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Abstract 

Tendon injuries are very common among the different musculoskeletal disorders 

affecting millions of people annually. Given that current treatments have failed to 

restore injured tendons to the prior to injury state, cell-based therapies hold a great 

promise to engineer functional tissue surrogates in vitro in order to restore the 

damaged tissues. However, the development of a rich in extracellular matrix tenocyte-

assembled tendon equivalent requires prolonged in vitro culture, which is associated 

with phenotypic drift. Recapitulation of tendon tissue microenvironment in vitro with 

cues that enhance and accelerate extracellular matrix synthesis and deposition, whilst 

maintaining tenocyte phenotype, may lead to functional tissue engineering cell-based 

therapies. Herein, we assessed the synergistic effect of macromolecular crowding with 

low oxygen tension or growth factor supplementation or surface topography as in vitro 

microenvironmental modulators on the behaviour of human tenocytes. 

Firstly, it was demonstrated that human tenocytes cultured at 2 % oxygen tension and 

with 50 μg/ml carrageenan (macromolecular crowder used) significantly increased 

synthesis and deposition of collagen types I, III, V and VI. Gene analysis at day 7 

illustrated that human tenocytes at 2 % oxygen tension and with 50 μg/ml carrageenan 

significantly increased expression of the extracellular matrix-related genes prolyl 4-

hydroxylase subunit alpha 1, procollagen-lysine 2-oxoglutarate 5-dioxygenase 2, the 

tendon-related markers scleraxis, tenomodulin and elastin, whilst chondrogenic (e.g. 

runt-related transcription factor 2, cartilage oligomeric matrix protein, aggrecan) and 

osteogenic (e.g. secreted phosphoprotein 1, bone gamma-carboxyglutamate protein) 

trans-differentiation markers were significantly down-regulated or remained 

unchanged. 

Then, we assessed the synergistic effect of simultaneous and serial growth factor 

(insulin growth factor-1, platelet-derived growth factor ββ, growth differentiation 

factor 5 and transforming growth factor β3) supplementation to carrageenan in human 

tenocyte function, collagen synthesis and deposition and gene expression. 

Transforming growth factor β3 supplementation (without / with carrageenan) induced 

the highest (among all groups) DNA content. In all cases, tenocyte proliferation was 

significantly increased as a function of time in culture, whilst metabolic activity was 

not affected. Carrageenan supplementation induced significantly higher collagen 

deposition than groups without carrageenan (without / with any growth factor). Of all 

the growth factors used, transforming growth factor β3 induced the highest collagen 
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deposition when used together with carrageenan in both simultaneous and serial 

fashion. At day 13, gene expression analysis revealed that transforming growth factor 

β3 in serial supplementation to carrageenan upregulated the most and downregulated 

the least collagen-and tendon-related genes and upregulated the least and 

downregulated the most osteo-, chondro-, fibrosis-and adipose-related trans-

differentiation genes. Finally, the combining effect of surface topography and 

macromolecular crowding on human tenocyte culture was analysed. Our data 

demonstrated that bidirectionally aligned electrospun fibres induced physiological 

tenocyte growth and alignment (without / with carrageenan), whilst macromolecular 

crowding enhanced and accelerated tendon-specific extracellular matrix deposition, 

which was further oriented to the direction of the electrospun fibres, recapitulating 

extracellular matrix orientation in native tendons. 

Collectively, these data advocate the use of multifactorial approaches for the 

accelerated development of functional tissue-like surrogates in vitro. 
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1.1. Introduction 

Development of cell-based tissue engineering functional therapies and accurate 

pathophysiology models relies heavily on appropriate choice of cells and culture 

conditions. The rational of this approach lays on the inherent efficiency and efficacy 

of cells to create effortlessly in vivo three-dimensional (3D) tissues. Irrespective of the 

cell type used, the development of a 3D tissue-equivalent in vitro, either for 

therapeutic or for drug discovery purposes, requires cell expansion on two-

dimensional (2D) cell culture plastic surfaces. Unfortunately, 2D cell culture fails to 

resemble important microenvironmental features of the in vivo milieu, such as the 

complex and abundant presence of tissue-specific extracellular matrix (ECM) (Figure 

1.1), resulting in loss of cellular phenotype and function, cell genetic and epigenetic 

drift is frequently reported, paracrine signalling cascades are not initiated and, due to 

the very low ECM presence, cell-ECM interactions are not imitated [1-8].  

 

Figure 1.1: Schematic representation of the complex native ECM. 
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To remedy these deficiencies of 2D cultures, 3D scaffolds have been introduced to 

imitate native tissue ECM spatial architecture. Although significant advancements in 

nano- and micro- engineering have enabled the development of elegant 3D scaffold 

systems that closely recapitulate the architectural features of native tissues [9-11], they 

are lagging behind in imitating the complex composition of native supramolecular 

assemblies. To this end, contemporary reparative and drug developing tissue 

engineering utilises cell secretome based strategies to better recapitulate ex vivo the 

multifaceted composition of the target tissues. To rationalise this, one should consider 

that cells’ secretome is a rich source of multiple bioactive and tropic molecules (e.g. 

proteins, proteoglycans, glycosaminoglycans, chemokines, cytokines, growth factors, 

remodelling enzymes) that through their properties (e.g. chemoattraction, 

immunomodulation, angiogenesis) regulate multiple cellular activities and processes 

(e.g. adhesion, proliferation, migration, differentiation, apoptosis) and contribute in 

tissue development, morphogenesis, remodelling, regeneration and disease 

manifestation, progression and metastasis [12, 13]. Despite the significant 

advancements in the field, development of 3D ECM-rich tissue engineering constructs 

requires prolonged in vitro culture. For example, in tissue repair and regeneration, the 

development of scaffold or scaffold-free ECM-rich implantable devices requires 12 

(single layer) to 35 (full thickness) days for cornea [14-16], 14 (single layer) to 50 

(full thickness) days for skin [17-19], 28 (single layer) to 130 (full thickness) days for 

cartilage [20-25], 168 days for blood vessel [26]]. The development of in vitro 

pathophysiology models based on the principles of ECM-rich approach is also 

protracted. For example, 30 days were required for the development of a 3D 

(OncoCilAir™) lung tumour model [27], 56 days for a skin fibrosis model [28], 49 

days for a skin melanoma model [29], 35 days for a bladder cancer model [30] and 21 

days for a psoriasis model [31]. Such lengthy ex vivo culture periods are associated 

with cell phenotype loss, cellular senescence and extremely high manufacturing costs. 

To substantiate this, one should consider that despite the fact that scaffold and 

scaffold-free ECM-rich strategies have shown exceptional clinical safety and 

therapeutic efficacy and efficiency for diverse indications and also ability to predict 

human response to candidate drugs and chemical exposure, only a handful of products 

have been commercialised (Table 1.1). Considering that ECM is key modulator of 

cell fate through provision of biophysical, biochemical and biological signals and 

dysregulation of ECM composition, structure, biomechanics is associated with 
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pathophysiologies [32-38], strategies that enhance and accelerate native ECM 

synthesis and deposition must be integrated into the developmental cycle of tissue 

engineering products to bridge the gap between positive therapeutic and molecular 

screening outcomes and market success. 

In order to control cell fate during ex vivo culture, various in vitro microenvironment 

modulators have been assessed, albeit with variable degree of potency. Although, 

various biophysical (e.g. surface topography [39-42], substrate rigidity [43, 44], 

mechanical stimulation [45, 46]), biochemical (e.g. oxygen tension [47], small 

molecules [48, 49]) and biological (e.g. growth factors [50-54]) approaches, alone or 

in combination [55-59], have been shown to maintain permanently differentiated cell 

phenotype and to direct stem cell lineage commitment, only marginally enhance and 

accelerate ECM synthesis and/or deposition, if at all, in culture. To this end, 

macromolecular crowding (MMC), the addition of macromolecules in the culture 

media, has been introduced with studies demonstrating an 80-120-fold increase in 

ECM deposition within 48 hours of culture [60, 61]. In subsequent sections, the 

rational of MMC in eukaryotic cell culture will be provided, followed by the principles 

that govern it and fundamental studies that established it in DNA formation, protein 

folding and enzymatic activity. Subsequently, conscious or unconscious, 

advancements and applications of MMC in eukaryotic cell culture will be discussed. 

Collectively, this work will demonstrate that MMC is a biophysical in nature 

phenomenon with major biological consequences and unprecedented potential in the 

development of functional cell-based therapies and pathophysiology models. 
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Table 1.1: Indicative examples of scaffold and scaffold-free ECM-rich tissue engineering success stories and products for reparative and drug 

development purposes. 

Field Clinical Indication Description Clinical Data / Product, Company 

Tissue engineering and 

regenerative medicine 
Cornea 

Autologous oral mucosal 

epithelial cell-sheets on 

temperature-responsive 

cell-culture surfaces with 

3T3 feeder cells for or the 

reconstruction of the 

corneal surface 

[62] 

Autologous oral mucosal 

epithelial cell-sheets for 

the reconstructing the 

ocular surface 

[63] 

Autologous limbal 

epithelial cell-sheets for 

the reconstruction of the 

corneal surface 

[64] 
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Autologous limbal 

epithelial cells on amniotic 

membrane for the 

reconstructing the corneal 

surface 

[15] 

Autologous human 

corneal epithelial cell and 

limbal stem cell sheet on a 

fibrin layer for limbal 

stem cell deficiency 

Holoclar, Chiesi Pharmaceuticals B.V. 

Skin 

Co-cultured allogeneic 

epidermal keratinocytes 

and dermal fibroblasts on 

collagen sponge (OrCel™) 

for severely burned 

wounds 

[65] 
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Autologous foetal skin 

cells on horse collagen 

sheets for paediatric burns 

[66] 

Autologous fibroblasts 

and keratinocytes on a 

bovine collagen-

glycosaminoglycan 

scaffold for full-thickness 

burns 

[67] 

Autologous full thickness 

substitute consisting of 

dermal and epidermal 

layers 

denovoSkin™, Cutiss AG 

Bioabsorbable 

polygalactin mesh matrix 

seeded with neonatal 

fibroblasts 

Dermagraft®, Advanced BioHealing, Inc. 
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Bovine collagen matrix 

seeded with neonatal 

foreskin fibroblasts and 

keratinocytes 

Apligraf®, Organogenesis Inc. 

Autologous keratinocytes 

cell-sheets attached to 

petrolatum gauze support 

Epicel®, Vericel Corp 

Cartilage 

Surgical treatment 

followed by autologous 

chondrocytes cell-sheet 

transplantation for knee 

osteoarthritis 

[68] 

Autologous cultured 

chondrocytes on porcine 

collagen membrane for 

cartilage defects 

[69, 70] 



Chapter 1 

9 

 

Autologous cultured 

chondrocytes on porcine 

collagen membrane for 

full-thickness cartilage 

defects 

MACI, Vericel Corp 

Bone 

Autologous adipose-

derived stem cells on beta-

tricalcium phosphate 

granules for cranial 

defects 

[71, 72] 

Autologous periodontal 

ligament-derived cell-

sheets for periodontal 

repair 

[73] 

Cardiac 

Autologous multi-layered 

skeletal muscle-derived 

cell-sheets for myocardial 

repair 

[74, 75] 
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Oesophagus 

Autologous epithelial cell-

sheets for preventing 

formation of strictures 

after oesophageal 

endoscopic submucosal 

dissection 

[76] 

Blood Vessel 

Autologous fibroblast cell-

sheets for tissue-

engineered blood vessel 

[26, 77] 

Allogeneic fibroblast cell-

sheets for tissue-

engineered blood vessel 

Lifeline™ vascular graft, Cytograft Tissue Engineering 

Inc. (Closed) 

Drug discovery Skin 

Keratinocytes cultured on 

a collagen matrix 
EpiSkin™, L’Oréal 

Keratinocytes cultured on 

an inert polycarbonate 

filter at the air liquid 

interface 

SkinEthic™ RHE, L’Oréal 
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Skin fibroblasts seeded on 

a collagen matrix and 

human keratinocytes 

seeded on top 

epiCS®, CellSystems GmbH 

Keratinocytes cultured on 

specially prepared tissue 

culture inserts 

EpiDerm™, MatTek Corporation 

Cornea 

Multi-layered corneal cells 

cultured on specially 

prepared cell culture 

inserts 

EpiCorneal™, MatTek Corporation 

Corneal keratinocytes 

cultivated on an inert 

polycarbonate filter at the 

air liquid interface 

SkinEthic™ HCE, L’Oréal 

Oral mucosa 
Multi-layered oral 

epithelial cells 
EpiOral™ & EpiGingival™, MatTek Corporation 
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Cells derived from a 

squamous cell carcinoma 

of the buccal mucosa 

cultivated on an inert 

polycarbonate filter at the 

air liquid interface 

SkinEthic™ HOE, L’Oréal 

Vaginal mucosa 

Highly differentiated 

structure parallels vaginal 

epithelial and dendritic 

cells 

EpiVaginal™, MatTek Corporation 

Cells derived from a 

vulvar epidermoid 

carcinoma cultivated on an 

inert polycarbonate filter 

at the air liquid interface 

SkinEthic™ HVE, L’Oréal 

Lungs 

Epithelial cells 

co-cultured with airway 

fibroblasts 

MucilAir™-HF, Epithelix SaRL 
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Lung cancer 

Multi-layered airway 

epithelium, lung 

fibroblasts and lung 

adenocarcinoma cells 

OncoCilAir™, Epithelix SaRL 
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1.2. Rationalising MMC in cell culture 

Intracellular and extracellular biochemical and biological reactions occur under 

extremely crowded conditions. To contextualise this, one should consider that the 

intracellular concentration of macromolecules (e.g. proteins, nucleic acids, 

ribonucleoproteins, polysaccharides) in prokaryotic cells (E. coli) is in the region of 

300 g/l to 400 g/l [78], 50-400 mg/ml in eukaryotic cytoplasm [79], 270-560 mg/ml 

in mitochondria [80] and 100-400 mg/ml in cell nuclei [81]. Extracellularly, the 

macromolecular concentration of body fluids ranges from 37 g/l to over 1,000 g/l (e.g. 

37 g/l human urine [82], 994 g/l rat blood [83], 1,010 g/l human synovial fluid [84], 

1,060 g/l human blood [85]) and of human tissues ranges from 900 g/l to over 2,100 

g/l (e.g. 916-950 g/l fat, 1,040 g/l brain, 1,125 g/l skin 1,220 g/l ligaments 1,990 g/l 

cortical bone, 2,160 g/l tooth [85, 86]). Yet, the present understanding of various 

biological and biochemical processes in cell culture systems has been generated from 

dilute experimental conditions, where the total concentration of macromolecules is 

never greater than 50 g/l [e.g. 11 g/l Ham's Nutrient Mixture F10, HyClone, GE Life 

Sciences, 18 g/l sodium bicarbonate Dulbecco's Modified Eagle's Medium / Nutrient 

Mixture F12 Ham's, HyClone, GE Life Sciences, 50 g/l high glucose, phenol red-

Na, sodium pyruvate, sodium bicarbonate Dulbecco's Modified Eagle's Medium, 

HyClone, GE Life Sciences, 18.4 g/l Dulbecco’s Modified Eagle’s Medium - high 

glucose, Sigma Aldrich (D0422), 18.23 g/l Dulbecco's Modified Eagle's Medium / 

Ham's Nutrient Mixture F-12, Sigma Aldrich (D8062), 16.78 g/l Minimum Essential 

Medium Eagle - Alpha modification, Sigma Aldrich (M0644), 17.16 g/l RPMI-1640 

Medium, Sigma Aldrich (R4130), 13.65 g/l Dulbecco’s Modified Eagle’s Medium - 

low glucose, Thermo Scientific (11885), 17.85 g/l Dulbecco’s Modified Eagle’s 

Medium - high glucose, Thermo Scientific (11965), 12.50 g/l Minimum Essential 

Medium Eagle - Alpha modification, Thermo Scientific (32561), 14.43 g/l Dulbecco's 

Modified Eagle's Medium / Ham's Nutrient Mixture F-12, Thermo Scientific (11320), 

12.39 g/l RPMI-1640 Medium, Thermo Scientific (11875)]. Essentially, we drown 

cells in a sea of media and then expect them to perform physiologically. No surprising, 

biochemical and biological interactions occurring in the dilute conditions not only 

significantly differ from those in the highly crowded in vivo microenvironment, but 

also the reactions kinetics are significantly slower, if they are initiated at all. To 

substantiate this, take as an example the biosynthesis of collagen, the major ECM 



Chapter 1 

15 

 

protein [87]. In the highly crowded extracellular space of living tissues, the enzymatic 

conversion of the de novo synthesised procollagen to collagen is rapid [88-90]. 

Conversely, in very dilute cell culture systems, the conversion of water-soluble 

procollagen to insoluble collagen occurs very slowly [91-94], as either the N- and C- 

proteinases are deactivated before they cleave the respective terminal N- and C- 

propeptide extensions of procollagen, or, the procollagen is dissolved before its 

conversion to collagen (Figure 1.2A). Thus, collagen deposition is only achieved by 

random ‘meeting’ of the procollagen with the proteinases or after prolonged culture 

time, when the cells have self-crowded the media. Under MMC conditions, however, 

diffusion of procollagen and proteinases in the cell culture media is prohibited and 

restrained, resulting in accelerated enzymatic procollagen conversion to collagen and 

enhanced collagen deposition (Figure 1.2B). It is worth noting that agarose overlay 

has been used as a means to accelerate the enzymatic conversion of procollagen to 

collagen [95, 96], but with significantly lower efficiency to MMC.  
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Figure 1.2: In the dilute cell culture context (-MMC), the N- and C- proteinases and 

the water-soluble procollagen are diffused and respectively deactivated and dissolved; 

their asymptomatic ‘meeting’ results in minimal amounts of deposited ECM (A). 

Under crowding conditions (+MMC), the diffusion of procollagen and N- and C- 

proteinases is restricted, enabling their ‘meeting’ and resulting in enhanced and 

accelerated ECM deposition (B). 

 

1.3. The theory of MMC 

The intracellular and extracellular environments are comprised of a high number of 

molecular species, which corresponds to a volume occupancy between 5 % and 40 % 

[97]. Fractional volume occupancy (FVO) is defined as the fraction of the total volume 

occupied by macromolecules [98]. This packing is referred to as MMC and not as 

concentrated, as no single molecular species is present at a high density [99]. As a 

result of steric hindrance or impediment, each molecule excludes other molecules 

from its vicinity, as two molecules cannot occupy the same space at the same time, a 

phenomenon termed excluded volume effect (EVE) [100]. As a function of time, in a 
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solution with increasing concentrations of new molecules, the number of possible 

ways to place additional molecules is reduced, as the volume available to the 

additional molecules is restricted only to the space that they are not excluded from 

[101]. As all molecules must avoid steric overlaps, the solution’s entropy (measure of 

the degree of randomness or disorder of a system) is reduced due to the reduction in 

the mutual space available for all of the molecules [102]. In a sense, excluded volume 

is minimised in a crowded environment, driven by the need of a system to maximise 

its entropy (reduce order / maximise disorder; second law of thermodynamics), which, 

at its maximum value, leads to the most likely distribution [103, 104]. 

MMC should not be confused with macromolecular confinement or macromolecular 

adsorption (Figure 1.3). In a sense, MMC describes the influence of mutual volume 

exclusion of macromolecules within a highly crowded, or highly volume occupied, 

structureless medium. The extra work required to transfer a molecule from a dilute to 

a crowded solution depends on the physicochemical properties (e.g. relative size, 

shape) of the molecule and the surrounding molecular species and increases in a 

nonlinear manner with increasing the size of the molecule and with fractional volume 

occupancy [105]. Macromolecular confinement describes the influence of excluded 

volume to the free energy and reactivity of a macromolecule situated in an enclosed 

environment. More specific, when the size of the confined environment is not much 

larger than that of the enclosed macromolecule, steric-repulsive interactions result in 

a reduction of the volume available. Hence work (free energy) is required to transfer 

a molecule from a non-confined solution into an enclosed environment of equal 

volume. Again, the extra work required depends on the relative sizes and shapes of 

both the confined macromolecule and the confined environment. Macromolecular 

adsorption occurs when a macromolecule is reversibly non-specifically adsorbed to 

nearby molecular species with a net charge opposite to that of the macromolecule. In 

that case, the associated free energy change is negative and its magnitude depends on 

entropic factors that vary in a non-specific manner with the size and shape of the 

molecule [106-108]. 
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Figure 1.3: Schematic illustration of macromolecular interactions based on the 

influence of macromolecular crowding (A), confinement (B) and adsorption (C). 
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1.4. MMC in DNA replication, protein folding and enzymatic activity 

Diffusion (movement of a substance from one region of space to another) is the 

fundamental mode of transport of molecules in living systems, leading to dispersion 

of individual molecules. Homogeneous dilute systems (i.e. typical culture media) 

follow normal diffusion (solute size is comparable to or greater than that of the 

solvent), whilst inhomogeneous systems (i.e. typical biological systems, such as cells) 

follow an anomalous diffusion (the solute is smaller than the solvent) [109, 110]. 

