samplewas used for establishing the in vitro OA model. In thepresent study the fluorescence of tryptophan moleculespresent in the binding site of IL-1b was exploited to quan-titatively understand the mechanism of attachment of IL-1bto diazo-coupled silk at the sulfonic acid groups.
 Matrigel consists of components of ECM such as laminin,collagen 4, proteoglycans (heparan sulfate, glycosaminogly-cans), and entactin, which can sequester cytokines. Interest-ingly, chondrocytes cultured over cytokine-immobilized silkmatrices as well as cytokine-enriched Matrigel displayed thepresence of multiple elongated processes from cell surfaces,extending up to 15 mm into the surrounding matrix, con-firming the feasibility of using diazonium silk protein as anECM analog. The presence of such extensive elongated fi-brous structures had been reported in arthritic human tibiaplateaus.49 Holloway et al. reported the presence of extensiveelongated fibrous structures in osteoarthritic (femoral head)chondrocytes, extending up to 30 mm, which were found tobe networks of intermediate filament vimentin.50 Localiza-tion of the chondrocytes expressing these elongatedvimentin-rich processes corresponded to the prominenthistological lesions and macroscopic signs of OA patho-physiology. However, there is still no clear consensus whe-ther these vimentin-enriched extensions directly contribute
 FIG. 10. Relative expression of ADAMTS5, aggrecan, COMP1, collagen 1, collagen 2, collagen 10, MMP1, and MMP2 usingtissue-engineered cartilage, engineered in vitro OA-like model, biopsies from nondegraded region (intact cartilage biopsy),and degraded regions from two patients. Color images available online at www.liebertpub.com/tea
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to cartilage stiffness, causing localized matrix fracture/deg-radation through the release of catabolic agents from the cellprocesses,51 as seen in growth-plate cartilage. Alternatively,these extensions may be expressed only as a direct stressresponse to localized inflammatory signals. Calamia et al.also reported vimentin was the most abundant protein ex-pressed after cytokine treatment to chondrocytes.52 Interest-ingly in microarray results, vimentin was 5.8-foldupregulated in the in vitro OA model compared to the OAcartilage biopsies, whereas it was 59.98-fold upregulated inthe in vitro OA model compared to tissue-engineered carti-lage (Fig. 8D). Lambrecht et al. studied protein expressionpatterns of articular chondrocytes obtained from intact car-tilage from healthy donor, from the visually intact zones anddegenerated zones of OA cartilage, and found maximumdistorted vimentin organization in degenerated zones of OAchondrocytes compared to other samples.53
 Safranin-O staining of in vitro OA model simulated re-duced GAG accumulation like OA biopsies. Compared totissue-engineered cartilage, less accumulation of GAG in thein vitro OA model may indicate that either the chondrocyteshad produced less GAG in the presence of the matrix-embedded cytokines, or the sulfated proteoglycans weremore depleted.
 Microarray results provided further confidence for thesuccessful establishment of an in vitro disease model of OA,with the expression of similar transcripts related with matrixremodeling and matrix degradation, in accordance with theOA diseased cartilage biopsies, compared to the tissue-engineered cartilage. Several transcripts encoding collagenwere upregulated related to matrix remodeling of the oste-oarthritic cartilage, such as COL4a1, COL8a2, and COL2a1,encoding the alpha chain of one of the nonfibrillar collagens.A COL2a1 transcription factor related to chondrodysplasia-associated OA,54 which is known to be associated with earlyonset of OA, was upregulated 25.24-fold in the diseased bi-opsies as well as 12.5-fold in the in vitro disease model ascompared to the tissue-engineered cartilage.
 Cartilage oligomeric matrix protein (COMP) and cartilageintermediate layer protein (CILP) are known to be stronglyupregulated in early OA.55,56 Activation of chondrocytes andsynovial cells by proinflammatory cytokines are reported topromote expression of COMP.56 An increase in COMP ex-pression was statistically correlated with the extent of carti-lage loss using magnetic resonance images of symptomaticknee OA patients.57 In microarray results, COMP was 72-fold upregulated in OA biopsies compared to the in vitro OAmodel, whereas RT-PCR results showed similar expressionof the COMP transcript in the in vitro OA model and carti-lage from nondegraded area of OA cartilage.