MMC dramatically affects hydrodynamic volume, resulting in modulation of chemical 

and biological equilibria [101], affecting in turn downstream reactions, such the 

folding of nucleic acids and proteins into functional shapes or conformations; the 

formation of organised macromolecular complexes inside cell nuclei; the interaction 

between enzymes and their substrates as a means to modulate their activities. To 

recapitulate the influence of MMC in the mentioned intracellular systems, various 

crowders have been applied in vitro and their effect has been assessed as summarised 

in Table 1.2. Notably, the physical properties of the crowders (e.g. shape, size, and 

charge) and the concentration of their administration showed to affect the biological 

processes in vitro. For instance, on DNA level, crowder shape and concentration play 

a critical role in DNA diffusion and configurational dynamics; compact crowders such 

as polyethylene glycol (PEG) 10 kDa and Ficoll 420 kDa caused DNA to compact, 

whilst linear crowders such as dextran 10 kDa and 500 kDa made DNA to elongate. 

Moreover, it was demonstrated that DNA mobility is reduced by increasing the 

crowders concentration independently to their structure (compact or linear) [111]. 

Additionally, elongation and retarded DNA mobility in vitro was also noticed with 

increased concentration of high molecular weight (Mw) crowders as compared to low 

Mw (dextran 500 kDa vs dextran 10 kDa) due to the less available space fluctuate 

within [112]. Besides shape, size and concentration, crowder charge influences DNA 

stability, as was evidenced by increased DNA melting point upon the addition of the 

polyanion sodium polyacrylate (NaPAA), mediated mainly due to strong electrostatic 

repulsions between DNA chains and the NaPAA polymer [113]. In the same study, 

higher Mw of NaPAA polymer induced higher DNA stabilisation, validating further 

the importance of the crowder size. Moreover, a computational model predicted that 

the polydispersity (that can be mimicked by adjusting the size of crowders in a 

homogeneous system), plays an apparent role in condensing the E. coli chromosome 

to its in vivo size [114]. Experimentally, it was confirmed that polydispersed crowders 
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occurred physiologically in the E. coli’s cytoplasm showed to compacting the bacterial 

DNA into a distinct organelle-like entity, the nucleoid [115]. 

On RNA level, MMC showed to affect gene expression by limiting diffusion [116, 

117]. By analysing the kurtosis of the mRNA distribution, it was demonstrated that 

MMC reduced ‘noise’ in a cell population by limiting the diffusion of transcription 

factors, which can be remained on promoters longer thereby removing unstable 

intermediate states. It was also noted that larger macromolecules more effectively 

reduce the ‘noise’ as compared to smaller macromolecules. Moving to protein 

formation, a simulation approach suggested that the anomalous diffusion of proteins 

searching for their target DNA sites in a crowded medium is highly dependent on size, 

shape and mobility of macromolecular crowders [118]. Other theoretical perspectives 

stated that the shape of the crowding agents, as well as their polydispersity index could 

drastically affect the cytoplasm’s thermodynamics of protein folding, association and 

aggregation [119, 120]. In a practical example examining the folding rates of the 

protein apoflavodoxin in vitro, spherical Ficoll 70 kDa induced a ∼30 % native-like 

secondary structure, followed by a slow final folding phase, whilst spherocylindrical 

dextran 70 kDa induced a ∼70 % native-like secondary structure [121]. With respect 

to the effect of particle size on protein stability, it was observed that only high Mw 

dextran (among different Mw of dextran; 6, 40 and 70 kDa) at similar concentrations 

(50 or 175 g/l) could effectively exclude the available space promoting the compaction 

of human serum albumin [122]. Similar observations were noticed testing the folding 

rates of group II intron ribozyme upon addition of different sizes PEG particles (1, 8 

and 35 kDa) [123]. However, above an optimal concentration of MMC treatment, the 

folding rates and the catalytic activity are diminished probably due to the fact that the 

average cavity size no longer fits the hydrodynamic radius of the ribozyme, thereby 

hindering either ribozyme folding or catalysis; underlying thus the importance of 

selecting an optimal crowder concentration. The latest observation was further 

emphasised when examining the effect of MMC in enzymatic activity. On one hand, 

higher concentration of PEGs (3.3 and 8 kDa) and dextran 70 kDa favoured the 

substrate binding and catalytic efficiency of Plasmodium falciparum purine 

nucleoside phosphorylase [124], while on the other hand, a concentration-dependent 

decrease in the activity of the enzymes urease, pyruvate decarboxylase and glutamate 

decarboxylase was observed in the presence of dextrans (10, 70 and 120 kDa) and 
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PEG 8 kDa, due to a decrease in the diffusion rates created by an extremely crowded 

microenvironment [125]. 

Considering the high complexity of the real biological microenvironments, the 

crowded interior is not composed of only one macromolecule in high concentration, 

but is rather made up of many different kinds of macromolecule solutes (proteins, 

nucleic acids, polysaccharides, etc.) with different shapes and sizes [101, 126]. To this 

end, several studies have examined the effect of mixed macromolecular crowding in 

vitro to resemble the physiological cell interior. A mixture of Ficoll 70 kDa, Ficoll 

400 kDa and polyvinylpyrrolidone (PVP) 360 kDa enhanced DNA / DNA and DNA / 

RNA hybridisation [127]. Mixture of dextran 70 kDa, Ficoll 70 kDa and bovine serum 

albumin (BSA) 66.5 kDa showed to enhance the kinetics of the oxidative refolding 

process of the enzyme lysozyme as compared to singe crowding agents [128]. A 

similar effect on the refolding and kinetics of rabbit muscle creatine kinase was 

observed upon administration of mixed crowders, calf thymus DNA and Ficoll 70 kDa 

(or dextran 70 kDa or PEG 200 kDa) [129]. Moreover, a theoretical approach 

predicted that an optimum mixing ratio of crowders of different sizes, allowing 

tunability of the mixture types, increases protein stability [130]. Later, it was reported 

that the simultaneous presence of Ficoll 70 kDa, dextran 40 and 70 KDa increase the 

stability of the lysozyme and α-lactalbumin proteins in vitro [131]. Finally, when 

assessing the effect of five macromolecules (dextran 6, 40, and 70 kDa, Ficoll 70 kDa, 

and PEG 8 kDa) on the modulation in the domain separation of human serum albumin, 

a greater cooperativity in the domain movement and a better stability of the protein 

was noted as compared to the components of the mixtures [132]. Collectively, these 

studies highlight the importance of the crowders’ biophysical properties in 

understanding cell biology. 
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Table 1.2: Indicative studies assessing the effect of MMC in DNA formation, protein 

folding and enzymatic activity. 

Intracellular 

systems 

examined 

Crowding 

agents 
Observations Reference 

DNA and cell 

nuclei 

PEG 1 kDa 

Enhanced DNA replication by 

increasing the activity of DNA 

helicase and by facilitating a 

compact complex between 

DNA helicase and DNA 

polymerase / trx 

[133] 

PEG 10 kDa 
Enhanced the packaging of 

DNA in the form of chromatin 
[134] 

PEG 8 kDa 

Stabilised of supercoiled 

conformations 

of DNA 

[135] 

PEG 0.2 and 8 

kDa 

Enhanced the stability of DNA 

base pairs 
[136] 

Sodium 

polyacrylate 

(NaPAA) 1.2, 8 

and 15 kDa, 

PEG 4 and 20 

kDa 

Polyanion polymers (NaPAA) 

increased stability of DNA 

base pairs. 

[113] 

Ficoll 70 kDa + 

Ficoll 400 kDa + 

PVP 360 kDa 

Enhanced DNA / DNA and 

DNA / RNA hybridisation 
[127] 

PEG 10 kDa, 

Ficoll 420 kDa, 

Dextran 10 and 

500 kDa 

Crowder structure and 

concentration affected 

differently diffusion and 

configurational dynamics of 

DNA 

[111] 
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PEG 8 kDa, 

dextran 10.5 kDa 

Contributed in the structural 

and functional integrity of 

nuclear compartments 

[137] 

Sucrose 342.3 

kDa 

Promoted chromatin 

compaction and segregation of 

many nucleoplasmic 

compounds 

[138] 

Ficoll 70 kDa, 

dextran 70 kDa 

Provided physiological 

conditions to study nuclear 

structure and functions in vitro, 

by equilibrating the opposing 

osmotic pressure caused by the 

macromolecules in the nucleus 

in vivo 

[139] 

RNA and 

protein 

PEG 0.8, 1, 8 

and 36 kDa, 

dextran 70 and 

500 kDa, Ficoll 

70 and 400 kDa 

Enhanced the interaction 

between the 30 S and 50 S 

ribosomal subunits to form 70 

S ribosomes. MMC further 

enhanced the interaction 

between 70 S particles to form 

the 100 S dimer 

[140] 

PEG 0.4 kDa, 

dextran 12 kDa 

Promoted the formation of the 

RNA tertiary structure 

(stabilisation of the GAAA 

tetraloop−receptor 

interaction motif) 

[141] 

Trimethylamine 

N-oxide (size no 

provided) 

Stabilised the Escherichia coli 

tRNAfmet tertiary structure 
[142] 

Ficoll 70 kDa 

Promoted the compaction of 

the unfolded state of the 

cellular retinoic acid-binding 

[143] 
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protein and delayed its 

unfolding kinetics 

Ficoll 70 kDa 

Promoted the native structure 

and stability of apoflavodoxin 

protein 

[144] 

Ficoll 70 kDa, 

dextran 70 kDa 

Facilitated the stability of the 

apoflavodoxin by enhancing of 

protein folding 

[121] 

BSA 66.5 kDa, 

Ficoll 70 kDa, 

dextran 70 kDa 

Facilitated the refolding of the 

denaturated GroEL protein 
[145] 

Dextran 8.8, 

10.2, 39.1, 70 

and 162 kDa 

Enhanced the self-association 

of spectrin independently of 

the dextran size 

[146] 

BSA 66.5 kDa, 

dextran 10 kDa 

BSA with Ca2+, Mg2+ 

enhanced fibrinogen self-

association. Dextran 10 kDa 

enhanced tubulin self-

association 

[147] 

BSA 66.5 kDa, 

cyanmethemoglo

bin 

BSA with +Mg2+ accelerated 

FtsZ self-association 
[148] 

Thioflavin T 

318.86 kDa, 

PEG 0.2, 0.4, 

0.6, 3.35, 6 and 

20 kDa, dextran 

70 and 138 kDa, 

Ficoll 70 and 

400 kDa 

Enhanced α-synuclein 

aggregation and fibril 

formation 

[149-151] 

PEG 0.4, 1 and 

3.35 kDa, 

dextran 10, 40.8, 

Enhanced actin polymerisation [152] 
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70, 118 and 162 

kDa 

Ficoll 70 kDa + 

dextran 40 kDa 

+ dextran 70 

KDa 

Enhanced the stability of the 

lysozyme and α-lactalbumin 
[131] 

Enzymes and 

enzymatic 

activity 

PEG 4, 8 and 20 

kDa 

Promoted the catalytic activity 

of the endonuclease DNase I 

for the hydrolysis of a 29-mer 

double-stranded DNA 

[153] 

PEG 6 kDa, 

Ficoll 70 kDa, 

BSA 66.5 kDa 

Enhanced the binding of DNA 

polymerase to DNA 
[154] 

PEG 0.2, 8 and 

35 kDa, dextran 

70 KDa, Ficoll 

70 kDa 

Enhanced the reaction rate of 

DNA ligase 
[155] 

PEG 1 kDa 
Stabilised the structure of the 

bacterial group I ribozyme 
[156, 157] 

Ficoll 70 kDa 

Enhanced the catalytic activity 

of the phosphoglycerate 

kinase, glyceraldehyde 3-

phosphate dehydrogenase, and 

acylphosphatase enzymes 

[158] 

Ficoll 70 kDa 

Enhanced the folding and the 

catalytic activity of the enzyme 

phosphoglycerate kinase 

[159] 

PEG 6 kDa 

Enhanced the catalytic activity 

of ADP‐sugar pyrophosphatase 

enzyme 

[160] 

PEG 6 kDa, 

Ficoll 70 kDa, 

Enhanced the self-association 

and the catalytic activity of the 
[161] 
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dextran (size no 

provided) 

enterobactin-specific 

isochorismate synthase activity 

PEG 0.2 and 2 

kDa, PVP 10 and 

29 kDa, Ficoll 

10 and 400 kDa, 

dextran 

1 and 50 kDa 

Dextran and Ficoll enhanced 

the formation 

of RNase A oligomers 

[162] 

PEG 0.6 and 6 

kDa 

Enhanced the catalytic activity 

of the proteolytic activity of 

the human immunodeficiency 

virus type 1 protease (HIV-1 

PR) 

[163] 

Dextran 70 kDa, 

Ficoll 70 kDa 

Enhanced the activity of the 

enzyme calcineurin by 

stabilisation of its regulatory 

domain “distal helix” 

[164] 

BSA 66.5 kDa, 

Ficoll 70 kDa 

Facilitated the fast refolding 

process of the enzyme 

lysozyme 

[165] 
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1.5. Unconscious work of MMC in eukaryotic cell culture 

Numerous studies have identified the role of macromolecules for in vitro cell culture 

to enhance the deposition of ECM; however, the principles of MMC were under-

appreciated. Therefore, we will briefly discuss this work emphasising the relevance of 

MMC on these systems (Table 1.3). A few years only after introducing MMC in cell 

biology [99], it was reported that addition of heparin or dextran sulphate on human 

skin fibroblast significantly enhanced total collagen deposition [166]. Moreover 

administration of heparin or iota-carrageenan (ιCR) or dextran sulphate 500 kDa on 

rat vascular smooth muscle cells (SMCs) induced the accumulation a collagenous 

matrix within 18-24 hours (3-15-fold over untreated cells), without affecting cell 

morphology and total protein synthesis [167, 168]. Additionally, heparin showed to 

increase the accumulation of pNal precursor chains of cartilage-related collagen type 

II on chick chondrocytes followed by a decrease in collagen type X synthesis [168]. 

Collagen type X is associated with endochondral ossification detected in hypertrophic 

cartilage [169], suggesting thus heparin may contribute to the development of 

cartilage-related ECM, promoting chondrogenic phenotype maintenance. While these 

studies provided a way to stimulate the deposition of cell-specific ECM, it remained 

uncertain how macromolecules could facilitate this process. 

Three decades ago, it was noted that the development of a stable ECM is closely 

associated with fast and accurate in vitro processing of procollagen that could be 

achieved with the incorporation of macromolecules in the culture media [170]. Hence, 

the addition of the neutral polymers PEG 4 kDa, or dextran 40 kDa, or PVP 30-40 kDa 

in human dermal fibroblast cultures enhanced the accumulation of collagen type I at 

the cell layer; neither collagen nor procollagen molecules were found in the media. 

Interestingly, collagen type I synthesis was reduced, probably due to the negative 

feedback loop mechanism, where the accumulation of a surrounding ECM affects the 

biosynthetic activity of the cells [171-173]. Later, it was demonstrated that the 

addition of dextran sulphate 500 kDa in human dermal fibroblast cultures led to an 

increased in vitro processing of procollagen type I and accumulation of collagen type 

I in the cell layer, through the fast cleavage of the C-propeptide of procollagen 

followed by a slower cleavage of the N-propeptide [174]. Inhibition of C-proteinase 

led to the accumulation of pCal(I)- and pCa2(I)-chains without further formation of 

collagen molecules, while in two culture models of defects in N-proteinase cleavage 

(sheep dermatosparaxis and a patient with Ehlers-Danlos syndrome) the 
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administration of dextran sulphate was unable to effectively process of procollagen 

into collagen. Furthermore, studying the procollagen C-proteinase activity, it was 

observed that the addition of dextran sulphate 500 kDa or PEG 3,35 kDa in vitro in a 

cell-free system enhanced the respective activities of purified procollagen C-

proteinase and purified procollagen N-proteinase [175]. Moreover, the addition of 

dextran 40 kDa on the culture media of human fibroblasts could enhance collagen type 

III deposition to the pericellular fraction, followed by a decrease of procollagen type 

III mRNA [176]. Similar to collagen type I, the formation collagen type III depends 

on the enzymatic conversion of procollagen type III into collagen type III [177, 178], 

albeit the reaction kinetics are different between these two type of collagen [179]. In 

both cases (collagen type I and collagen type III), it is suggested that the elevated rates 

of the enzymatic activity were due to the closer proximity of procollagen and 

proteinases molecules, mediated by an effective volume exclusion when 

macromolecules added to the culture media. After these observations, two studies 

examined the influence of macromolecules (dextran 40 kDa and dextran sulphate 500 

kDa respectively) in matrix deposition of human MG-63 osteosarcoma cells [180] and 

human fibroblasts harbouring a collagen I mutation [181]. 

Furthermore, supplementation of the spherical and negatively charged polysaccharide 

fucan 20 kDa (extract from brown seaweed) in the culture media of rat aorta SMCs 

increased collagen type I in the cell layer over that of the standard culture conditions 

after 24 hours [182]. Also, (3H)-hydroxyproline assay revealed that total collagen type 

I distribution in the culture media and cell layer was unaffected upon fucan treatment, 

indicating thenceforth an effective collagen type I conversion and accumulation, 

mediated by the crowding effect. In another study investigated the effect of 

glycosaminoglycan-like molecules (dextran 500 kDa, or chondroitin sulphate, or 

heparan sulphate, or sodium sulphate or dextran sulphate) on monolayer cultures of 

porcine bone marrow stromal cells, only dextran sulphate could induce aggregation of 

confluent cells followed by increased deposition of collagen type II [183]; both are 

associated with in vitro chondrogenesis of stem cells [184]. Considering the 

unavailability to detect any specific binding to the cell surface or the culture plastic 

using FITC-labelled dextran sulphate, we suggest that bone-marrow stromal cells’ 

aggregation and collagen type II deposition was promoted by a fast post-translational 

mechanism happening in a more effective volume occupancy. Also, considering that 

among the different crowders, dextran sulphate could induce in vitro chondrogenesis, 
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it becomes apparent that the chemistry of the crowders may induce downstream 

biological consequences. The latest assumption could be further strengthened when 

discussing the effect of different types of chemically modified dextran on matrix 

organisation of human dermal fibroblasts [185] and human SMCs [186]. It was 

observed that dextran 40 kDa substituted with benzylamide (B) and sulphate (Su) 

groups could induce fibril collagen organisation as compared to dextran 40 kDa, 

followed by increased accumulation of collagen type III in the cell layer of human 

dermal fibroblasts and collagen type I and III in the cell layer of human SMCs. 

Provisionally, the influence of dextran derivatives on ECM organisation could be due 

to the increased collagen deposition in vitro caused by the crowding effect. 

Besides dextran molecules other ‘particles’ such hyaluronic acid (HA) has been used 

unconsciously to exclude the available volume in in vitro culture systems affecting 

downstream biological reactions. Hence, the addition of HA in the culture media of 

human skin fibroblasts enhanced accumulation of gap junction protein Connexin-43 

(Cx43) to the plasma membrane, without increasing the expression of the 

corresponding protein [187]. Cx43 proteins oligomerises into hexameric channels in 

the endoplasmic reticulum (ER) which are subsequently transported to the plasma 

membrane, where they dock with opposing hemichannels of neighbour cells to form 

gap junctions channels promoting biological processes (e.g. cell growth and 

differentiation, maintenance of tissue homeostasis, embryonic development and ECM 

organisation) [188, 189]. In a later study, it was found that Cx43 maturation and 

accumulation is regulated by a post-translational modification involving a group of 

small ubiquitin-like modifier (SUMO) family of proteins [190]. Therefore, the 

addition of HA may create a crowded environment where SUMO proteins more 

effectively “met” and conjugated to Cx43 proteins promoting in turn functional Cx43 

gap junctions at the plasma membrane. 

Although further details of the size of HA used in the previous study were not 

provided, it was evidenced that the size of the HA plays an important role in matrix 

accumulation and organisation. In a study investigating the effect of different Mw of 

HA on human tendon derived cells, it was reported high Mw of HA (Synolis-VA® 

2000 kDa) increased collagen type I accumulation over that of untreated or cells 

treated with lower Mw of HA (Hyalgan®-600–730 kDa, Artrosulfur HA® - 1000 kDa, 

Hyalubrix®-1600 kDa) [191]. These data suggested that a higher Mw of HA more 

efficiently excluded the volume occupancy for a faster and more efficient in vitro 
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procollagen processing. Moreover, two kinds of large size HAs (Hylartil® 3000 kDa 

and Ostenil® 2000 kDa) have been also employed either alone or in combination with 

the transforming growth factor-β1 (TGF-β1) as modulators of chondrogenic 

differentiation of equine bone marrow mesenchymal stem cells (BM-MSCs) [192]. 

Supplementation of the two HAs alone demonstrated enhanced deposition of collagen 

type II and cartilage-related proteoglycans, mediated most likely due to the MMC 

effect. Finally, human chondrocytes treated with HA (Mw is not provided) stimulated 

cell aggregation, followed by collagen type II and aggrecan accumulation in both 

plastic and collagen bio-composite [193]. 

As discussed, the common element of the previous studies was the ability of 

macromolecules to enhance the deposition of cell-specific ECM; however, the MMC 

effect was unconsciously neglected to explain these results. Recently, more and more 

studies have well-identified the relevance of adding macromolecules of different 

biophysical properties in tissue culture systems, prioritising their relevance in 

excluded the available volume to more efficiently create ECM-rich tissue equivalents. 

 

1.6. Conscious work of MMC in eukaryotic cell culture 

1.6.1. Influence of macromolecular crowders in ECM synthesis and deposition 

Besides the unconscious work, several studies have documented the biological 

relevance of MMC in the field of tissue engineering. To this end, various 

macromolecular crowders with distinct biophysical properties have been applied to 

prepare in vitro tissue equivalents as summarised in Table 1.3. Initially, it was 

reported that negatively charged and high molecular weight macromolecules control 

MMC in cell culture. Indeed, large negatively charged macromolecules were reported 

to more effectively process the in vitro conversion of procollagen into collagen [194]. 

When testing the effect of two crowders of similar size at the same concentration of 

100 μg/ml, but with neutral (dextran ND670; 670 kDa) and negative (dextran sulphate 

500 kDa) charge on collagen deposition of normal embryonic lung fibroblasts and 

adult hypertrophic scar fibroblasts, dextran sulphate could promote significant higher 

collagen accumulation and lysyl oxidase (LOX) activity as compared to dextran 

ND670. Negatively charged macromolecules demonstrated higher hydrodynamic 

radius, which resulted in a larger volume due to charge effects and hydration. Within 

a confined space created by dextran sulphate, an increased interaction of the 

procollagen with the C- and N-proteinases was reported, leading to increased collagen 
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type I deposition. Moreover, it has been proposed that high % FVO is as key inducer 

of enhanced ECM deposition. Thus, high % FVO dextran sulphate 500 kDa showed 

to induce significantly higher ECM deposition as compared to the low % FVO dextran 

sulphate 10 KDa, Ficoll 70 kDa and Ficoll 400 kDa when added in the culture media 

of human lung fibroblasts [195]. However, in the same study, it was observed that the 

lowest % FVO polysodium-4-styrene sulfonate 200 kDa (PSS) enhanced ECM 

deposition ~10 fold more than dextran sulphate 500 kDa. This can be explained as the 

highly negative charge of PSS (3-4 times higher ζ-potential as compared to dextran 

sulphate 500 kDa) induced stronger electrostatic repulsion to the negatively charged 

procollagen inducing in turn additional volume exclusion. Notably, in another study 

was reported that the lowest % FVO polyvinylpyrrolidone (PVP) 40 kDa induced 

higher ECM deposition to the highest % FVO PVP 360 kDa [196] in dermal 

fibroblasts and BM-MSCs. Further, high % FVO dextran sulphate 500 kDa induced 

the same collagen type I deposition to low % FVO dextran sulphate 100 kDa in dermal 

fibroblasts, whilst no differences were observed between Ficoll 70 kDa to Ficoll 400 

kDa and their cocktail [197], questioning therefore the theory that high % FVO induce 

higher ECM deposition. 

Recently, it was advocated that the negative charge and the polydispersity of the 

crowders play an apparent role in enhanced ECM deposition. Polydispersity refers to 

the size heterogeneity of particles, which contributes in maximising the excluded 

volume effect, as the larger molecules exclude most of the volume, whilst smaller ones 

can still fill in empty spaces available, increasing the confinement in the given 

microenvironment. Hence, CR a negatively charged and highly polydispersed 

sulphated polysaccharide, induced significantly higher ECM deposition than dextran 

sulphate 10, 100 and 500 kDa alone or in cocktail (negatively charged and medium 

dispersity, even in cocktail) and Ficoll 70, 400 and 1,000 kDa alone or in cocktail 

(neutral and low dispersity, even in cocktail) in dermal fibroblasts [197]. Significant 

higher ECM deposition was also demonstrated upon CR addition in the culture media 

of WS-1 and WI-38 lung fibroblasts as compared to dextran 500 kDa or Ficoll 70 and 

400 kDa cocktail [60]. 

With respect to crowder’s chemistry, it was reported that they cause biological 

consequences to the examined systems. For instance, dextran sulphate 500 kDa 

induced myofibroblast trans-differentiation in human corneal fibroblast cultures [198], 

whilst CR [198] and the Ficoll 70 KDa / 400 KDa cocktail [199] sustained the corneal 
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fibroblasts’ physiological protein and gene expression. Additionally, it has been 

reported that CR significantly increase chondrogenic and osteogenic differentiation, 

without affecting adipogenic differentiation of human BM-MSCs [200]. Moreover, 

other studies have shown the Ficoll 70 KDa / 400 KDa cocktail to enhance the 

osteogenic and adipogenic differentiation of human adipose-derived stem cells 

(ASCs) [201], fasten the adipogenic differentiation protocols of human BM-MSCs 

[202, 203], whilst dextran sulphate 500 kDa enhanced the adipogenic and osteogenic 

differentiation of human BM-MSCs [204]. 

 

1.6.2. Building bioactive matrices using MMC for stem cell culture 

Previous research suggested that an engineered microenvironment by using 

decellularised matrices supported MSCs self-renewal and proliferation while 

maintaining multipotentiality during extensive ex vivo expansion [205]. Instead, loss 

of stem cell properties was propagated when cultured on a standard tissue culture 

plastic surface. To this end, the concept of MMC was utilised to prepare bio-assembled 

cell-specific matrices for stem cell culture. The addition of a crowding mixture 

composed of dextran sulphate 500 kDa and Ficoll 70 kDa and Ficoll 400 kDa in human 

WI-38 lung fibroblasts promoted the deposition of an ECM-rich analogue. 

Afterwards, the cell specific ECM was decellularised and served as a bioactive matrix 

for the expansion and in vitro phenotypic maintenance of human hematopoietic stem 

and progenitor cells (HSPCs) [206]. Besides improving the propagation of stem cells 

in culture, ECM contributes in stem cell differentiation, as was evidenced by the 

osteogenic differentiation of human MSCs and murine embryonic stem cells when 

cultured on decellularised generated mineralised ECM and bone-specific ECM 

derived from osteogenic cells [207, 208]. Similar to these observations, decellularised 

adipocyte matrix created under MMC conditions (mixture of dextran sulphate 10 kDa, 

Ficoll 70 kDa and Ficoll 400 kDa) significantly enhanced the adipogenic 

differentiation of human BM-MSCs [209]. Furthermore, the addition of dextran 

sulphate in the human retinal pigment epithelium (RPE) cell line ARPE19, resulted in 

the enhanced deposition of ARPE19-specific ECM, recapitulating the Bruch’s 

membrane. Afterwards, the ARPE19-specific ECM was decellularised and it was used 

to effectively stimulate human episomal induced pluripotent stem cells (iPSCs)’ 

differentiation into RPE cells [210]. 
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1.6.3. MMC as a tool to examine pathophysiological conditions 

Apart from mimicking the physiological density of the cell-specific ECM, MMC has 

been applied as a valuable tool to recapitulate pathophysiological conditions for the 

investigation of potent treatments. The addition of dextran sulphate 500 kDa or Ficoll 

70 and 400 kDa cocktail in combination with transforming growth factor beta 1 (TGF-

β1) in the media of WI-38 lung fibroblasts for 6 days outperformed two fibroplasia 

models in terms of collagen and fibronectin deposition, cultured for 18 and 8 days 

respectively [211]. Fibroplasia or fibrosis is characterised by an excessive production 

and deposition of collagen in the ECM, leading to the formation of scar tissue with 

associated loss of function. However, fibrogenic cells in monolayer culture do not 

deposit significant amounts of collagen and thus cannot be used as an in vitro model 

for the development of effective antifibrotic compounds. Therefore, the addition of 

crowders can create a fibrotic-like model which in turn can be used to evaluate potent 

treatments. Furthermore, fibrotic- and scarred vocal folds (VF)-like models using 

MMC were also established to mimic laryngeal fibrosis. Supplementation of Ficoll70 

kDa and Ficoll 400 kDa cocktail with TGF-β1 in a rat [212] and human [213] VF 

fibroblasts increased the deposition of collagen type I, the main target of the fibrosis 

research, and increased accumulation of other ECM components such as collagen type 

III, HA and fibronectin as compared to uncrowded conditions. Also, increased 

expression of alpha-smooth muscle actin (α-SMA) was noted; common characteristic 

of fibrosis [211]. Using this model, hepatocyte growth factor (HGF) and Botox type 

A were assessed as antifibrotic compounds as previously discussed [214, 215], 

reducing collagen and fibronectin production and deposition and down-regulated the 

expression of α-SMA. 

 

1.6.4. Reducing serum supplementation in cell culture practices using MMC 

Despite its utility, many scientists have been trying to reduce animal serum in culture 

media because of ethical considerations, rising costs, batch variability, and concerns 

over infectious agents [216]. Also, high serum concentration is often associated with 

phenotypic drift and unintended trans-differentiation. [217-221]. MMC was used as a 

tool to reduce animal serum in in vitro cell practices. The addition of 75 μg/ml CR in 

human osteoblast and tenocyte in vitro cultures, accelerated the deposition of tissue 

specific ECM at low serum concentration [5% of foetal bovine serum (FBS)] without 

compromising cellular processes such as cell survival, proliferation and metabolic 
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activity [60]. Possibly, the addition of macromolecules in the culture media enhanced 

the efficiency of growth factors, survival signals and mitogens existing in the serum 

even at low concentrations, suggesting an alternative to the use of high sera 

supplementation. In another study, administration of Ficoll 70 kDa / 400 kDa cocktail 

in the culture media of human corneal fibroblast revealed the presence of ECM-rich 

assemblies within 6 days in culture at the intercellular regions of corneal fibroblasts 

even at a low concentration of serum/or without (0.5 % human serum (HS) and 0 % 

of new-born calf serum respectively) compared to cells cultured containing 10 % HS 

or new-born calf serum without MMC [199]. Abundant ECM deposition was also 

observed when CR was added in the low serum media (0.5 % HS) of human corneal 

fibroblasts [198]. In order to augment the development of in vitro ECM-rich surrogates 

under low serum conditions, MMC was coupled with hypoxia; a key modulator for 

various biological processes (e.g. cell proliferation, migration, angiogenesis and ECM 

synthesis) [222, 223]. When both cell types were cultured with 75 μg/ml CR and low 

(0.5 %) FBS concentration at 2 % oxygen tension, deposited significantly more ECM 

after 14 days than that in cells grown at 20 % oxygen tension, 10 % concentration of 

FBS and in the absence of CR [224, 225].  

 

1.6.5. Modulate cell phenotype in vitro 

In cell-based therapies for tissue engineering applications, it is critical to maintain cell 

phenotype during in vitro cell expansion or differentiate stem cells, while enhancing 

ECM deposition. Considering the complex architecture of native tissues, it is unlikely 

that the implementation of only MMC as a microenvironmental modulator will 

motivate functional therapy; and thereafter, multifactorial approaches are gaining 

popularity [226-228]. A combination of MMC with other microenvironmental 

beacons, such as low oxygen tension and/or mechanical stimulation, has been applied 

for the development of in vitro biomimetic tissue substrates. Hence, human BM-MSCs 

cultured at 2 % oxygen tension (physiological oxygen tension) and CR intensified 

ECM deposition as revealed by increased deposition of collagen type I and III after 14 

days, while the expression of surface markers and transcription factors were not 

altered as a function of MMC and low oxygen tension, indicating maintenance of the 

multilineage potential of human BM-MSCs [61]. Multifactorial bottom-up 

bioengineering approaches, incorporating MMC and mechanical loading, have been 

employed to maintain the phenotype of tenocytes in vitro and to differentiate human 
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BM-MSCs or trans-differentiating neonatal and adult dermal fibroblasts toward 

tenogenic lineage [229]. CR and 10 % uniaxial strain resulted in enhanced deposition 

of cell-specific ECM aligned perpendicularly to the direction of mechanical 

stimulation. Gene expression analysis indicated that the synergistic effect of the two 

microenvironmental cues, maintained tenocyte phenotype in vitro, whereas no effect 

was noticed on the phenotype of human BM-MSCs and neonatal and adult dermal 

fibroblasts. Moreover, unpublished observations revealed that CR in combination with 

surface topography (grooved substrates) and surface coating with collagen type I 

maintained the phenotype of tenocytes in vitro and directed human BM-MSCs towards 

tenogenic lineage, as was evidenced by the increased deposition of tenocyte-related 

ECM and the up-regulation of tenogenic gene markers [230]. 

Collectively, incorporation of MMC with biochemical (e.g. low oxygen tension, 

vitamins, carbohydrates and amino acids) biophysical (e.g. surface topography, 

substrate stiffness and electric fields), and biological (e.g. growth factors, genes, 

cytokines and co-culture systems) microenvironmental modulators, remains still a 

challenging approach for the creation of more sophisticated tissue constructs for tissue 

engineering and regenerative applications.
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Table 1.3: Macromolecular crowders used in vitro for eukaryotic cell culture. 

Macromolecular 

crowder 
Purpose In vitro system Outcome Reference 

Unconscious work of MMC 

Heparin ~17 to 19 kDa 

(100 μg/ml) and dextran 

sulphate (100 μg/ml) 

Effect of heparin and dextran 

sulphate on the production of 

collagen and protein in diabetic 

and non-diabetic human skin 

fibroblast cultures 

Diabetic and non-

diabetic human skin 

fibroblast 

Enhanced total collagen deposition on 

non-diabetic fibroblasts. Heparin 

enhanced collagen deposition on 

diabetic type 1 and 2 skin fibroblast and 

dextran sulphate on diabetic type 1 skin 

fibroblasts 

[166] 

Heparin ~17 to 19 kDa 

(100 μg/ml), ι-CR above 

100 kDa (100 μg/ml) 

and dextran sulphate 

500 kDa (100 μg/ml) 

Modulate the collagen 

phenotype of vascular smooth 

muscle cells 

Rat vascular SMCs 
Increased accumulation of a 60 kDa 

collagenous protein 
[167] 
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Heparin ~17 to 19 kDa 

(100 μg/ml) 

Effect of heparin on the 

synthesis and assembly of short 

chains of collagen 

Chick chondrocytes and 

rat vascular SMCs 

Increased accumulation of pNal 

precursor chains of collagen type II in 

chondrocytes and accumulation of a 

short collagenous protein in rat vascular 

SMCs 

[168] 

PEG 4 kDa, dextran 40 

kDa and PVP 30-40 kDa 

(50 mg/ml) 

Effect of macromolecules in the 

in vitro processing of 

procollagen type I 

Human dermal 

fibroblasts 

Enhanced accumulation of collagen 

type I to the cell layer, unchanged total 

protein production, decreased collagen 

type I synthesis 

[170] 

Dextran sulphate 500 

kDa (100 μg/ml) 

Assessment of in vitro 

procollagen type I processing 

Human dermal 

fibroblasts 

Increased in vitro processing of 

procollagen type I and accumulation of 

collagen type I in the cell layer 

[174] 

Dextran sulphate 500 

kDa (25 to 100 μg/ml), 

PEG 3,35 kDa (30 to 50 

mg/ml) 

In vitro procollagen type I 

cleavage by C- and N-

proteinases 

Aggregates of type I 

procollagen from chick 

embryo tendons 

Increased the rates of procollagen type I 

cleavage by procollagen C-proteinases 

and procollagen N-proteinases 

[175] 

Dextran 40 kDa (50 

mg/ml) 

Assessment of synthesis, 

secretion and deposition 

of type III collagen 

Human skin fibroblasts 
Increased deposition of collagen type 

III 
[176] 



Chapter 1 

38 

 

Dextran 40 kDa (50 

mg/ml) 

Development of an in vitro 

osteosarcoma model 

Human MG-63 

osteosarcoma cells 

Increased deposition of collagen type I 

and III 
[180] 

Dextran sulphate 500 

kDa (500 μg/ml) 

Assessment of a point mutation 

in collagen type I 
Human skin fibroblasts 

Increased processing of collagen type I 

in mutated and normal cells 
[181] 

Fucan 20 kDa (400 

μg/ml) 

Effect in collagen synthesis and 

deposition 
Rat aorta SMCs 

Increased collagen type I accumulation 

in cell layer 
[182] 

Chondroitin sulphate 

0.46 kDa (100 mg/ml), 

dermatan sulphate 0.47 

kDa (100 mg/ml), 

dextran 500 kDa (100 

μg/ml), and dextran 

sulphate (100 μg/ml) 

Effect of glycosaminoglycan-

like molecules in chondrogenic 

differentiation 

Porcine bone-marrow 

stromal cells 

Dextran sulphate enhanced collagen 

type II deposition and induced bone-

marrow stromal cells’ aggregation 

[183] 
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Dextran derivatives 

LS12 and LS24 DMCB 

(substituted with 

methylcarboxylate 

groups), LS23 DMCSu 

(substituted with 

methylcarboxylate and 

sulphate groups) and 

LS21 DMCBSu 

(substituted with with 

methylcarboxylate, 

benzylamide and 

sulphate groups), 59 to 

100 kDa (10 μg/ml) 

Effect of dextran derivatives on 

ECM organisation 
Human skin fibroblasts 

LS21 DMCBSu induced collagen fibril 

organisation, increased collagen type III 

deposition 

[185] 

Chemically modified 

dextrans 51.1 to 77.4 

kDa (400 μg/ml) 

Effect proliferation and ECM 

synthesis and accumulation 
Pig vascular SMCs 

Benzylamide sulphated dextrans 

enhanced collagen type I and III 

deposition in the cell layer compartment 

[186] 
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Hyaluronic acid (400 

μg/ml) 

Modulation of human fibroblast 

gap junction intercellular 

communication 

Human skin fibroblasts 

Increased accumulation of gap junction 

protein Connexin-43 (Cx43) to the 

plasma membrane, leading to enhanced 

gap junction intercellular 

communication 

[187] 

Hyaluronic acid 2000 

kDa, 1600 kDa, 1000 

kDa, 600-700 kDa 

(1000 μg/ml) 

Effect on ECM accumulation 

and organisation 

Human tendon derived 

cells 

Higher Mw HA increased collagen type 

I deposition 
[191] 

Hyaluronic acid 3000 

kDa and 2000 kDa (100 

μg/ml) 

Modulation of chondrogenic 

differentiation 
Equine BM-MCSs 

Enhanced deposition of collagen type II 

and cartilage-related proteoglycans 
[192] 

Hyaluronic acid (Mw 

wasn not provided) (100 

μg/ml) 

Effect in chondrocytes Human chondrocytes 

Increased cell proliferation, enhanced 

collagen type II and aggrecan 

deposition 

[193] 
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Conscious work of MMC 

Dextran 670 kDa, 

dextran sulphate 500 

kDa (100 μg/ml) 

Effect of negatively charged 

macromolecules in the in vitro 

procollagen processing 

Human embryonic lung 

fibroblasts and adult 

hypertrophic scar 

fibroblasts 

Dextran sulphate enhanced collagen 

accumulation and increased LOX 

activity relative to dextran ND670 

[194] 

Dextran sulphate 10 

kDa, dextran sulphate 

500 kDa 

Polysodium-4- 

Styrene 200 kDa (100 

μg/ml), 

Ficoll 70 kDa (50 

mg/ml) and 

Ficoll 400 kDa (50 

mg/ml) 

Effect of negatively charged 

macromolecules in matrix 

deposition 

Human lung (WI-38) 

fibroblasts 

Dextran sulphate and PSS accelerated 

the conversion of procollagen type I to 

collagen type I. 

Crowder size and charge affect ECM 

deposition 

[195] 



Chapter 1 

42 

 

Ficoll 70 kDa (18.75 

mg/ml) and 

Ficoll 400 kDa (12.5 

mg/ml) cocktail 9 % v/v 

FVO, 

PVP 40 kDa (21.5 

mg/ml) 18 % v/v FVO, 

PVP 360 kDa (11.34 

mg/ml) 54 % v/v FVO 

Assessment of ECM deposition 

Human dermal 

fibroblasts and human 

BM-MSCs 

Enhanced collagen type I, IV and 

fibronectin deposition and increased 

cell proliferation 

[196] 

CR (100 μg/ml), Ficoll 

70 kDa (37.5 mg/ml), 

Ficoll 400 kDa (25 

mg/ml), dextran 100 

kDa (100 μg/ml), 

dextran 500 kDa (100 

μg/ml) 

Assessment of ECM deposition 
Human dermal 

fibroblasts 

CR induced the highest deposition of 

collagen type I due to its negative 

charge and inherent polydispersity 

[197] 
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CR (75 μg/ml), dextran 

500 kDa (100 μg/ml), 

Ficoll 70 kDa (37.5 

mg/ml) and Ficoll 400 

kDa (25 mg/ml) cocktail 

Assessment of ECM deposition 
Human WS-1 and W38 

fibroblasts 

CR more efficiently increased 

deposition of collagen type I and 

fibronectin as compared to dextran 500 

kDa and Ficoll cocktail 

[60] 

Dextran sulphate 500 

kDa (100 μg/ml), CR 

(75 μg/ml) 

Assessment of ECM deposition 

at low serum concentration 

Human corneal 

fibroblasts 

CR at 0.5% serum, Increased tissue-

specific matrix deposition, whilst 

maintaining physiological cell 

morphology and protein/gene 

expression. Dextran sulphate drive 

corneal fibroblasts towards a 

myofibroblast lineage. 