 Asporin is one of the polymorphisms thought to bestrongly associated with OA susceptibility. Asporin wasfivefold upregulated in OA biopsies compared to the in vitrodisease model. Asporin acts as a negative regulator of matrixhomeostasis by inhibiting TGF-b-induced chondrogenesis,58
 eventually downregulating sox-9, aggrecanase and collagen2 expression.
 Hypertrophy of chondrocytes is considered as one of thehallmarks of OA, but expression of collagen 10 mRNA wasdownregulated in all the samples. Some studies have re-ported contradictory findings concerning hypertrophymarkers in OA. Brew et al. demonstrated that expression of
 collagen 10 was not enhanced during disease progress ofOA.59 Bluteau et al. reported an initial downregulation ofCollagen 10a1 in early stage and upregulation in later stagein rabbit anterior cruciate ligament rupture model.60 Aigneret al. identified Collagen 10a1 only in the deep zone of OAcartilage using in situ hybridization, whereas collagen 10expression was detected by immunohistochemistry in thesuperficial cartilage, but corresponding Collagen 10a1mRNA could not be observed. This might be due to differenthalf-life of the mRNA and protein.61
 In OA, collagenolysis is mediated by collagensase 1(MMP1), collagenase 2 (MMP8), and collagenase 3 (MMP13),while aggrecanolysis is predominantly mediated by ag-grecanase 1 (ADAMTS4) and aggrecanase 2 (ADAMTS5).Transcripts encoding MMP2, MMP3, ADAM28, andADAMTS32 were upregulated in cartilage biopsies, comparedto the in vitro OA-like tissue model. Surprisingly, expressionof ADAMTS5 was downregulated from OA cartilage biopsies.In contrast, RT-PCR studies demonstrated that ADAMTS5was upregulated in the degraded tissues as well as in thein vitro disease model, whereas it was downregulated in thenondegraded part of OA cartilage tissues. Expression ofMMP13, which is involved in early cartilage degeneration,and MMP2, which is only significantly detectable in late-stageosteoarthritic cartilage samples,62 was similarly expressed inmicroarray results of OA biopsies and the in vitro diseasemodel and validated by RT-PCR results.
 Surprisingly, TIMPs, which are responsible for the inhi-bition of MMPs, were highly upregulated in both systems inthe microarray results. This finding suggests homeostasisbetween the action and inhibition of the metalloproteinasegenes in early stages of OA, and an imbalance of this dy-namic equilibrium probably results in the progression of OA.Bluteau et al. identified the immediate upregulation of TIMP1 after rupturing of ligament in their rabbit OA model, butthe expression level was downregulated after 1 month.60
 A group of genes related to oxidative stress was found tobe highly upregulated in the OA biopsies, compared to thein vitro OA model. In the present study metallothionin genes,S100A6, MT1F, MT1A, TRIM44, MT2A, and MT1G, werehighly upregulated in the osteoarthritic cartilage. Thesetranscripts encode cytosolic protein products, which aremainly involved in the management of oxidative stress in thearticular cartilage.
 The interconnecting protein interaction studies establishedthat the in vitro tissue model had similarities with the in vivoosteoarthritic condition, providing some confirmation thatthis is a reasonable starting point as a disease model of OA.For example, the presence of two strong metalloproteinaseand cytokine subnetworks that are further interlinked givethese two networks their basic similarity. CD44, the majorreceptor for hyaluronan binding, helps to retain proteogly-can in the ECM and initiate a reparative response whentissue homeostasis is disturbed. Protein networks had shownclose connection of CD44 with integrin a1 and integrin b1,which could be considered as part of an attempt by thechondrocyte to repair the damaged matrix. As compared tonormal cartilage, increased immunostaining of integrin a1b1
 has been reported in osteoarthritic cartilage in a monkeycartilage OA model.63
 However, significant dissimilarity in the genes expressedand the protein interaction networks were also highlighted in
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this study, likely in part due to the differences in ECM aswell as differences in cell types present. These are issues thatcan be added in future iterations of the tissue model systemto assess improvements on the similarities reported here as afoundation for a relevant OA tissue model system.