[198] 

Ficoll 70 kDa (37.5 

mg/ml) and Ficoll 400 

kDa (25 mg/ml) cocktail 

Assessment of ECM deposition 

at low serum concentration 

Human corneal 

fibroblasts 

Enhanced deposition of collagen type I, 

III, IV, V, VI and fibronectin 
[199] 
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CR (100 μg/ml) 

Influence of CR in pre-

condition and tri-lineage 

differentiation of human BM-

MSCs when cultured with 

osteo-, chondro-, and adipose-

inductive culture media 

Human BM-MSCs 

Enhanced extracellular matrix 

deposition and promoted 

chondrogenesis and osteogenesis but 

not adipogenesis 

[200] 

Ficoll 70 kDa (37.5 

mg/ml) and Ficoll 400 

kDa (25 mg/ml) cocktail 

Assessment of multilineage 

differentiation using different 

culture media 

Human ASCs 

Increased deposition of mineralised 

matrix using osteogenic media. 

Increased collagen type IV deposition 

using adipogenic media. Attenuated 

chondrogenic differentiation 

[201] 

Ficoll 70 kDa (37.5 

mg/ml) and Ficoll 400 

kDa (25 mg/ml) cocktail 

Fasten the protocol of 

adipogenic differentiation 
Human BM-MSCs 

Enhanced deposition of collagen type 

IV and perlecan. Up-regulation of 

adipogenic markers 

[202] 

Ficoll 70 kDa (37.5 

mg/ml) and Ficoll 400 

kDa (25 mg/ml) cocktail 

Fasten the differentiation 

protocol into brown adipocytes 
Human BM-MSCs 

Increased accumulation of collagen 

type IV. Up-regulation of UCP1 

[203] 
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Dextran sulphate 500 

kDa (100 μg/ml) 

Fasten the protocol of 

adipogenic and osteogenic 

differentiation – effect of 

dextran sulphate on ECM 

deposition 

Human BM-MSCs 

Increased adipogenesis and 

osteogenesis with enhanced ECM 

deposition. Dextran sulphate facilitates 

binding and aggregation of fibronectin 

and collagen type I via electrostatic 

forces 

[204] 

Dextran sulphate 500 

kDa (100 μg/ml), Ficoll 

70 kDa (37.5 mg/ml) 

and Ficoll 400 kDa (25 

mg/ml) cocktail 

Development of ECM-rich 

matrices for hESCs culture 

Human WI-31 lung 

fibroblasts 

Increased deposition of ECM. 

Development of ECM-rich substitutes 

for increased propagation and 

pluripotent capacity of hESCs 

[206] 

Dextran sulphate 10 kDa 

(100 μg/ml), Ficoll 70 

kDa (50 mg/ml) and 

Ficoll 400 kDa (50 

mg/ml) cocktail 

Development of adipo-ECM 

rich matrices for adipogenic 

differentiation of hBM-MSCs 

Human BM-MSCs 

Enhanced deposition of collagen type 

IV and perlecan. Development of 

adipose-related matrix 

[209] 
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Dextran sulphate (Mw 

was not provided) (200 

μg/ml) 

Development of a Bruch’s 

membrane ECM to stimulate 

iPSCs’ differentiation into RPE 

cells 

Human ARPE19 cells 

Increased accumulation of collagen 

type IV, V and VI, fibronectin, 

vitronectin and elastin 

[210] 

Dextran sulphate 500 

kDa (100 μg/ml), Ficoll 

70 kDa (37.5 mg/ml) 

and Ficoll 400 kDa (25 

mg/ml) cocktail 

Development of fibrotic-like 

models 

Human WI-38 lung 

fibroblasts 

Increased collagen type I and 

fibronectin deposition 
[211] 

Ficoll 70 kDa (37.5 

mg/ml) and Ficoll 400 

kDa (25 mg/ml) cocktail 

Development of a fibrotic- and 

scarred VF-like model 
Rat VF fibroblasts 

Increased deposition of collagen type I, 

III, HA and fibronectin 
[212] 

Ficoll 70 kDa (37.5 

mg/ml) and Ficoll 400 

kDa (25 mg/ml) cocktail 

Development of an in vitro 

human VF fibrosis model 
Human VF fibroblasts 

Increased deposition of collagen type I 

and fibronectin. Increased α-SMA 

expression 

[213] 
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Ficoll 70 kDa (37.5 

mg/ml) and Ficoll 400 

kDa (25 mg/ml) cocktail 

Development of dermal-

epidermal junction 

Human dermal 

fibroblasts and 

keratinocytes 

Increased deposition of collagen type I, 

IV, and fibronectin for dermal 

fibroblasts. Increased accumulation of 

collagen type IV and fibronectin for 

keratinocytes. Enhanced production and 

deposition of collagen type VII 

[231] 

CR (100 μg/ml) 

Evaluation of the effectiveness 

of a commercially available 

chondrogenic culture media 

Human chondrocytes Enhanced ECM deposition [232] 

Ficoll 70 kDa (37.5 

mg/ml) and Ficoll 400 

kDa (25 mg/ml) cocktail 

Effect in a 2D and a 3D model Porcine chondrocytes 

Increased collagen type II deposition, 

increased production of total GAG and 

total collagen in monolayer cell culture 

[233] 

Ficoll 70 kDa (37.5 

mg/ml) and Ficoll 400 

kDa (25 mg/ml) cocktail 

Effect in ECM deposition and 

alignment 
Human BM-MSCs 

Increased assembly of collagen type I, 

IV and fibronectin. Alignment of ECM 

and cytoskeleton 

[234] 

CR (75 μg/ml) 

Assessment of ECM deposition 

at low serum concentration and 

low oxygen tension (2 %) 

Human dermal 

fibroblasts 

Enhanced deposition of collagen type I, 

III, IV, V and fibronectin 
[224] 
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CR (75 μg/ml) 

Assessment of ECM deposition 

at low serum concentration and 

low oxygen tension (2 %) 

Human corneal 

fibroblasts 

Enhanced deposition of collagen type I, 

V, VI and fibronectin 
[225] 

CR (100 μg/ml) at low 

oxygen tension (2 %) 

Assessment of multilineage 

potential of hBM-MSCs 
Human BM-MSCs 

Increased deposition of collagen type I 

and III. Maintenance of the 

multilineage potential 

[61] 

CR (100 μg/ml) and 10 

% uniaxial strain 

Maintenance of tenogenic 

phenotype and differentiation of 

BM-MSCs or trans-

differentiation of neonatal and 

adult dermal fibroblasts towards 

tenogenic lineage 

Human tenocytes, BM-

MSCs, neonatal and 

adult dermal fibroblasts 

Enhanced and aligned deposition of 

cell-specific ECM. Induced 

maintenance of tenogenic phenotype, 

while no effect was noticed on the 

phenotype of BM-MSCs, neonatal and 

adult dermal fibroblasts 

[229] 
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CR (100 μg/ml) and 

substrate stiffness and 

grooved topography and 

collagen type I coating 

Maintenance of tenogenic 

phenotype and differentiation of 

BM-MSCs or trans-

differentiation adult dermal 

fibroblasts towards tenogenic 

lineage 

Human tenocytes, BM-

MSCs and adult dermal 

fibroblasts 

The combination of MMC, grooved 

surface topography and collagen type I 

coating enhanced the deposition of cell-

specific ECM, while stimulated the 

tenogenic phenotype maintenance, 

differentiation and trans-differentiation 

of tenocytes, BMSCs and dermal 

fibroblasts. Substrate stiffness did not 

affect the tenogenic promotion of 

tenocytes or dermal fibroblasts, while in 

combination with the other cues, 

promoted the tenogenic differentiation 

of BM-MSCs 

[230] 
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1.7. The rationale of using MMC in tendon tissue engineering and regenerative 

medicine 

Tendons connect muscle to bone transmitting the forces generated by these tissues 

allowing body movement and buffering energy absorption to prevent muscle damage 

[235, 236]. Due to the high physical demand, tendon injuries are very common among 

the different musculoskeletal disorders, accounting for more than 30 million tendon-

related procedures worldwide annually [237]. Given that most of the tendon damages 

occur in individuals over 40 years old, due to overuse or age-related degeneration 

[238], and as the population ages, it is estimated that the incidents of tendon injuries 

and the associated healthcare costs will be increased. Current treatments, such as 

conservative strategies (e.g. immobilisation, eccentric exercises, shock wave therapy, 

steroid injections, and laser phototherapy) or surgery have failed to restore the prior to 

injury state [238, 239]. For instance, immobilisation following injury, which requires 

often prolonged resting time may cause further pathological changes to the tissue 

[240]. Eccentric exercise and shock wave therapy are effective methods for the 

reduction of the pain, improving also tendon strength; however, their ability to fully 

restore tendon function pre-injury remains questionable [241, 242]. Injections with 

steroid can provide pain relief faster [243], but can also induce further tissue damage 

[244], whilst laser phototherapy can enhance collagen production [245], but this is 

translated to improved function [246]. Surgical procedures can ameliorate tendon 

healing, yet their efficacy is dependent on rehabilitation protocols that are inconsistent 

across studies [247-249]. The standard surgical procedures involve sutures, whereas 

the use of autografts, allografts and xenografts to connect tendon tissues, may cause 

adverse effects such as donor site morbidity [250], immune rejection and disease 

transmission [251, 252]. Moreover, in cases where surgical methods have failed to 

fully repair the damaged tissue, tendon becomes susceptible to re-injury and chronic 

diseases may be developed [253, 254]. To this end, cell-based strategies hold a great 

promise to engineer functional tendon-like equivalents that will overcome these 

complications, improving tendon function to prior to injury state and preventing re-

rupture. 

Tendons are densely packed fibrous connective tissues, composed of hierarchically 

assembled collagen type I fibrils arranged in a three-dimensional crystalline lattice. 

The highly bidirectionally alignment of collagen inside tendons is responsible for the 

transmission and the absorption of mechanical loads, the structural integrity, and the 
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elongated morphology of resident cells. Collagen type I is the major collagenous 

component (~95%) of the tendon ECM that provides strength, stiffness and resist 

tension [87, 255]. Collagen type III and type V are the next more abundant collagens 

in tendon ECM [255, 256]. Collagen type III is mainly produced in the tendon core at 

higher quantities during the early stages of the tendon healing process [257]; collagen 

type V co-assembles with collagen type I regulating fibril growth and diameter [256, 

258]. Other collagen types such as II, IV, VI, IX, X and XI, are presented in trace 

amounts [259, 260]. The remaining of the tendon ECM is composed of 

glycosaminoglycans (e.g. hyaluronic acid, chondroitin sulphate, dermatan sulphate, 

keratan sulphate), and proteoglycans (e.g. decorin, versican, biglycan, fibromodulin, 

and lumican) responsible for the physiological matrix assembly, the response to 

mechanical loading, and the cell function [261-263]. This complex ECM is 

synthesised by various cell populations that are presented in tendons and are involved 

in tissue’s structural integrity. Tenocytes and tenoblasts make up 90-95 % of the cell 

population, whereas the remaining 5-10 % is comprised of chondrocytes, synovial 

cells, vascular endothelial cells, smooth muscle cells, and tendon stem cells [255, 264, 

265].  

Among the different cell populations, tenocytes and have been proposed as the most 

suitable cell population to target for tendon repair and regeneration, since they are 

highly specialised cells producing tendon-specific ECM. However, such approaches 

require the isolation of a large amount of tenocytes from tendon, a tissue with low 

cellularity [266]. Furthermore, tenocytes can be sub-cultivated for limited passages, 

since they are highly susceptible to phenotypic drift in vitro and loss of senescence, 

losing their therapeutic potential [267, 268]. Research endeavors suggested that 

tenogenic phenotype maintenance in vitro can be attained by recapitulating the in vivo 

milieu, using biophysical, biochemical and biological beacons [269, 270]. Hence, the 

use of macromolecular crowders in combination with other microenvironmental cues 

may represent a valuable tool towards the development of in vitro 3D-tendon 

equivalents for functional tissue repair. 
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1.8. Project rationale and hypotheses 

Cell-based therapies hold a great promise for the repair of damaged and injured tissues. 

In the field of tendon tissue engineering the development of a 3D tissue-equivalent in 

vitro using autologous tenocytes, requires cell extensive expansion on 2D cell culture 

plastic surfaces, which results in loss of cellular phenotype and function, jeopardising 

the therapeutic potential and clinical translation of such strategies. MMC has been 

described as a key modulator of the in vitro microenvironment to imitate the presence 

of tissue-specific ECM. However, considering the high complexity of the native 

tendon tissue, MMC alone is unlikely to create functional 3D construct able to promote 

tenogenic phenotype maintenance. Herein, multifactorial approaches combining 

MMC with biochemical (low oxygen tension), biological (growth factor 

supplementation) and biophysical (surface topography) are being proposed. To 

achieve this goal, the following hypotheses and specific objectives have been 

established: 

 

1.8.1. Phase I (Chapter 2) Hypothesis 

There are optimal oxygen tension and macromolecular crowding conditions that will 

enhance synthesis and deposition of tissue-specific ECM and will facilitate tenocyte 

phenotype maintenance. 

 

Specific objectives: 

• To identify the optimal MMC concentration that can induce maximum ECM 

deposition in tenocyte culture. 

• To identify the optimal oxygen tension in combination with MMC tenocyte 

culture that can induce maximum ECM synthesis and deposition. 

• To validate the synergistic effect of optimal oxygen tension and MMC 

conditions on tenogenic phenotype maintenance. 

 

1.8.2. Phase II (Chapter 3) Hypothesis 

Optimal growth factor and MMC supplementation will induce maximum tendon-

specific ECM synthesis and deposition, whilst maintaining tenogenic phenotype in 

vitro. 
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Specific objectives: 

• To identify the optimal growth factor and MMC supplementation that can 

induce maximum ECM synthesis and deposition. 

• To validate the effect of growth factor supplementation and MMC in tenogenic 

phenotypic maintenance. 

 

1.8.3. Phase III (Chapter 4): Hypothesis 

Aligned electro-spun fibres in combination with MMC will facilitate the growth and 

orientation of human tenocytes to the direction of the produced fibres and will enhance 

the deposition and the alignment of tendon-specific ECM. 

 

Specific objectives: 

• To fabricate and characterise aligned electrospun fibres. 

• To assess the effect of MMC and electrospun aligned fibres in tenocyte 

proliferation, morphology, and orientation. 

• To assess the effect of MMC and electrospun aligned fibres in ECM 

deposition. 

 

  



Chapter 1 

54 

 

1.9. References 

[1] Eglen R, Randle D. Drug discovery goes three-dimensional: Goodbye to flat high-

throughput screening? Assay Drug Dev Technol 2015;13:262-265. 

[2] Roth A, Singer T. The application of 3D cell models to support drug safety 

assessment: Opportunities & challenges. Adv Drug Deliv Rev 2014;69-70:179-189. 

[3] Darling EM, Athanasiou KA. Rapid phenotypic changes in passaged articular 

chondrocyte subpopulations. J Orthop Res 2005;23:425-432. 

[4] Sherr C, DePinho R. Cellular senescence: Mitotic clock or culture shock? Cell 

2000;102:407-410. 

[5] Neumann E, Riepl B, Knedla A, Lefèvre S, Tarner I, Grifka J, Steinmeyer J, 

Schölmerich J, Gay S, Müller-Ladner U. Cell culture and passaging alters gene 

expression pattern and proliferation rate in rheumatoid arthritis synovial fibroblasts. 

Arthritis Res Ther 2010;12:R83. 

[6] Wall M, Bernacki S, Loboa E. Effects of serial passaging on the adipogenic and 

osteogenic differentiation potential of adipose-derived human mesenchymal stem 

cells. Tissue Eng 2007;13:1291-1298. 

[7] Garitaonandia I, Amir H, Boscolo F, Wambua G, Schultheisz H, Sabatini K, Morey 

R, Waltz S, Wang Y, Tran H, Leonardo T, Nazor K, Slavin I, Lynch C, Li Y, Coleman 

R, Gallego Romero I, Altun G, Reynolds D, Dalton S, Parast M, Loring J, Laurent L. 

Increased risk of genetic and epigenetic instability in human embryonic stem cells 

associated with specific culture conditions. PLoS One 2015;10:e0118307. 

[8] Weissbein U, Plotnik O, Vershkov D, Benvenisty N. Culture-induced recurrent 

epigenetic aberrations in human pluripotent stem cells. PLoS Genet 

2017;13:e1006979. 

[9] Hiew V, Simat S, Teoh P. The advancement of biomaterials in regulating stem cell 

fate. Stem Cell Rev 2018;14:43-57. 

[10] Lutolf M, Gilbert P, Blau H. Designing materials to direct stem-cell fate. Nature 

2009;462:433-441. 

[11] Marklein R, Burdick J. Controlling stem cell fate with material design. Adv Mater 

2010;22:175-189. 

[12] Ferreira J, Teixeira G, Santos S, Barbosa M, Almeida-Porada G, Gonçalves R. 

Mesenchymal stromal cell secretome: Influencing therapeutic potential by cellular 

pre-conditioning. Front Immunol 2018;9:2837. 



Chapter 1 

55 

 

[13] Kumar P, Kandoi S, Misra R, Vijayalakshmi S, Rajagopal K, Verma R. The 

mesenchymal stem cell secretome: A new paradigm towards cell-free therapeutic 

mode in regenerative medicine. Cytokine Growth Factor Rev 2019;46:1-9. 

[14] Proulx S, d'Arc Uwamaliya J, Carrier P, Deschambeault A, Audet C, Giasson CJ, 

Guerin SL, Auger FA, Germain L. Reconstruction of a human cornea by the self-

assembly approach of tissue engineering using the three native cell types. Mol Vis 

2010;16:2192-2201. 

[15] Tsai R, Li L, Chen J. Reconstruction of damaged corneas by transplantation of 

autologous limbal epithelial cells. N Engl J Med 2000;343:86-93. 

[16] Syed-Picard F, Du Y, Hertsenberg A, Palchesko R, Funderburgh M, Feinberg A, 

Funderburgh J. Scaffold-free tissue engineering of functional corneal stromal tissue. J 

Tissue Eng Regen Med 2018;12:59-69. 

[17] Cantin-Warren L, Guignard R, Cortez Ghio S, Larouche D, Auger F, Germain L. 

Specialized living wound dressing based on the self-assembly approach of tissue 

engineering. J Funct Biomater 2018;9:E53. 

[18] Pourchet L, Thepot A, Albouy M, Courtial E, Boher A, Blum L, Marquette C. 

Human skin 3D bioprinting using scaffold-free approach. Adv Healthc Mater 

2017;6:1601101. 

[19] Miyazaki H, Tsunoi Y, Akagi T, Sato S, Akashi M, Saitoh D. A novel strategy to 

engineer pre-vascularized 3-dimensional skin substitutes to achieve efficient, 

functional engraftment. Sci Rep 2019;9:7797. 

[20] Park K, Huang J, Azar F, Jin R, Min B, Han D, Hasty K. Scaffold-free, engineered 

porcine cartilage construct for cartilage defect repair -- In vitro and in vivo study. Artif 

Organs 2006;30:586-596. 

[21] Jubel A, Andermahr J, Schiffer G, Fischer J, Rehm K, Stoddart M, Häuselmann 

H. Transplantation of de novo scaffold-free cartilage implants into sheep knee 

chondral defects. Am J Sports Med 2008;36:1555-1564. 

[22] Ebihara G, Sato M, Yamato M, Mitani G, Kutsuna T, Nagai T, Ito S, Ukai T, 

Kobayashi M, Kokubo M, Okano T, Mochida J. Cartilage repair in transplanted 

scaffold-free chondrocyte sheets using a minipig model. Biomaterials 2012;33:3846-

3851. 

[23] Niemeyer P, Laute V, Zinser W, John T, Becher C, Diehl P, Kolombe T, Fay J, 

Siebold R, Fickert S. Safety and efficacy of matrix-associated autologous chondrocyte 



Chapter 1 

56 

 

implantation with spheroid technology is independent of spheroid dose after 4 years. 

Knee Surg Sports Traumatol Arthrosc In Press. 

[24] Yamashita A, Morioka M, Yahara Y, Okada M, Kobayashi T, Kuriyama S, 

Matsuda S, Tsumaki N. Generation of scaffoldless hyaline cartilaginous tissue from 

human iPSCs. Stem Cell Reports 2015;4:404-418. 

[25] Shimomura K, Ando W, Fujie H, Hart D, Yoshikawa H, Nakamura N. Scaffold-

free tissue engineering for injured joint surface restoration. J Exp Orthop 2018;5:2. 

[26] L'Heureux N, Dusserre N, Marini A, Garrido S, de la Fuente L, McAllister T. 

Technology insight: the evolution of tissue-engineered vascular grafts--from research 

to clinical practice. Nat Clin Pract Cardiovasc Med 2007;4:389-395. 

[27] Mas C, Boda B, CaulFuty M, Huang S, Wiszniewski L, Constant S. Antitumour 

efficacy of the selumetinib and trametinib MEK inhibitors in a combined human 

airway-tumour-stroma lung cancer model. J Biotechnol 2015;205:111-119. 

[28] Corriveau MP, Boufaied I, Lessard J, Chabaud S, Senecal JL, Grodzicky T, 

Chartier S, Raymond Y, Moulin VJ. The fibrotic phenotype of systemic sclerosis 

fibroblasts varies with disease duration and severity of skin involvement: 

Reconstitution of skin fibrosis development using a tissue engineering approach. J 

Pathol 2009;217:534-542. 

[29] Bourland J, Fradette J, Auger FA. Tissue-engineered 3D melanoma model with 

blood and lymphatic capillaries for drug development. Sci Rep 2018;8:13191. 

[30] Ringuette Goulet C, Bernard G, Chabaud S, Couture A, Langlois A, Neveu B, 

Pouliot F, Bolduc S. Tissue-engineered human 3D model of bladder cancer for 

invasion study and drug discovery. Biomaterials 2017;145:233-241. 

[31] Jean J, Lapointe M, Soucy J, Pouliot R. Development of an in vitro psoriatic skin 

model by tissue engineering. J Dermatol Sci 2009;53:19-25. 

[32] Watt F, Huck W. Role of the extracellular matrix in regulating stem cell fate. Nat 

Rev Mol Cell Biol 2013;14:467-473. 

[33] Guilak F, Cohen D, Estes B, Gimble J, Liedtke W, Chen C. Control of stem cell 

fate by physical interactions with the extracellular matrix. Cell Stem Cell 2009;5:17-

26. 

[34] Muncie J, Weaver V. The physical and biochemical properties of the extracellular 

matrix regulate cell fate. Curr Top Dev Biol 2018;130:1-37. 

[35] Kumar A, Placone J, Engler A. Understanding the extracellular forces that 

determine cell fate and maintenance. Development 2017;144:4261-4270. 



Chapter 1 

57 

 

[36] Smith L, Cho S, Discher D. Stem cell differentiation is regulated by extracellular 

matrix mechanics. Physiology (Bethesda) 2018;33:16-25. 

[37] Novoseletskaya E, Grigorieva O, Efimenko A, Kalinina N. Extracellular matrix 

in the regulation of stem cell differentiation. Biochemistry (Mosc) 2019;84:232-240. 

[38] Bonnans C, Chou J, Werb Z. Remodelling the extracellular matrix in 

development and disease. Nat Rev Mol Cell Biol 2014;15:786-801. 

[39] McMurray RJ, Gadegaard N, Tsimbouri PM, Burgess KV, McNamara LE, Tare 

R, Murawski K, Kingham E, Oreffo RO, Dalby MJ. Nanoscale surfaces for the long-

term maintenance of mesenchymal stem cell phenotype and multipotency. Nat Mater 

2011;10:637-644. 

[40] Roberts JN, Sahoo JK, McNamara LE, Burgess KV, Yang J, Alakpa EV, 

Anderson HJ, Hay J, Turner LA, Yarwood SJ, Zelzer M, Oreffo RO, Ulijn RV, Dalby 

MJ. Dynamic surfaces for the study of mesenchymal stem cell growth through 

adhesion regulation. ACS Nano 2016;10:6667-6679. 

[41] Dalby MJ, Gadegaard N, Oreffo RO. Harnessing nanotopography and integrin-

matrix interactions to influence stem cell fate. Nat Mater 2014;13:558-569. 

[42] Dalby MJ, Gadegaard N, Tare R, Andar A, Riehle MO, Herzyk P, Wilkinson CD, 

Oreffo RO. The control of human mesenchymal cell differentiation using nanoscale 

symmetry and disorder. Nat Mater 2007;6:997-1003. 

[43] Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs stem cell 

lineage specification. Cell 2006;126:677-689. 

[44] Bao M, Xie J, Katoele N, Hu X, Wang B, Piruska A, Huck WTS. Cellular volume 

and matrix stiffness direct stem cell behavior in a 3D microniche. ACS Appl Mater 

Interfaces 2019;11:1754-1759. 

[45] Vining K, Mooney D. Mechanical forces direct stem cell behaviour in 

development and regeneration. Nat Rev Mol Cell Biol 2017;18:728-742. 

[46] Peroglio M, Gaspar D, Zeugolis D, Alini M. Relevance of bioreactors and whole 

tissue cultures for the translation of new therapies to humans. J Orthop Res 

2018;36:10-21. 

[47] Simon MC, Keith B. The role of oxygen availability in embryonic development 

and stem cell function. Nat Rev Mol Cell Biol 2008;9:285-296. 

[48] Ding S, Wu T, Brinker A, Peters E, Hur W, Gray N, Schultz P. Synthetic small 

molecules that control stem cell fate. Proc Natl Acad Sci U S A 2003;100:7632-7637. 



Chapter 1 

58 

 

[49] Zhang Y, Li W, Laurent T, Ding S. Small molecules, big roles -- The chemical 

manipulation of stem cell fate and somatic cell reprogramming. J Cell Sci 

2012;125:5609-5620. 

[50] Zhang L, Jiang H, Hu Z. Concentration-dependent effect of nerve growth factor 

on cell fate determination of neural progenitors. Stem Cells Dev 2011;20:1723-1731. 

[51] Borena B, Martens A, Broeckx S, Meyer E, Chiers K, Duchateau L, Spaas J. 

Regenerative skin wound healing in mammals: State-of-the-art on growth factor and 

stem cell based treatments. Cell Physiol Biochem 2015;36:1-23. 

[52] Holladay C, Abbah S, O'Dowd C, Pandit A, Zeugolis D. Preferential tendon stem 

cell response to growth factor supplementation. J Tissue Eng Regen Med 

2016;10:783-798. 

[53] Kratchmarova I, Blagoev B, Haack-Sorensen M, Kassem M, Mann M. 

Mechanism of divergent growth factor effects in mesenchymal stem cell 

differentiation. Science 2005;308:1472-1477. 

[54] Lee KY, Peters MC, Anderson KW, Mooney DJ. Controlled growth factor release 

from synthetic extracellular matrices. Nature 2000;408:998-1000. 

[55] Park JS, Chu JS, Tsou AD, Diop R, Tang Z, Wang A, Li S. The effect of matrix 

stiffness on the differentiation of mesenchymal stem cells in response to TGF-beta. 

Biomaterials 2011;32:3921-3930. 

[56] Zhang W, Chen J, Backman LJ, Malm AD, Danielson P. Surface topography and 

mechanical strain promote keratocyte phenotype and extracellular matrix formation in 

a biomimetic 3D corneal model. Adv Healthc Mater 2017;6. 

[57] Haugh MG, Vaughan TJ, Madl CM, Raftery RM, McNamara LM, O'Brien FJ, 

Heilshorn SC. Investigating the interplay between substrate stiffness and ligand 

chemistry in directing mesenchymal stem cell differentiation within 3D macro-porous 

substrates. Biomaterials 2018;171:23-33. 

[58] Tan GK, Dinnes DL, Myers PT, Cooper-White JJ. Effects of biomimetic surfaces 

and oxygen tension on redifferentiation of passaged human fibrochondrocytes in 2D 

and 3D cultures. Biomaterials 2011;32:5600-5614. 

[59] Park J, Bauer S, Pittrof A, Killian MS, Schmuki P, von der Mark K. Synergistic 

control of mesenchymal stem cell differentiation by nanoscale surface geometry and 

immobilized growth factors on TiO2 nanotubes. Small 2012;8:98-107. 

[60] Satyam A, Kumar P, Fan X, Gorelov A, Rochev Y, Joshi L, Peinado H, Lyden 

D, Thomas B, Rodriguez B, Raghunath M, Pandit A, Zeugolis D. Macromolecular 



Chapter 1 

59 

 

crowding meets tissue engineering by self-assembly: A paradigm shift in regenerative 

medicine. Adv Mater 2014;26:3024-3034. 

[61] Cigognini D, Gaspar D, Kumar P, Satyam A, Alagesan S, Sanz-Nogués C, Griffin 

M, O'Brien T, Pandit A, Zeugolis DI. Macromolecular crowding meets oxygen tension 

in human mesenchymal stem cell culture - A step closer to physiologically relevant in 

vitro organogenesis. Scientific reports 2016;6:30746-30746. 

[62] Nishida K, Yamato M, Hayashida Y, Watanabe K, Yamamoto K, Adachi E, 

Nagai S, Kikuchi A, Maeda N, Watanabe H, Okano T, Tano Y. Corneal reconstruction 

with tissue-engineered cell sheets composed of autologous oral mucosal epithelium. 

N Engl J Med 2004;351:1187-1196. 

[63] Inatomi T, Nakamura T, Koizumi N, Sotozono C, Yokoi N, Kinoshita S. Midterm 

results on ocular surface reconstruction using cultivated autologous oral mucosal 

epithelial transplantation. Am J Ophthalmol 2006;141:267-275. 

[64] Pellegrini G, Traverso CE, Franzi AT, Zingirian M, Cancedda R, De Luca M. 

Long-term restoration of damaged corneal surfaces with autologous cultivated corneal 

epithelium. Lancet 1997;349:990-993. 

[65] Still J, Glat P, Silverstein P, Griswold J, Mozingo D. The use of a collagen 

sponge/living cell composite material to treat donor sites in burn patients. Burns 

2003;29:837-841. 

[66] Hohlfeld J, de Buys Roessingh A, Hirt-Burri N, Chaubert P, Gerber S, Scaletta 

C, Hohlfeld P, Applegate LA. Tissue engineered fetal skin constructs for paediatric 

burns. Lancet 2005;366:840-842. 

[67] Boyce ST, Goretsky MJ, Greenhalgh DG, Kagan RJ, Rieman MT, Warden GD. 

Comparative assessment of cultured skin substitutes and native skin autograft for 

treatment of full-thickness burns. Ann Surg 1995;222:743-752. 

[68] Sato M, Yamato M, Mitani G, Takagaki T, Hamahashi K, Nakamura Y, Ishihara 

M, Matoba R, Kobayashi H, Okano T, Mochida J, Watanabe M. Combined surgery 

and chondrocyte cell-sheet transplantation improves clinical and structural outcomes 

in knee osteoarthritis. NPJ Regen Med 2019;4:4. 

[69] Brittberg M, Recker D, Ilgenfritz J, Saris DBF. Matrix-applied characterized 

autologous cultured chondrocytes versus microfracture: Five-year follow-up of a 

prospective randomized trial. Am J Sports Med 2018;46:1343-1351. 

[70] Saris D, Price A, Widuchowski W, Bertrand-Marchand M, Caron J, Drogset JO, 

Emans P, Podskubka A, Tsuchida A, Kili S, Levine D, Brittberg M. Matrix-applied 



Chapter 1 

60 

 

characterized autologous cultured chondrocytes versus microfracture: Two-year 

follow-up of a prospective randomized trial. Am J Sports Med 2014;42:1384-1394. 

[71] Thesleff T, Lehtimaki K, Niskakangas T, Mannerstrom B, Miettinen S, Suuronen 

R, Ohman J. Cranioplasty with adipose-derived stem cells and biomaterial: a novel 

method for cranial reconstruction. Neurosurgery 2011;68:1535-1540. 

[72] Thesleff T, Lehtimaki K, Niskakangas T, Huovinen S, Mannerstrom B, Miettinen 

S, Seppanen-Kaijansinkko R, Ohman J. Cranioplasty with adipose-derived stem cells, 

beta-tricalcium phosphate granules and supporting mesh: Six-year clinical follow-up 

results. Stem Cells Transl Med 2017;6:1576-1582. 

[73] Iwata T, Yamato M, Washio K, Yoshida T, Tsumanuma Y, Yamada A, Onizuka 

S, Izumi Y, Ando T, Okano T, Ishikawa I. Periodontal regeneration with autologous 

periodontal ligament-derived cell sheets - A safety and efficacy study in ten patients. 

Regen Ther 2018;9:38-44. 

[74] Yoshikawa Y, Miyagawa S, Toda K, Saito A, Sakata Y, Sawa Y. Myocardial 

regenerative therapy using a scaffold-free skeletal-muscle-derived cell sheet in 

patients with dilated cardiomyopathy even under a left ventricular assist device: a 

safety and feasibility study. Surg Today 2018;48:200-210. 

[75] Miyagawa S, Domae K, Yoshikawa Y, Fukushima S, Nakamura T, Saito A, 

Sakata Y, Hamada S, Toda K, Pak K, Takeuchi M, Sawa Y. Phase I clinical trial of 

autologous stem cell-sheet transplantation therapy for treating cardiomyopathy. J Am 

Heart Assoc 2017;6. 

[76] Ohki T, Yamato M, Ota M, Takagi R, Murakami D, Kondo M, Sasaki R, Namiki 

H, Okano T, Yamamoto M. Prevention of esophageal stricture after endoscopic 

submucosal dissection using tissue-engineered cell sheets. Gastroenterology 

2012;143:582-588.e582. 

[77] L'Heureux N, McAllister TN, de la Fuente LM. Tissue-engineered blood vessel 

for adult arterial revascularization. N Engl J Med 2007;357:1451-1453. 

[78] Zimmerman SB, Trach SO. Estimation of macromolecule concentrations and 

excluded volume effects for the cytoplasm of Escherichia coli. J Mol Biol 

1991;222:599-620. 

[79] Ellis RJ. Macromolecular crowding: An important but neglected aspect of the 

intracellular environment. Curr Opin Struct Biol 2001;11:114-119. 



Chapter 1 

61 

 

[80] Partikian A, Olveczky B, Swaminathan R, Li Y, Verkman AS. Rapid diffusion 

of green fluorescent protein in the mitochondrial matrix. J Cell Biol 1998;140:821-

829. 

[81] Cheung MS, Klimov D, Thirumalai D. Molecular crowding enhances native state 

stability and refolding rates of globular proteins. Proc Natl Acad Sci U S A 

2005;102:4753-4758. 

[82] Putnam D. Composition and concentrative properties of human urine. 

Washinghton DC, USA: National Aeronautics and Space Administration (NASA); 

1971. p. 112. 

[83] Vitello D, Ripper R, Fettiplace M, Weinberg G, Vitello J. Blood density is nearly 

equal to water density: A validation study of the gravimetric method of measuring 

intraoperative blood loss. J Vet Med 2015;2015:152730. 

[84] Xu Y, Zhan J, Zheng Y, Han Y, Zhang Z, Xi C. Computational synovial dynamics 

of a normal temporomandibular joint during jaw opening. J Formos Med Assoc 

2013;112:346-351. 

[85] Kapraun D, Wambaugh J, Setzer R, Judson R. Empirical models for anatomical 

and physiological changes in a human mother and fetus during pregnancy and 

gestation. PLoS One 2019;14:e0215906. 

[86] Bit-Babik G, Guy A, Chou C, Faraone A, Kanda M, Gessner A, Wang J, Fujiwara 

O. Simulation of exposure and SAR estimation for adult and child heads exposed to 

radiofrequency energy from portable communication devices. Radiat Res 

2005;163:580-590. 

[87] Sorushanova A, Delgado LM, Wu Z, Shologu N, Kshirsagar A, Raghunath R, 

Mullen AM, Bayon Y, Pandit A, Raghunath M, Zeugolis DI. The collagen 

suprafamily: From biosynthesis to advanced biomaterial development. Adv Mater 

2019;31:e1801651. 

[88] McAnulty R, Laurent G. Collagen synthesis and degradation in vivo. Evidence 

for rapid rates of collagen turnover with extensive degradation of newly synthesized 

collagen in tissues of the adult rat. Coll Relat Res 1987;7:93-104. 

[89] Laurent G. Rates of collagen synthesis in lung, skin and muscle obtained in vivo 

by a simplified method using [3H]proline. Biochem J 1982;206:535-544. 

[90] Jimenez S, Dehm P, Prockop D. Further evidence for a transport form of collagen. 

Its extrusion and extracellular conversion to tropocollagen in embryonic tendon. FEBS 

Lett 1971;17:245-248. 



Chapter 1 

62 

 

[91] Canty E, Kadler K. Procollagen trafficking, processing and fibrillogenesis. J Cell 

Sci 2005;118:1341-1353. 

[92] Goldberg B. Kinetics of processing of type I and type III procollagens in 

fibroblast cultures. Proc Natl Acad Sci U S A 1977;74:3322-3325. 

[93] Miyahara M, Njieha F, Prockop D. Formation of collagen fibrils in vitro by 

cleavage of procollagen with procollagen proteinases. J Biol Chem 1982;257:8442-

8448. 

[94] Kao W, Prockop D, Berg R. Kinetics for the secretion of nonhelical procollagen 

by freshly isolated tendon cells. J Biol Chem 1979;254:2234-2243. 

[95] Hassell J, Kane B, Etheredge L, Valkov N, Birk D. Increased stromal extracellular 

matrix synthesis and assembly by insulin activated bovine keratocytes cultured under 

agarose. Exp Eye Res 2008;87:604-611. 

[96] Etheredge L, Kane B, Valkov N, Adams S, Birk D, Hassell J. Enhanced cell 

accumulation and collagen processing by keratocytes cultured under agarose and in 

media containing IGF-I, TGF-β or PDGF. Matrix Biol 2010;29:519-524. 

[97] Ellis RJ, Minton AP. Cell biology: Join the crowd. Nature 2003;425:27-28. 

[98] Zimmerman SB, Minton AP. Macromolecular crowding: Biochemical, 

biophysical, and physiological consequences. Annu Rev Biophys Biomol Struct 

1993;22:27-65. 

[99] Minton AP, Wilf J. Effect of macromolecular crowding upon the structure and 

function of an enzyme: glyceraldehyde-3-phosphate dehydrogenase. Biochemistry 

1981;20:4821-4826. 

[100] Minton AP. Models for excluded volume interaction between an unfolded 

protein and rigid macromolecular cosolutes: Macromolecular crowding and protein 

stability revisited. Biophys J 2005;88:971-985. 

[101] Kuznetsova IM, Turoverov KK, Uversky VN. What macromolecular crowding 

can do to a protein. Int J Mol Sci 2014;15:23090-23140. 

[102] Sharp KA. Analysis of the size dependence of macromolecular crowding shows 

that smaller is better. Proc Natl Acad Sci U S A 2015;112:7990-7995. 

[103] Jaynes ET. Information theory and statistical mechanics. II. Physic Rev 

1957;108:171-190. 

[104] Jaynes ET. Information theory and statistical mechanics. Phys Rev 

1957;106:620-630. 



Chapter 1 

63 

 

[105] Minton AP. Molecular crowding: Analysis of effects of high concentrations of 

inert cosolutes on biochemical equilibria and rates in terms of volume exclusion. 

Methods Enzymol 1998;295:127-149. 

[106] Zhou HX, Rivas G, Minton AP. Macromolecular crowding and confinement: 

Biochemical, biophysical, and potential physiological consequences. Annu Rev 

Biophys 2008;37:375-397. 

[107] Minton AP. How can biochemical reactions within cells differ from those in test 

tubes? J Cell Sci 2015;128:1254. 

[108] Minton AP. Confinement as a determinant of macromolecular structure and 

reactivity. II. Effects of weakly attractive interactions between confined macrosolutes 

and confining structures. Biophys J 1995;68:1311-1322. 

[109] Weiss M. Chapter Eleven - Crowding, diffusion, and biochemical reactions. In: 

Hancock R, Jeon KW, editors. Int Rev Cel Mol Bio: Academic Press; 2014. p. 383-

417. 

[110] Dix JA, Verkman AS. Crowding effects on diffusion in solutions and cells. Annu 

Rev Biophys 2008;37:247-263. 

[111] Mardoum WM, Gorczyca SM, Regan KE, Wu TC, Robertson-Anderson RM. 

Crowding induces entropically-driven changes to DNA dynamics that depend on 

crowder structure and ionic conditions. Front Phys 2018;6. 

[112] Chapman CD, Gorczyca S, Robertson-Anderson RM. Crowding induces 

complex ergodic diffusion and dynamic elongation of large DNA molecules. Biophys 

J 2015;108:1220-1228. 

[113] Khimji I, Shin J, Liu J. DNA duplex stabilization in crowded polyanion 

solutions. Chem Commun (Camb) 2013;49:1306-1308. 

[114] Kim J, Jeon C, Jeong H, Jung Y, Ha BY. A polymer in a crowded and confined 

space: Effects of crowder size and poly-dispersity. Soft Matter 2015;11:1877-1888. 

[115] Yang D, Mannik J, Retterer ST, Mannik J. The effects of polydisperse crowders 

on the compaction of the Escherichia coli nucleoid. Mol Microbiol 2020. 

[116] Matsuda H, Putzel GG, Backman V, Szleifer I. Macromolecular crowding as a 

regulator of gene transcription. Biophysical journal 2014;106:1801-1810. 

[117] Golkaram M, Hellander S, Drawert B, Petzold LR. Macromolecular crowding 

regulates the gene expression profile by limiting diffusion. PLoS Comput Biol 

2016;12:e1005122. 