 The gene ontological classification further confirmed thatin the in vitro disease model using matrix-anchored cytokinesresulted in the gene expression profile toward simulatingOA-related biological function categories. The genes relatedto receptor binding were upregulated significantly, showingthe effect of cytokine uptake by the chondrocytes that finallyleads to the development of OA. Genes related to the onto-logical category:collagen binding were also highly upregu-lated in the disease model, showing OA-like gene expressionrelated to matrix restoration. Further genes falling under theontological category:regulation of apoptosis were highlyupregulated, clearly showing the effect of these two proin-flammatory cytokines in the apoptosis and subsequent de-generation of cartilage tissue. Other genes related to normalphysiological processes like signal transduction via phos-phorylation events, intracellular protein kinase cascades, cellproliferation, tissue development, chemotaxis, cell develop-ment, regulation of cell communication, and ECM were alsosignificantly differentially expressed.
 While the control tissue-engineered cartilage showed theupregulation of genes in the gene ontological categories re-lated to normal physiology of the cartilage tissue, such as G-protein-coupled receptor binding, collagen metabolic pro-cess, multicellular organismal metabolic process, and ECM.
 The main strength of this study is spatial sequestration ofcytokines at the cell–matrix interface to help in formingmultimeric signaling complexes with cytokine receptors lo-calized at the focal adhesion sites of chondrocytes and directthe signal transduction to inflammatory cellular response.64
 This localization plays pivotal role in OA pathogenesis, be-cause in the absence of such focal adhesion complexes, ac-tivation of focal adhesion kinase, tyrosine phosphorylation,as well as propagation of IL-1-induced Ca2 + fluxes do nottake place.65 Ultimately, this Ca2 + release is crucial for IL-1signaling, affecting the downstream pathways involved inmatrix destruction.66 Taken together, diazonium-coupledsilk matrix could anchor cytokines in a biomimetic manner.This in vitro culture system had been used to study the effectof a localized osteoarthritic inflammatory microenvironmentin modulating the cellular morphology, reduced proteogly-can accumulation, and gene expression pattern in vitro andwas compared to cartilage biopsies from OA patients. De-spite moderated gene expression patterns in comparison tocartilage biopsies, several OA marker transcripts depictingearlier regulatory events were strongly upregulated in thein vitro disease model, compared to the OA cartilage biop-sies. Although the present study suggests a path forward toestablish in vitro disease models to identify disease origins,such as genetic pathogenesis, there remains a lot to add tothe tissue model to more fully recapitulate the in vivo state,including involvement of other cell types, mechanical injury,modulation of ECM composition, effect of matrix degrada-tion products, and aging mechanisms, among others. Otherin vitro models are being developed,67 which would offernew strategies to find specific drug targets for the preventionof OA. Hence, as an alternative to organ repair by tissueengineering and regenerative medicine, a paradigm shift
 would be to utilize tissue-engineered systems to understandand optimize disease tissue constructs to introduce selectiveor specific features to assess various signaling mechanismsand their response to selective cell or drug treatments.
 Conclusions
 Putative roles for matrix-bound cytokines in the pathologyof OA disease were identified. The data support the hy-pothesis that diazonium-coupled silk scaffolds simulated localinflammatory microenvironments consisting of the synergisticeffects of IL-1b and TNFa, in a biomimetic manner, and arecapable of inducing changes in chondrocyte morphology andphenotype that provide a basis for OA-like features. Thesimilarities in these in vitro tissue models to OA patient tran-script profiles provide a solid starting point to further improvethe system reported here for future therapeutic screening andrelated assessments. We see this tissue system as a first steptoward more complex in vitro tissue designs to emulate theOA disease state, wherein additional inputs can now be addedto build in more complexity and relevance.
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