Chapter 1 

64 

 

[118] Dey P, Bhattacherjee A. Disparity in anomalous diffusion of proteins searching 

for their target DNA sites in a crowded medium is controlled by the size, shape and 

mobility of macromolecular crowders. Soft Matter 2019;15:1960-1969. 

[119] McGuffee SR, Elcock AH. Diffusion, crowding & protein stability in a dynamic 

molecular model of the bacterial cytoplasm. PLoS Comput Biol 2010;6:e1000694. 

[120] Miller CM, Kim YC, Mittal J. Protein Ccomposition determines the effect of 

crowding on the properties of disordered proteins. Biophys J 2016;111:28-37. 

[121] Homouz D, Stagg L, Wittung-Stafshede P, Cheung MS. Macromolecular 

crowding modulates folding mechanism of alpha/beta protein apoflavodoxin. Biophys 

J 2009;96:671-680. 

[122] Biswas S, Chowdhury PK. Unusual domain movement in a multidomain protein 

in the presence of macromolecular crowders. Phys Chem Chem Phys 2015;17:19820-

19833. 

[123] Paudel BP, Fiorini E, Borner R, Sigel RKO, Rueda DS. Optimal molecular 

crowding accelerates group II intron folding and maximizes catalysis. Proc Natl Acad 

Sci U S A 2018;115:11917-11922. 

[124] Suthar MK, Doharey PK, Verma A, Saxena JK. Behavior of Plasmodium 

falciparum purine nucleoside phosphorylase in macromolecular crowded 

environment. Int J Biol Macromol 2013;62:657-662. 

[125] Derham BK, Harding JJ. The effect of the presence of globular proteins and 

elongated polymers on enzyme activity. Biochim Biophys Acta 2006;1764:1000-

1006. 

[126] Ellis RJ. Macromolecular crowding: Obvious but underappreciated. Trends 

Biochem Sci 2001;26:597-604. 

[127] Harve KS, Lareu R, Rajagopalan R, Raghunath M. Understanding how the 

crowded interior of cells stabilizes DNA/DNA and DNA/RNA hybrids-in silico 

predictions and in vitro evidence. Nucleic Acids Res 2010;38:172-181. 

[128] Zhou BR, Liang Y, Du F, Zhou Z, Chen J. Mixed macromolecular crowding 

accelerates the oxidative refolding of reduced, denatured lysozyme: implications for 

protein folding in intracellular environments. J Biol Chem 2004;279:55109-55116. 

[129] Du F, Zhou Z, Mo ZY, Shi JZ, Chen J, Liang Y. Mixed macromolecular 

crowding accelerates the refolding of rabbit muscle creatine kinase: Implications for 

protein folding in physiological environments. J Mol Biol 2006;364:469-482. 



Chapter 1 

65 

 

[130] Zhou HX. Effect of mixed macromolecular crowding agents on protein folding. 

Proteins 2008;72:1109-1113. 

[131] Shahid S, Ahmad F, Hassan MI, Islam A. Mixture of macromolecular crowding 

agents has a non-additive effect on the stability of proteins. Appl Biochem Biotechnol 

2019;188:927-941. 

[132] Biswas S, Kundu J, Mukherjee SK, Chowdhury PK. Mixed macromolecular 

crowding: A protein and solvent perspective. ACS Omega 2018;3:4316-4330. 

[133] Akabayov B, Akabayov SR, Lee SJ, Wagner G, Richardson CC. Impact of 

macromolecular crowding on DNA replication. Nat Commun 2013;4:1615. 

[134] Zinchenko A, Berezhnoy NV, Chen Q, Nordenskiold L. Compaction of single-

molecule megabase-long chromatin under the influence of macromolecular crowding. 

Biophys J 2018;114:2326-2335. 

[135] Naimushin AN, Quach N, Fujimoto BS, Schurr JM. Effect of polyethylene 

glycol on the supercoiling free energy of DNA. Biopolymers 2001;58:204-217. 

[136] Hisae K, Shu-ichi N, Naoki S. Effects of polyethylene glycol on DNA duplex 

stability at different NaCl concentrations. Bull Chem Soc Jpn 2007;80:1987-1994. 

[137] Hancock R. A role for macromolecular crowding effects in the assembly and 

function of compartments in the nucleus. J Struct Biol 2004;146:281-290. 

[138] Richter K, Nessling M, Lichter P. Experimental evidence for the influence of 

molecular crowding on nuclear architecture. J Cell Sci 2007;120:1673-1680. 

[139] Hancock R, Hadj-Sahraoui Y. Isolation of cell nuclei using inert 

macromolecules to mimic the crowded cytoplasm. PLoS One 2009;4:e7560. 

[140] Zimmerman SB, Trach SO. Effects of macromolecular crowding on the 

association of E. coli ribosomal particles. Nucleic Acids Res 1988;16:6309-6326. 

[141] Downey CD, Crisman RL, Randolph TW, Pardi A. Influence of hydrostatic 

pressure and cosolutes on RNA tertiary structure. J Am Chem Soc 2007;129:9290-

9291. 

[142] Gluick TC, Yadav S. Trimethylamine N-oxide stabilizes RNA tertiary structure 

and attenuates the denaturating effects of urea. J Am Chem Soc 2003;125:4418-4419. 

[143] Hong J, Gierasch LM. Macromolecular crowding remodels the energy 

landscape of a protein by favoring a more compact unfolded state. J Am Chem Soc 

2010;132:10445-10452. 



Chapter 1 

66 

 

[144] Stagg L, Zhang SQ, Cheung MS, Wittung-Stafshede P. Molecular crowding 

enhances native structure and stability of alpha/beta protein flavodoxin. Proc Natl 

Acad Sci U S A 2007;104:18976-18981. 

[145] Galan A, Sot B, Llorca O, Carrascosa JL, Valpuesta JM, Muga A. Excluded 

volume effects on the refolding and assembly of an oligomeric protein. GroEL, a case 

study. J Biol Chem 2001;276:957-964. 

[146] Lindner R, Ralston G. Effects of dextran on the self-association of human 

spectrin. Biophys Chem 1995;57:15-25. 

[147] Rivas G, Fernandez JA, Minton AP. Direct observation of the self-association 

of dilute proteins in the presence of inert macromolecules at high concentration via 

tracer sedimentation equilibrium: theory, experiment, and biological significance. 

Biochemistry 1999;38:9379-9388. 

[148] Rivas G, Fernandez JA, Minton AP. Direct observation of the enhancement of 

noncooperative protein self-assembly by macromolecular crowding: Indefinite linear 

self-association of bacterial cell division protein FtsZ. Proc Natl Acad Sci U S A 

2001;98:3150-3155. 

[149] Munishkina LA, Cooper EM, Uversky VN, Fink AL. The effect of 

macromolecular crowding on protein aggregation and amyloid fibril formation. J Mol 

Recognit 2004;17:456-464. 

[150] Uversky VN, E MC, Bower KS, Li J, Fink AL. Accelerated alpha-synuclein 

fibrillation in crowded milieu. FEBS Lett 2002;515:99-103. 

[151] Shtilerman MD, Ding TT, Lansbury PT, Jr. Molecular crowding accelerates 

fibrillization of alpha-synuclein: could an increase in the cytoplasmic protein 

concentration induce Parkinson's disease? Biochemistry 2002;41:3855-3860. 

[152] Lindner RA, Ralston GB. Macromolecular crowding: Effects on actin 

polymerisation. Biophys Chem 1997;66:57-66. 

[153] Sasaki Y, Miyoshi D, Sugimoto N. Regulation of DNA nucleases by molecular 

crowding. Nucleic Acids Res 2007;35:4086-4093. 

[154] Zimmerman SB, Pheiffer BH. Macromolecular crowding allows blunt-end 

ligation by DNA ligases from rat liver or Escherichia coli. Proc Natl Acad Sci U S A 

1983;80:5852-5856. 

[155] Zimmerman SB, Harrison B. Macromolecular crowding increases binding of 

DNA polymerase to DNA: An adaptive effect. Proc Natl Acad Sci U S A 

1987;84:1871-1875. 



Chapter 1 

67 

 

[156] Kilburn D, Roh JH, Guo L, Briber RM, Woodson SA. Molecular crowding 

stabilizes folded RNA structure by the excluded volume effect. J Am Chem Soc 

2010;132:8690-8696. 

[157] Kilburn D, Behrouzi R, Lee HT, Sarkar K, Briber RM, Woodson SA. Entropic 

stabilization of folded RNA in crowded solutions measured by SAXS. Nucleic Acids 

Res 2016;44:9452-9461. 

[158] Vöpel T, Makhatadze GI. Enzyme activity in the crowded milieu. PLoS One 

2012;7:e39418. 

[159] Dhar A, Samiotakis A, Ebbinghaus S, Nienhaus L, Homouz D, Gruebele M, 

Cheung MS. Structure, function, and folding of phosphoglycerate kinase are strongly 

perturbed by macromolecular crowding. Proc Natl Acad Sci U S A 2010;107:17586-

17591. 

[160] Moran-Zorzano MT, Viale AM, Munoz FJ, Alonso-Casajus N, Eydallin GG, 

Zugasti B, Baroja-Fernandez E, Pozueta-Romero J. Escherichia coli AspP activity is 

enhanced by macromolecular crowding and by both glucose-1,6-bisphosphate and 

nucleotide-sugars. FEBS Lett 2007;581:1035-1040. 

[161] Jiang M, Guo Z. Effects of macromolecular crowding on the intrinsic catalytic 

efficiency and structure of enterobactin-specific isochorismate synthase. J Am Chem 

Soc 2007;129:730-731. 

[162] Ercole C, Lopez-Alonso JP, Font J, Ribo M, Vilanova M, Picone D, Laurents 

DV. Crowding agents and osmolytes provide insight into the formation and 

dissociation of RNase A oligomers. Arch Biochem Biophys 2011;506:123-129. 

[163] Maximova K, Wojtczak J, Trylska J. Enzymatic activity of human 

immunodeficiency virus type 1 protease in crowded solutions. Eur Biophys J 

2019;48:685-689. 

[164] Cook EC, Creamer TP. Calcineurin in a crowded world. Biochemistry 

2016;55:3092-3101. 

[165] van den Berg B, Wain R, Dobson CM, Ellis RJ. Macromolecular crowding 

perturbs protein refolding kinetics: Implications for folding inside the cell. EMBO J 

2000;19:3870-3875. 

[166] Kjellstrom T, Malmquist J. Effects of heparin and dextran sulphate on the 

production of collagen and protein in diabetic and non-diabetic human skin fibroblast 

cultures. Med Biol 1983;61:186-190. 



Chapter 1 

68 

 

[167] Majack RA, Bornstein P. Heparin regulates the collagen phenotype of vascular 

smooth muscle cells: induced synthesis of an Mr 60,000 collagen. J Cell Biol 

1985;100:613-619. 

[168] Brown CC, Balian G. Effect of heparin on synthesis of short chain collagen by 

chondrocytes and smooth muscle cells. J Cell Biol 1987;105:1007-1012. 

[169] Eyre D. Collagen of articular cartilage. Arthritis Res 2002;4:30-35. 

[170] Bateman JF, Cole WG, Pillow JJ, Ramshaw JA. Induction of procollagen 

processing in fibroblast cultures by neutral polymers. J Biol Chem 1986;261:4198-

4203. 

[171] Nusgens B, Merrill C, Lapiere C, Bell E. Collagen biosynthesis by cells in a 

tissue equivalent matrix in vitro. Coll Relat Res 1984;4:351-363. 

[172] Singh A. Negative feedback through mRNA provides the best control of gene-

expression noise. IEEE Trans Nanobioscience 2011;10:194-200. 

[173] Krishna S, Andersson AM, Semsey S, Sneppen K. Structure and function of 

negative feedback loops at the interface of genetic and metabolic networks. Nucleic 

Acids Res 2006;34:2455-2462. 

[174] Bateman JF, Golub SB. Assessment of procollagen processing defects by 

fibroblasts cultured in the presence of dextran sulphate. Biochem J 1990;267:573-577. 

[175] Hojima Y, Behta B, Romanic AM, Prockop DJ. Cleavage of type I procollagen 

by C- and N-proteinases is more rapid if the substrate is aggregated with dextran 

sulfate or polyethylene glycol. Anal Biochem 1994;223:173-180. 

[176] Jukkola A, Risteli J, Risteli L. Effect of dextran on synthesis, secretion and 

deposition of type III procollagen in cultured human fibroblasts. Biochem J 1991;279 

( Pt 1):49-54. 

[177] Broder C, Arnold P, Vadon-Le Goff S, Konerding MA, Bahr K, Muller S, 

Overall CM, Bond JS, Koudelka T, Tholey A, Hulmes DJ, Moali C, Becker-Pauly C. 

Metalloproteases meprin alpha and meprin beta are C- and N-procollagen proteinases 

important for collagen assembly and tensile strength. Proc Natl Acad Sci U S A 

2013;110:14219-14224. 

[178] Peltonen L, Halila R, Ryhanen L. Enzymes converting procollagens to 

collagens. J Cell Biochem 1985;28:15-21. 

[179] Goldberg B. Kinetics of processing of type I and type III procollagens in 

fibroblast cultures. Proc Natl Acad Sci U S A 1977;74:3322-3325. 



Chapter 1 

69 

 

[180] Jukkola A, Risteli L, Melkko J, Risteli J. Procollagen synthesis and extracellular 

matrix deposition in MG-63 osteosarcoma cells. J Bone Miner Res 1993;8:651-657. 

[181] Valli M, Zolezzi F, Mottes M, Antoniazzi F, Stanzial F, Tenni R, Pignatti P, 

Cetta G. Gly85 to Val substitution in pro alpha 1(I) chain causes mild osteogenesis 

imperfecta and introduces a susceptibility to protease digestion. Eur J Biochem 

1993;217:77-82. 

[182] Logeart D, Letourneur D, Jozefonvicz J, Kern P. Collagen synthesis by vascular 

smooth muscle cells in the presence of antiproliferative polysaccharides. J Biomed 

Mater Res 1996;30:501-508. 

[183] Noble BS, Dean V, Loveridge N, Thomson BM. Dextran sulfate promotes the 

rapid aggregation of porcine bone-marrow stromal cells. Bone 1995;17:375-382. 

[184] Johnstone B, Hering TM, Caplan AI, Goldberg VM, Yoo JU. In vitro 

chondrogenesis of bone marrow-derived mesenchymal progenitor cells. Exp Cell Res 

1998;238:265-272. 

[185] Frank L, Lebreton-Decoster C, Godeau G, Coulomb B, Jozefonvicz J. Dextran 

derivatives modulate collagen matrix organization in dermal equivalent. J Biomater 

Sci Polym Ed 2006;17:499-517. 

[186] Mestries P, Borchiellini C, Barbaud C, Duchesnay A, Escartin Q, Barritault D, 

Caruelle JP, Kern P. Chemically modified dextrans modulate expression of collagen 

phenotype by cultured smooth muscle cells in relation to the degree of carboxymethyl, 

benzylamide, and sulfation substitutions. J Biomed Mater Res 1998;42:286-294. 

[187] Moyer KE, Ehrlich HP. Modulation of human fibroblast gap junction 

intercellular communication by hyaluronan. J Cell Physiol 2003;196:165-170. 

[188] Kjenseth A, Fykerud T, Rivedal E, Leithe E. Regulation of gap junction 

intercellular communication by the ubiquitin system. Cell Signal 2010;22:1267-1673. 

[189] Rossello RA, Kohn DH. Gap junction intercellular communication: A review of 

a potential platform to modulate craniofacial tissue engineering. J Biomed Mater Res 

B Appl Biomater 2009;88:509-518. 

[190] Kjenseth A, Fykerud TA, Sirnes S, Bruun J, Yohannes Z, Kolberg M, Omori Y, 

Rivedal E, Leithe E. The gap junction channel protein connexin 43 is covalently 

modified and regulated by SUMOylation. J Biol Chem 2012;287:15851-15861. 

[191] Osti L, Berardocco M, di Giacomo V, Di Bernardo G, Oliva F, Berardi AC. 

Hyaluronic acid increases tendon derived cell viability and collagen type I expression 



Chapter 1 

70 

 

in vitro: Comparative study of four different hyaluronic acid preparations by 

molecular weight. BMC Musculoskelet Disord 2015;16:284. 

[192] Hegewald AA, Ringe J, Bartel J, Kruger I, Notter M, Barnewitz D, Kaps C, 

Sittinger M. Hyaluronic acid and autologous synovial fluid induce chondrogenic 

differentiation of equine mesenchymal stem cells: A preliminary study. Tissue Cell 

2004;36:431-438. 

[193] Ehlers EM, Behrens P, Wunsch L, Kuhnel W, Russlies M. Effects of hyaluronic 

acid on the morphology and proliferation of human chondrocytes in primary cell 

culture. Ann Anat 2001;183:13-17. 

[194] Lareu RR, Subramhanya KH, Peng Y, Benny P, Chen C, Wang Z, Rajagopalan 

R, Raghunath M. Collagen matrix deposition is dramatically enhanced in vitro when 

crowded with charged macromolecules: The biological relevance of the excluded 

volume effect. FEBS Lett 2007;581:2709-2714. 

[195] Lareu RR, Arsianti I, Subramhanya HK, Yanxian P, Raghunath M. In vitro 

enhancement of collagen matrix formation and crosslinking for applications in tissue 

engineering: a preliminary study. Tissue Eng 2007;13:385-391. 

[196] Rashid R, Lim NS, Chee SM, Png SN, Wohland T, Raghunath M. Novel use for 

polyvinylpyrrolidone as a macromolecular crowder for enhanced extracellular matrix 

deposition and cell proliferation. Tissue Eng Part C Methods 2014;20:994-1002. 

[197] Gaspar D, Fuller KP, Zeugolis DI. Polydispersity and negative charge are key 

modulators of extracellular matrix deposition under macromolecular crowding 

conditions. Acta Biomater 2019;88:197-210. 

[198] Kumar P, Satyam A, Fan X, Rochev Y, Rodriguez BJ, Gorelov A, Joshi L, 

Raghunath M, Pandit A, Zeugolis DI. Accelerated development of supramolecular 

corneal stromal-like assemblies from corneal fibroblasts in the presence of 

macromolecular crowders. Tissue Eng Part C Methods 2015;21:660-670. 

[199] Kumar P, Satyam A, Fan X, Collin E, Rochev Y, Rodriguez BJ, Gorelov A, 

Dillon S, Joshi L, Raghunath M, Pandit A, Zeugolis DI. Macromolecularly crowded 

in vitro microenvironments accelerate the production of extracellular matrix-rich 

supramolecular assemblies. Sci Rep 2015;5:8729. 

[200] Graceffa V, Zeugolis DI. Carrageenan enhances chondrogenesis and 

osteogenesis in human bone marrow stem cell culture. Eur Cell Mater 2019;37:310-

332. 



Chapter 1 

71 

 

[201] Patrikoski M, Lee MHC, Makinen L, Ang XM, Mannerstrom B, Raghunath M, 

Miettinen S. Effects of macromolecular crowding on human adipose stem cell culture 

in fetal bovine serum, human serum, and defined xeno-free/serum-free conditions. 

Stem Cells Int 2017;2017:6909163. 

[202] Ang XM, Lee MH, Blocki A, Chen C, Ong LL, Asada HH, Sheppard A, 

Raghunath M. Macromolecular crowding amplifies adipogenesis of human bone 

marrow-derived mesenchymal stem cells by enhancing the pro-adipogenic 

microenvironment. Tissue Eng Part A 2014;20:966-981. 

[203] Lee MH, Goralczyk AG, Kriszt R, Ang XM, Badowski C, Li Y, Summers SA, 

Toh SA, Yassin MS, Shabbir A, Sheppard A, Raghunath M. ECM microenvironment 

unlocks brown adipogenic potential of adult human bone marrow-derived MSCs. Sci 

Rep 2016;6:21173. 

[204] Assunção M, Wong CW, Richardson JJ, Tsang R, Beyer S, Raghunath M, 

Blocki A. Macromolecular dextran sulfate facilitates extracellular matrix deposition 

by electrostatic interaction independent from a macromolecular crowding effect. 

Mater Sci Eng C Mater Biol Appl 2020;106:110280. 

[205] Lai Y, Sun Y, Skinner CM, Son EL, Lu Z, Tuan RS, Jilka RL, Ling J, Chen XD. 

Reconstitution of marrow-derived extracellular matrix ex vivo: A robust culture 

system for expanding large-scale highly functional human mesenchymal stem cells. 

Stem Cells Dev 2010;19:1095-1107. 

[206] Peng Y, Bocker MT, Holm J, Toh WS, Hughes CS, Kidwai F, Lajoie GA, Cao 

T, Lyko F, Raghunath M. Human fibroblast matrices bio-assembled under 

macromolecular crowding support stable propagation of human embryonic stem cells. 

J Tissue Eng Regen Med 2012;6:74-86. 

[207] Thibault RA, Scott Baggett L, Mikos AG, Kasper FK. Osteogenic differentiation 

of mesenchymal stem cells on pregenerated extracellular matrix scaffolds in the 

absence of osteogenic cell culture supplements. Tissue Eng Part A 2010;16:431-440. 

[208] Evans ND, Gentleman E, Chen X, Roberts CJ, Polak JM, Stevens MM. 

Extracellular matrix-mediated osteogenic differentiation of murine embryonic stem 

cells. Biomaterials 2010;31:3244-3252. 

[209] Prewitz MC, Stissel A, Friedrichs J, Traber N, Vogler S, Bornhauser M, Werner 

C. Extracellular matrix deposition of bone marrow stroma enhanced by 

macromolecular crowding. Biomaterials 2015;73:60-69. 



Chapter 1 

72 

 

[210] McLenachan S, Hao E, Zhang D, Zhang L, Edel M, Chen F. Bioengineered 

Bruch's-like extracellular matrix promotes retinal pigment epithelial differentiation. 

Biochem Biophys Rep 2017;10:178-185. 

[211] Chen CZC, Peng YX, Wang ZB, Fish PV, Kaar JL, Koepsel RR, Russell AJ, 

Lareu RR, Raghunath M. The Scar-in-a-Jar: Studying potential antifibrotic 

compounds from the epigenetic to extracellular level in a single well. Br J Pharmacol 

2009;158:1196-1209. 

[212] Graupp M, Gruber HJ, Weiss G, Kiesler K, Bachna-Rotter S, Friedrich G, 

Gugatschka M. Establishing principles of macromolecular crowding for in vitro 

fibrosis research of the vocal fold lamina propria. Laryngoscope 2015;125:e203-209. 

[213] Graupp M, Rinner B, Frisch MT, Weiss G, Fuchs J, Sundl M, El-Heliebi A, 

Moser G, Kamolz LP, Karbiener M, Gugatschka M. Towards an in vitro fibrogenesis 

model of human vocal fold scarring. Eur Arch Otorhinolaryngol 2018;275:1211-1218. 

[214] Nakamura T, Sakai K, Nakamura T, Matsumoto K. Hepatocyte growth factor 

twenty years on: Much more than a growth factor. J Gastroenterol Hepatol 2011;26 

Suppl 1:188-202. 

[215] Zhibo X, Miaobo Z. Intralesional botulinum toxin type A injection as a new 

treatment measure for keloids. Plast Reconstr Surg 2009;124:275-277. 

[216] Yao T, Asayama Y. Animal-cell culture media: History, characteristics, and 

current issues. Reprod Med Biol 2017;16:99-117. 

[217] Hu Y, Ji J, Xia J, Zhao P, Fan X, Wang Z, Zhou X, Luo M, Gu P. An in vitro 

comparison study: The effects of fetal bovine serum concentration on retinal 

progenitor cell multipotentiality. Neurosci Lett 2013;534:90-95. 

[218] Cutler AJ, Limbani V, Girdlestone J, Navarrete CV. Umbilical cord-derived 

mesenchymal stromal cells modulate monocyte function to suppress T cell 

proliferation. J Immunol 2010;185:6617-6623. 

[219] Parker A, Shang H, Khurgel M, Katz A. Low serum and serum-free culture of 

multipotential human adipose stem cells. Cytotherapy 2007;9:637-646. 

[220] Kawakita T, Espana EM, He H, Smiddy R, Parel JM, Liu CY, Tseng SC. 

Preservation and expansion of the primate keratocyte phenotype by downregulating 

TGF-beta signaling in a low-calcium, serum-free medium. Invest Ophthalmol Vis Sci 

2006;47:1918-1927. 

[221] Preston GA, Lang JE, Maronpot RR, Barrett JC. Regulation of apoptosis by low 

serum in cells of different stages of neoplastic progression: enhanced susceptibility 



Chapter 1 

73 

 

after loss of a senescence gene and decreased susceptibility after loss of a tumor 

suppressor gene. Cancer Res 1994;54:4214-4223. 

[222] Mohyeldin A, Garzon-Muvdi T, Quinones-Hinojosa A. Oxygen in stem cell 

biology: A critical component of the stem cell niche. Cell Stem Cell 2010;7:150-161. 

[223] Semenza GL. HIF-1, O(2), and the 3 PHDs: How animal cells signal hypoxia to 

the nucleus. Cell 2001;107:1-3. 

[224] Satyam A, Kumar P, Cigognini D, Pandit A, Zeugolis DI. Low, but not too low, 

oxygen tension and macromolecular crowding accelerate extracellular matrix 

deposition in human dermal fibroblast culture. Acta Biomater 2016;44:221-231. 

[225] Kumar P, Satyam A, Cigognini D, Pandit A, Zeugolis DI. Low oxygen tension 

and macromolecular crowding accelerate extracellular matrix deposition in human 

corneal fibroblast culture. J Tissue Eng Regen Med 2018;12:6-18. 

[226] Subramony SD, Dargis BR, Castillo M, Azeloglu EU, Tracey MS, Su A, Lu 

HH. The guidance of stem cell differentiation by substrate alignment and mechanical 

stimulation. Biomaterials 2013;34:1942-1953. 

[227] Grayson WL, Martens TP, Eng GM, Radisic M, Vunjak-Novakovic G. 

Biomimetic approach to tissue engineering. Semin Cell Dev Biol 2009;20:665-673. 

[228] Caddeo S, Boffito M, Sartori S. Tissue engineering approaches in the design of 

healthy and pathological in vitro tissue models. Front Bioeng Biotechnol 2017;5:40. 

[229] Gaspar D, Ryan CNM, Zeugolis DI. Multifactorial bottom-up bioengineering 

approaches for the development of living tissue substitutes. FASEB J 2019;33:5741-

5754. 

[230] Ryan CNM, Shologu N, Islam N, Rooney P, Griffin M, Biggs MJ, Zeugolis DI. 

Tenogenic phenotype maintenance and trans-differentiation / differentiation using 

surface topography, substrate stiffness and macromolecular crowding.  In Press. 

[231] Benny P, Badowski C, Lane EB, Raghunath M. Making more matrix: Enhancing 

the deposition of dermal-epidermal junction components in vitro and accelerating 

organotypic skin culture development, using macromolecular crowding. Tissue Eng 

Part A 2015;21:183-192. 

[232] Graceffa V, Zeugolis DI. Macromolecular crowding as a means to assess the 

effectiveness of chondrogenic media. J Tissue Eng Regen Med 2019;13:217-231. 

[233] Chen B, Wang B, Zhang WJ, Zhou G, Cao Y, Liu W. Macromolecular crowding 

effect on cartilaginous matrix production: A comparison of two-dimensional and 

three-dimensional models. Tissue Eng Part C Methods 2013;19:586-595. 



Chapter 1 

74 

 

[234] Zeiger AS, Loe FC, Li R, Raghunath M, Van Vliet KJ. Macromolecular 

crowding directs extracellular matrix organization and mesenchymal stem cell 

behavior. PLoS One 2012;7:e37904. 

[235] Roberts TJ, Azizi E. The series-elastic shock absorber: Tendons attenuate 

muscle power during eccentric actions. J Appl Physiol 2010;109:396-404. 

[236] Konow N, Azizi E, Roberts TJ. Muscle power attenuation by tendon during 

energy dissipation. Proc Biol Sci 2012;279:1108-1113. 

[237] Abbah SA, Spanoudes K, O'Brien T, Pandit A, Zeugolis DI. Assessment of stem 

cell carriers for tendon tissue engineering in pre-clinical models. Stem Cell Res Ther 

2014;5:38. 

[238] Lomas AJ, Ryan CN, Sorushanova A, Shologu N, Sideri AI, Tsioli V, Fthenakis 

GC, Tzora A, Skoufos I, Quinlan LR, O'Laighin G, Mullen AM, Kelly JL, Kearns S, 

Biggs M, Pandit A, Zeugolis DI. The past, present and future in scaffold-based tendon 

treatments. Adv Drug Deliv Rev 2015;84:257-277. 

[239] Wu F, Nerlich M, Docheva D. Tendon injuries: Basic science and new repair 

proposals. EFORT Open Rev 2017;2:332-342. 

[240] Kannus P, Jozsa L, Natri A, Jarvinen M. Effects of training, immobilization and 

remobilization on tendons. Scand J Med Sci Sports 1997;7:67-71. 

[241] Ortega-Castillo M, Medina-Porqueres I. Effectiveness of the eccentric exercise 

therapy in physically active adults with symptomatic shoulder impingement or lateral 

epicondylar tendinopathy: A systematic review. J Sci Med Sport 2016;19:438-453. 

[242] Gerdesmeyer L, Wagenpfeil S, Haake M, Maier M, Loew M, Wortler K, Lampe 

R, Seil R, Handle G, Gassel S, Rompe JD. Extracorporeal shock wave therapy for the 

treatment of chronic calcifying tendonitis of the rotator cuff: a randomized controlled 

trial. Jama 2003;290:2573-2580. 

[243] Garg N, Perry L, Deodhar A. Intra-articular and soft tissue injections, a 

systematic review of relative efficacy of various corticosteroids. Clin Rheumatol 

2014;33:1695-1706. 

[244] Paavola M, Kannus P, Jarvinen TA, Jarvinen TL, Jozsa L, Jarvinen M. 

Treatment of tendon disorders. Is there a role for corticosteroid injection? Foot Ankle 

Clin 2002;7:501-513. 

[245] Reddy GK, Stehno-Bittel L, Enwemeka CS. Laser photostimulation of collagen 

production in healing rabbit Achilles tendons. Lasers Surg Med 1998;22:281-287. 



Chapter 1 

75 

 

[246] Ozkan N, Altan L, Bingol U, Akln S, Yurtkuran M. Investigation of the 

supplementary effect of GaAs laser therapy on the rehabilitation of human digital 

flexor tendons. J Clin Laser Med Surg 2004;22:105-110. 

[247] Soroceanu A, Sidhwa F, Aarabi S, Kaufman A, Glazebrook M. Surgical versus 

nonsurgical treatment of acute Achilles tendon rupture: A meta-analysis of 

randomized trials. J Bone Joint Surg Am 2012;94:2136-2143. 

[248] van der Eng DM, Schepers T, Goslings JC, Schep NW. Rerupture rate after early 

weightbearing in operative versus conservative treatment of Achilles tendon ruptures: 

A meta-analysis. J Foot Ankle Surg 2013;52:622-628. 

[249] Gulati V, Jaggard M, Al-Nammari SS, Uzoigwe C, Gulati P, Ismail N, Gibbons 

C, Gupte C. Management of achilles tendon injury: A current concepts systematic 

review. World J Orthop 2015;6:380-386. 

[250] Kartus J, Movin T, Karlsson J. Donor-site morbidity and anterior knee problems 

after anterior cruciate ligament reconstruction using autografts. Arthroscopy 

2001;17:971-980. 

[251] Fu FH, Bennett CH, Ma CB, Menetrey J, Lattermann C. Current trends in 

anterior cruciate ligament reconstruction. Part II. Operative procedures and clinical 

correlations. Am J Sports Med 2000;28:124-130. 

[252] Cohen SB, Sekiya JK. Allograft safety in anterior cruciate ligament 

reconstruction. Clin Sports Med 2007;26:597-605. 

[253] Pennisi E. Tending tender tendons. Science 2002;295:1011. 

[254] Duquin TR, Buyea C, Bisson LJ. Which method of rotator cuff repair leads to 

the highest rate of structural healing? A systematic review. Am J Sports Med 

2010;38:835-841. 

[255] Kannus P. Structure of the tendon connective tissue. Scand J Med Sci Sports 

2000;10:312-320. 

[256] Birk DE, Mayne R. Localization of collagen types I, III and V during tendon 

development. Changes in collagen types I and III are correlated with changes in fibril 

diameter. Eur J Cell Biol 1997;72:352-361. 

[257] Liu SH, Panossian V, al-Shaikh R, Tomin E, Shepherd E, Finerman GA, Lane 

JM. Morphology and matrix composition during early tendon to bone healing. Clin 

Orthop Relat Res 1997:253-260. 



Chapter 1 

76 

 

[258] Birk DE, Fitch JM, Babiarz JP, Doane KJ, Linsenmayer TF. Collagen 

fibrillogenesis in vitro: interaction of types I and V collagen regulates fibril diameter. 

J Cell Sci 1990;95 ( Pt 4):649-657. 

[259] Riley G. The pathogenesis of tendinopathy. A molecular perspective. 

Rheumatology (Oxford) 2004;43:131-142. 

[260] Thankam FG, Dilisio MF, Agrawal DK. Immunobiological factors aggravating 

the fatty infiltration on tendons and muscles in rotator cuff lesions. Mol Cell Biochem 

2016;417:17-33. 

[261] Yoon JH, Halper J. Tendon proteoglycans: Biochemistry and function. J 

Musculoskelet Neuronal Interact 2005;5:22-34. 

[262] Berenson MC, Blevins FT, Plaas AH, Vogel KG. Proteoglycans of human 

rotator cuff tendons. J Orthop Res 1996;14:518-525. 

[263] Ryan CN, Sorushanova A, Lomas AJ, Mullen AM, Pandit A, Zeugolis DI. 

Glycosaminoglycans in tendon physiology, pathophysiology, and therapy. Bioconjug 

Chem 2015;26:1237-1251. 

[264] Bi Y, Ehirchiou D, Kilts TM, Inkson CA, Embree MC, Sonoyama W, Li L, Leet 

AI, Seo BM, Zhang L, Shi S, Young MF. Identification of tendon stem/progenitor 

cells and the role of the extracellular matrix in their niche. Nat Med 2007;13:1219-

1227. 

[265] Yin Z, Chen X, Chen JL, Shen WL, Hieu Nguyen TM, Gao L, Ouyang HW. 

The regulation of tendon stem cell differentiation by the alignment of nanofibers. 

Biomaterials 2010;31:2163-2175. 

[266] Docheva D, Müller SA, Majewski M, Evans CH. Biologics for tendon repair. 

Adv Drug Deliv Rev 2015;84:222-239. 

[267] Yao L, Bestwick CS, Bestwick LA, Maffulli N, Aspden RM. Phenotypic drift 

in human tenocyte culture. Tissue Eng 2006;12:1843-1849. 

[268] Mazzocca AD, Chowaniec D, McCarthy MB, Beitzel K, Cote MP, McKinnon 

W, Arciero R. In vitro changes in human tenocyte cultures obtained from proximal 

biceps tendon: multiple passages result in changes in routine cell markers. Knee Surg 

Sports Traumatol Arthrosc 2012;20:1666-1672. 

[269] Spanoudes K, Gaspar D, Pandit A, Zeugolis DI. The biophysical, biochemical, 

and biological toolbox for tenogenic phenotype maintenance in vitro. Trends 

Biotechnol 2014;32:474-482. 



Chapter 1 

77 

 

[270] Gaspar D, Spanoudes K, Holladay C, Pandit A, Zeugolis D. Progress in cell-

based therapies for tendon repair. Adv Drug Deliv Rev 2015;84:240-256. 

 

  



Chapter 2 

78 

 

Chapter 2 - The synergistic effect of low oxygen tension and macromolecular 

crowding in the development of ECM-rich tendon equivalents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sections of this chapter have been published in: 

The synergistic effect of low oxygen tension and macromolecular crowding in the 

development of extracellular matrix-rich tendon equivalents, Dimitrios Tsiapalis, 

Andrea De Pieri, Kyriakos Spanoudes, Ignacio Sallent, Stephen Kearns, Jack L. Kelly, 

Michael Raghunath, Dimitrios I. Zeugolis, Biofabrication 2019  



Chapter 2 

79 

 

2.1. Introduction 

Tendon is a fibrous connective tissue consisting of closely packed collagen fibres, 

transmitting mechanical forces from bone to muscle and promoting motion [1]. 

Tendon injuries are very common among the musculoskeletal disorders, with more 

than 30 million tendon-related procedures taking place worldwide per year [2]. 

Current strategies have failed to fully recover the prior to injury state [3], highlighting 

the need of new therapeutic approaches. Tissue engineering approaches, the 

combination of cells, biologically active molecules and a scaffold, hold great promise 

to provide functional treatments in a wide variety of disorders and injuries, including 

tendon injuries. However, the use of artificial scaffolds is associated with several 

drawbacks, including acute rejection of the implant, immune response, unfavourable 

mechanical properties and undesirable / toxic degradation products of the scaffold [4]. 

These limitations gave rise to scaffold-free biofabrication therapies, which utilise the 

inherent ability of cells to produce their own scaffold based on their own secreted 

extracellular matrix (ECM), forming that way a completely biological implantable 

device [5-7]. Such approaches are continuously gaining pace, considering that recent 

studies advocate the therapeutic potential of cells’ secretome [8, 9]. It is worth noting 

that the efficiency and efficacy of such devices have been demonstrated for various 

clinical indications, including skin [10], cornea [11] and blood vessel [12]. 

For tendon tissue engineering strategies, tenocytes have been described as the most 

prominent (e.g. more studies have assessed tenocytes than any other cell population) 

and potent (e.g. tenocytes, being highly specialised / permanently differentiated cells, 

can produce tendon-specific ECM) cell population [13]. However, although in theory, 

a large amount of cells can be obtained from a small biopsy, in practice, only a small 

number of active cells can be sub-cultured and only for limited passages, as in vitro 

tenocyte expansion leads to phenotypic drift and senescence, reducing that way their 

therapeutic potential [14, 15]. Recent works suggests that maintenance of tenogenic 

phenotype in vitro can be achieved by recapitulating different aspects of the native 

tendon microenvironment. Multiple biophysical, biochemical and biological beacons 

have been suggested as modulators of the in vitro microenvironment with variable 

degrees of efficacy [16]. Although surface topography has been shown to be a potent 

modulator of tenogenic phenotype [17-21], it has no effect in ECM synthesis / 

deposition. Growth factor supplementation [22-27] and mechanical stimulation [28-

33] have shown to also maintain tenogenic phenotype or to differentiate stem cells 
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towards tenogenic lineage. However, the number of permutations and the limited 

ECM synthesised and deposited also restrict their applicability. Thus, approaches to 

enhance ECM synthesis and deposition, whilst maintaining native phenotype remain 

at the forefront of scientific research and technological innovation for the accelerated 

development of functional tissue equivalents. 

Physiological oxygen tension regulates developmental processes, cell fate and tissue 

function [34]. Inside tissues, oxygen levels fluctuate from 0.5 % to 14 %, depending 

on how far from capillaries the cells are located [35]. Hypoxia-inducible factor 1 (HIF-

1) plays an important role in the body's response to low oxygen conditions and 

regulates fundamental cell processes, including cell proliferation, migration, 

angiogenesis, ECM synthesis and phenotype [36-39]. To this end, considerable 

research effort has been conducted to identify the optimal oxygen concentration for 

specific cell types [40-42]. It has even been suggested that hypoxia should be a 

prerequisite for clinical translation of cell therapies [43, 44]. In tenocyte culture, low 

oxygen tension has been shown to increase proliferation, expansion and expression of 

angiogenic factors [45, 46]. Despite the notable benefits, physiological oxygen tension 

alone is not sufficient to substantially increase ECM deposition. To this end, 

macromolecular crowding (MMC) has been proposed as a means to increase ECM 

deposition in cell culture systems [47-50], as it accelerates the enzymatic conversion 

of the water-soluble procollagen to water-insoluble collagen [51]. Among the various 

macromolecules that have been used as crowding agents, carrageenan (CR), due to its 

negative charge and polydispersity, induces faster the highest ECM deposition [52-

55]. Herein, we hypothesise that the synergistic effect of low oxygen and MMC in 

human tenocyte culture will enhance the synthesis and accelerate the deposition, 

respectively, of tendon-specific ECM, enabling that way the accelerated development 

of a tendon-like living substitute. 
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2.2. Materials and Methods 

2.2.1. Human tenocyte isolation and culture 

Human patellar and peroneal tendons from 2 male patients (60 and 55 years old) 

without tendinopathies were used for cell extraction, after obtaining appropriate 

licenses, ethical approvals and patient consent (C.A. 1046). The CR optimisation was 

conducted using the patellar tendon cells and the synergistic effect was assessed using 

the peroneal tendon cells. Tenocytes were extracted using the migration method as 

described previously [56]. Briefly, the sheath and surrounding paratenon were 

removed and the tendons were cut into small pieces. Afterwards, tendon samples were 

placed into 6-well plates filled with 5 ml of culture media containing Dulbecco’s 

modified Eagle medium (Sigma Aldrich, Ireland), 10 % foetal bovine serum (FBS, 

Sigma Aldrich, Ireland) and 1 % penicillin-streptomycin (Sigma Aldrich, Ireland) at 

37 °C in a humidified atmosphere of 5 % CO2. Culture medium was changed every 

three days. After a few days, the first colonies of tenocytes were seen around the 

tendon pieces. As soon as the migrated tenocytes reached 80-90 % confluency, they 

were treated with trypsin / ethylenediaminetetraacetic acid (EDTA) solution (Sigma 

Aldrich, Ireland) and sub-cultured in tissue culture flasks (SARSTEDT, Germany). 

 

2.2.2. Oxygen tension and MMC 

Oxygen tension and MMC experiments were carried out as per previous publications 

[41, 42, 53] with slight modifications. Briefly, at passage three, cells were seeded at 

25,000 cells/cm2 in 24-well plates and were allowed to attach for 24 hours. The culture 

media was then changed with either control or crowded medium. MMC was carried 

out using 50 to 500 μg/ml CR (mixture of κ and lesser amounts of λ CR, Sigma 

Aldrich, Ireland). 100 μM L-ascorbic acid phosphate (Sigma Aldrich, Ireland) 

supplement was added in the control and crowded media to induce collagen synthesis. 

After optimising CR concentration in human tenocyte culture, cells were cultured 

under five different oxygen conditions: 20 %, 10 %, 5 %, 2 % and 0.5 %. In 

experiments at 10 %, 5 %, 2 % and 0.5 % oxygen tensions, cells were maintained in 

the oxygen tissue culture glove box (Coy Lab Products Inc, USA). Media were 

changed every 3 days. All experiments were performed with tenocytes at passage 3. 

Samples were analysed at days 3, 5 and 7. 
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2.2.3. Phase contrast microscopy 

The influence of MMC and different oxygen tensions on cell morphology was 

evaluated using phase contrast microscopy. The images of the cells were taken using 

an inverted microscope (Leica Microsystem, Germany) and they were analysed with 

the LAS EZ 2.0.0 software. 

 

2.2.4. Cell metabolic activity assessment 

alamarBlue® assay (Invitrogen, USA) was performed to quantify the influence of 

MMC and oxygen tension on metabolic activity of the cells, as per manufacturer’s 

protocol. At the end of culture timepoints, the cells were washed with Hanks’ 

Balanced Salt solution (HBSS, Sigma Aldrich, Ireland) and then alamarBlue® 

solution (10 % alamarBlue® in HBSS) was added according to the manufacturer’s 

protocol. After 4 hours of incubation at 37 °C, absorbance was measured at 550 nm 

and 595 nm using Varioskan Flash spectral scanning multimode reader (Thermo 

Scientific, UK). Cell metabolic activity (%) was normalised to cells cultured without 

CR. 

 

2.2.5. DNA quantification 

DNA quantification was carried out using Quant-iT™ PicoGreen® dSDNA assay kit 

(Invitrogen, Ireland) according to the manufacturer's protocol to assess the effect of 

MMC and low oxygen tension on tenocyte proliferation. Briefly, DNA was extracted 

using three freeze-thaw cycles after adding 250 μl of nucleic acid free water per well. 

100 μl were then transferred into 96-well plate. A standard curve was generated using 

0, 5, 10, 25, 50, 100, 500 and 1000 ng/ml DNA concentrations. 100 μl of a 1:200 

dilution of Quant-iT™ PicoGreen® reagent was added to each sample and the plate 

was read using a micro-plate reader (Varioskan Flash, Thermo Scientific, Ireland) with 

an excitation wavelength of 480 nm and an emission wavelength of 525 nm. 

 

2.2.6. Cell viability assessment 

The cell viability was determined using the Live/Dead® viability kit (Invitrogen, 

Ireland), as per manufacturer’s protocol. The cells were incubated with calcium AM 

and ethidium homodimer solution (2 μM calcein-AM and 4 μM EthD-1) in HBSS 

according to manufacturer's staining protocol for 30 minutes. The cell layers were 

washed in fresh HBSS to remove excess dye. Following that, fluorescence images 
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were taken using an Olympus IX81 inverted fluorescence microscope (Olympus 

Corporation, Japan). 

 

2.2.7. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was conducted as has been described previously [57]. Briefly, at each 

timepoint (3, 5 and 7 days), cell layers were digested with porcine gastric mucosa 

pepsin (Sigma Aldrich, Ireland) for 2 hours at 37 °C with continuous shaking and 

subsequent neutralisation with 1 N NaOH. The samples for SDS-PAGE were prepared 

using appropriate dilution with distilled water and 5 x sample buffer. Finally, 10 μl per 

sample solution per well was loaded on the gel (5 % running gel / 3 % stacking gel) 

after 5 minutes heating at 95 °C. Electrophoresis was performed in a Mini-PROTEAN 

Tetra Electrophoresis System (Bio-Rad, Ireland) by applying potential difference of 

50 mV for the initial 30 minutes and then 120 mV for the remaining time 

(approximately 1 h). The gels were stained using silver stain kit (SilverQuest™, 

Invitrogen, Ireland) according to the manufacturer's protocol. Images of the gels were 

taken after brief washing with water. To quantify the cell-produced collagen type I 

deposition, the relative densities (GeneTools software, Syngene, Ireland) of collagen 

α1(I) and α2(I) chains were evaluated and compared to the α1(I) and α2(I) chain bands 

densities of standard collagen type I (Symatese Biomateriaux, France). 

 

2.2.8. Immunocytochemistry 

To investigate the synergistic effect of MMC and low oxygen tension on the 

deposition of tendon-specific ECM proteins immunocytochemistry analysis was 

performed. Cells were seeded on 48 well plates at 25,000 cells/cm2 and after 24 hours 

of seeding, they were treated with crowders. At each timepoint (3, 5 and 7 days), 

medium was removed, and cell layers were washed with HBSS and fixed with 2 % 

paraformaldehyde (Sigma Aldrich, Ireland) at room temperature for 30 minutes. After 

three washes with phosphate buffered saline (PBS, Sigma Aldrich, Ireland), 

nonspecific sites were blocked with 3 % bovine serum albumin (Sigma Aldrich, 

Ireland) in PBS for 30 minutes. The cells were incubated overnight at 4 °C with one 

of the following primary antibodies: mouse anti-collagen type I (1:200, ab90395, 

Abcam, UK), rabbit anti-collagen III (1:200, ab7778, Abcam, UK), rabbit anti-

collagen type V (1:200, ab7046, Abcam, UK), rabbit anti-collagen VI (1:200, ab6588, 

Abcam, UK). After three washes in PBS, bound antibodies for collagen type I and 
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collagen types III, V and VI were visualised using AlexaFluor® 488 goat anti-mouse 

(1:400, A11001, Invitrogen, USA) and AlexaFluor® 488 chicken anti-rabbit (1:400, 

A11034, Invitrogen, USA) for 1 h, respectively. The cell nuclei were stained with 

DAPI (D1306, Invitrogen, USA). Images were taken with an Olympus IX-81 inverted 

fluorescence microscope (Olympus Corporation, Japan). 

 

2.2.9. Gelatin zymography 

Gelatin zymography was conducted as has been described previously [41, 42, 53]. 

Briefly, at each timepoint (3, 5 and 7 days) culture media was collected and separated 

on 10 % SDS-PAGE gels containing 1 mg/ml gelatin. The gels were then stained with 

Coomassie Brilliant Blue. The bands of pro-MMP-2, MMP-2, pro-MMP-9 and MMP-

9 were quantified by defining each band with the rectangular tool with background 

subtraction and subsequent normalisation of the density of the bands to that of the 

bands of 20 % oxygen tension without CR at each timepoint. 

 

2.2.10. Western blot 

Cell lysates were prepared using RIPA lysis buffer (Sigma Aldrich, Ireland) and 

protease inhibitor (Thermo Scientific, UK). Proteins were separated in SDS-PAGE 

gels (12 %) and electro-transferred on nitro-cellulose membrane and blocked with 

milk protein. Membranes were incubated with anti-Scx (1:100, Rabbit polyclonal, 

ab58655, Abcam, UK), anti-beta actin (1:5000, mouse monoclonal, A5441 Sigma 

Aldrich, Ireland), followed by incubation with goat anti-rabbit and goat anti-mouse 

conjugated with horseradish peroxidase respectively. Blots were developed using an 

enhanced chemiluminescence method according to the manufacturer's protocol 

(Amersham). 

 

2.2.11. Gene analysis 

Gene analysis (Table 2.1) provides the list of genes and the sequence of their primers) 

was performed on crowded and non-crowded tenocytes at 20 % and 2 % oxygen 

tension using a RealTime ready Custom Panel (Roche, Germany) after 3, 5 and 7 days. 

Briefly, RNA was isolated from cell sources using TRI Reagent® (Sigma Aldrich, 

Ireland) for 5 minutes at ambient temperature to lyse the cells. Afterwards, the TRI 

Reagent® was collected, chloroform was added and was vortexed and incubated at 

ambient temperature for 5 minutes. The solution was centrifuged and the upper 
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aqueous phase containing the RNA was collected and mixed with 70 % ethanol. 

Afterwards, the solution was purified using the High Pure isolation kit (Roche, 

Germany). RNA concentration and quality were analysed using the NanoDrop 1000 

(Thermo Scientific, UK) and the Agilent 2100 Bioanalyser (Agilent Technologies, 

Ireland). RNA was transcribed to cDNA using the Transcriptor First Strand cDNA 

synthesis kit (Roche, Germany) and 1 μg of RNA sample was used in all the groups. 

After cDNA synthesis, 1 μl of cDNA was added to 9 μl of probes master into a 

RealTime ready custom 384 well plate (Roche, Germany). Negative controls of empty 

wells and untranscribed RNA were added in the study and the plate was run in the 

LightCycler® 480 Instrument (Roche, Germany). Genes were normalised to the 

housekeeper gene glyceraldehyde 3-phosphate dehydrogenase and fold change was 

obtained using the 2-ΔΔCΤ, as previously described [58]. Z-scores of fold change were 

calculated and relevant up-and down-regulation were accepted when score was at least 

three standard deviations away from the mean value of fold change for each gene. 

 

Table 2.1: List of genes and sequence of their primers. 

Gene Name 
Gene 

Symbol 
Forward Sequence Reverse Sequence 

Hypoxia-

inducible 

factor 1-alpha 

HIF1A 
TGGAATGGAGCAA

AAGACAA 

CAGCTGTGGTAATC

CACTTTCA 

Hypoxia-

inducible 

factor 2-alpha 

EPAS1 
CATGTGTGTCAAC

TACGTCCTG 

GGGGCTTGAACAGG

GATT 

Prolyl 4-

hydroxylase 

subunit alpha 1 

P4HA1 
TGAAATCGTCAAA

GACCTAGCA 

TGTTATTGGGTTTGA

AATGGTG 

Prolyl 4-

hydroxylase 

subunit alpha 2 

P4HA2 
AAACTGGTGAAGC

GGCTAAA 

GAGAGGTTGGCGAT

AAAACCT 



Chapter 2 

86 

 

Procollagen-

lysine,2-

oxoglutarate 5-

dioxygenase 1 

PLOD1 
GCTGCCGTATCTTC

CAGAAC 

TTTCAAACTTGAGC

ACGACCT 

Procollagen-

lysine,2-

oxoglutarate 5-

dioxygenase 2 

PLOD2 

AAGGACTTTAAAA

ATTTTGATTGAAC

A 

GACTCAATGCTCCC

CAGAAAT 

Collagen type I 

alpha 1 
COL1A1 

AGGTGAAGCAGGC

AAACCT 

CTCGCCAGGGAAAC

CTCT 

Collagen type 

III alpha 1 
COL3A1 

ACTGGAGCACGGG

GTCTT 

TCCTGGTTTCCCACT

TTCAC 

Scleraxis 

homolog A 
SCXA 

CCCAAACAGATCT

GCACCTT 

TCTTTCTGTCGCGGT

CCTT 

Tenomodulin TNMD 
TCCTCTGGCATCTG

TTAGCC 

TCCTTGCTTTGAGA

GGACTGA 

Tenascin C TNC 
CCTTGCTGTAGAG

GTCGTCA 

CCAACCTCAGACAC

GGCTA 

Mohawk 

homeobox 
MKX 

GGATCCAATAAGG

GTGAAAGC 

TAAGGCCATAGCTG

CGTTG 

Decorin DCN 
GGCAAATTCCCGG

ATTAAAA 

CAGGAAACTTGTGC

AAGCAG 

Biglycan BGN 
CTACAGCGCCATG

TGTCCT 

TCTTTGGGCACAGA

CTTCAG 

Versican VCAN 
CTTCCCTCCCCCTG

ATAGC 

CGATGGTTGTAGCC

TCTTTAGG 
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Elastin ELN 
CACTGGGGTATCC

CATCAAG 

GTGGTGTAGGGCAG

TCCATAG 

Thrombospond

in 4 
THBS4 

CTACCGCTGGTTCC

TACAGC 

GAGCCTTCATAAAA

TCGTACCC 

Runt related 

transcription 

factor 2 

RUNX2 
TGCCACCTCTGACT

TCTGC 

AAAGGGCCCAGTTC

TGAAG 

Alkaline 

phosphatase, 

placental 

ALPP 
ACGCAGCTCATCT

CCAACAT 

CCCACCTTGGCTGT

AGTCAT 

Secreted 

phosphoprotei

n 1 

SPP1 
CGCAGACCTGACA

TCCAGTA 

GGCTGTCCCAATCA

GAAGG 

Bone gamma 

carboxyglutam

ate protein 

BGLAP 
CCAGCCCTATGGA

TGTGG 

TTTTCAGATTCCTCT

TCTGGAGTT 

Collagen type 

II alpha 1 
COL2A1 

CTGGTCCTCAAGG

CAAAGTT 

GAGGTCCAGGACGA

CCATC 

Aggrecan ACAN 
GAACGACAGGACC

ATCGAA 

AAAGTTGTCAGGCT

GGTTGG 

Smooth muscle 

alpha (α)-2 

actin 

ACTA2 
CTGTTCCAGCCATC

CTTCAT 

TCATGATGCTGTTGT

AGGTGGT 
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Serpin H1 

precursor (heat 

shock protein 

47) 

SERPINH1 
ATGCAGAAGAAGG

CTGTTGC 

CTTGTCAATGGCCT

CAGTCA 

Fatty acid 

binding protein 

4 

FABP4 
CCTTTAAAAATAC

TGAGATTTCCTTCA 

AGGACACCCCCATC

TAAGGT 

Transforming 

growth factor 

beta 1 

TGFB1 
ACTACTACGCCAA

GGAGGTCAC 

TGCTTGAACTTGTC

ATAGATTTCG 

Early growth 

response 1 
EGR1 

AGCACCTGACCGC

AGAGT 

GGCAGTCGAGTGGT

TTGG 

Cartilage 

oligomeric 

matrix protein 

COMP 
GGAGATCGTGCAG

ACAATGA 

GTCATCCGTGACCG

TGTTC 

Housekeeping genes 

Glyceraldehyd

e-3-phosphate 

dehydrogenase 

GAPDH 
AGCCACATCGCTC

AGACAC 

GCCCAATACGACCA

AATCC 

Actin beta ACTB 
TCCTCCCTGGAGA

AGAGCTA 

CGTGGATGCCACAG

GACT 

18S ribosomal 

RNA 
RN18S1 

GACGGACCAGAGC

GAAAG 

CGTCTTCGAACCTC

CGACT 

 

  



Chapter 2 

89 

 

2.2.12. Statistical analysis 

Data are expressed as mean ± standard deviation. All experiments in were conducted 

at least in triplicates. MINITAB (version 17; Minitab, Inc.) was used for statistical 

analysis. Two-sample t-test for pairwise comparisons and one-way ANOVA for 

multiple comparisons were performed. Statistical significance was accepted at p < 

0.05. 
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2.3. Results 

2.3.1. MMC optimisation in human tenocyte culture 

To identify the optimal, with respect to maximum ECM deposition without affecting 

basic cell functions, MMC concentration in human tenocyte culture, different 

concentrations of CR (50, 75, 100, 250 and 500 μg/ml) were assessed and compared 

to the non-crowded conditions as a function of time (3, 5 and 7 days) in culture. The 

elongated spindle-shape morphology was maintained at all timepoints, independently 

of the CR concentration (Figure 2.1). At a given timepoint, cell proliferation (Figure 

2.2A), metabolic activity (Figure 2.2B) and viability (Figure 2.2C, Figure 2.3) were 

not affected as a function of CR concentration. SDS-PAGE (Figure 2.4) and 

complementary densitometric analysis (Figure 2.4B) made apparent that all 

concentrations of CR significantly (p < 0.05) increased, over the non-crowded 

counterparts, collagen type I deposition in human tenocyte culture, but no significant 

difference (p > 0.05) was observed between the different CR concentrations. As such, 

for the subsequent experiments, the 50 μg/ml CR concentration was used. 
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Figure 2.1: Phase contrast microscopy revealed that MMC did not affect the spindle-shape morphology of tenocytes at any timepoint, 

independently of the CR concentration. Passage 3, n=3. Scale bar: 100 μm.
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Figure 2.2: In general, at a given timepoint, no statistical differences were observed 

in tenocyte proliferation (A), metabolic activity (B) and viability (C) as a function of 

CR concentration. Passage 3, n=3.
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Figure 2.3: Live/Dead® demonstrated that the different concentrations of CR did not affect tenocyte viability at any timepoint. Passage 3, n=3. 

Scale bar: 100 μm. 
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Figure 2.4: SDS-PAGE (A) and complementary densitometric analysis (B) revealed 

that all concentrations of CR significantly (p < 0.05) increased collagen type I 

deposition in human tenocyte culture at all timepoints, in comparison to the non-

crowded counterparts. No significant (p > 0.05) difference in collagen type I 

deposition was observed between the different concentrations of CR at any timepoint. 

Passage 3, n=3. 
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2.3.2. The synergistic effect of MMC and oxygen tension in human tenocyte 

culture 

Phase contrast microscopy (Figure 2.5) revealed that human tenocytes maintained 

their elongated fibroblast-like morphology, independently of the oxygen tension (20 

%, 10 %, 5 %, 2 % and 0.5 %) and presence or absence of CR at all timepoints (3, 5 

and 7 days). 

At day 7, no significant differences (p > 0.05) were observed in human tenocyte 

proliferation (Figure 2.6A), metabolic activity (Figure 2.6B) and viability (Figure 

2.6C, Figure 2.7) as a function of oxygen tension and presence or absence of CR. 

SDS-PAGE (Figure 2.8) and corresponding densitometric analysis (2.9) made 

apparent that MMC consistently significantly (p < 0.05) increased collagen type I 

deposition at all timepoints. Further, at all timepoints, the highest (p < 0.05) collagen 

type I deposition was observed at 2 % oxygen tension under MMC conditions 

(followed by 5 % and 0.5 % oxygen tensions), whilst in the absence of MMC, the 

highest (p < 0.05) collagen type I deposition was observed at 2 % after 7 days in culture 

(followed by 5 % oxygen tension). 

.
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Figure 2.5: Phase contrast microscopy revealed that tenocytes treated with and without MMC at different oxygen tensions maintained their spindle-

shape morphology at all timepoints. Passage 3, n=3. Scale bar: 100 μm.
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Figure 2.6: At day 7, the longest timepoint assessed, no significant differences (p > 

0.05) in human tenocyte proliferation (A), metabolic activity (B) and viability (C) as 

a function of oxygen tension and presence or absence of CR were detected. Passage 

3, n=3.
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Figure 2.7: Live/Dead® analysis made apparent that human tenocyte viability was not affected as a function of oxygen tension and presence or 

absence of CR at different timepoints. Passage 3, n=3. Scale bar: 100 μm.
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Figure 2.8: SDS-PAGE revealed that MMC significantly (p < 0.05) increased 

collagen type I deposition at all timepoints; the highest (p < 0.05) collagen type I 

deposition was observed at 2 % oxygen tension under MMC conditions at all 

timepoints; and, in the absence of MMC, the highest (p < 0.05) collagen type I 

deposition was observed at 2 % after 7 days in culture. Passage 3, n=3. Note: Statistical 

analysis derived from densitometric analysis of the gels (Figure 2.9). 
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Figure 2.9: Densitometric analysis of SDS-PAGE (Figure 1) revealed that MMC 

significantly (p < 0.05) increased collagen type I deposition at all timepoints; the 

highest (p < 0.05) collagen type I deposition was observed at 2 % oxygen tension 

under MMC conditions at all timepoints; and, in the absence of MMC, the highest (p 

< 0.05) collagen type I deposition was observed at 2 % after 7 days in culture. Passage 

3, n=3. * indicates statistically significant difference to the 20 % MMC counterpart at 

a given timepoint. 
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Immunocytochemistry (Figure 2.10) and complementary relative fluorescence 

intensity analysis (Figure 2.14A) of collagen type I made apparent that in all cases the 

crowded groups deposited significantly (p < 0.05) higher collagen type I than the non-

crowded groups; that between the non-crowded groups, the highest (p < 0.05) collagen 

type I deposition was observed for cells that were grown at 5 % and 2 % oxygen 

tension; that under crowding conditions, the highest (p < 0.05) collagen type I 

deposition was observed for cells that were grown at 5 % and 2 % (highest) oxygen 

tension; and that at day 7, under crowding conditions, the 0.5 % oxygen tension also 

induced significantly (p < 0.05) higher collagen type I deposition than the 10 % and 

20 % oxygen tension. 

Immunocytochemistry (Figure 2.11) and complementary relative fluorescence 

intensity analysis (Figure 14B) of collagen type III made apparent that in all cases the 

crowded groups deposited significantly (p < 0.05) higher collagen type III than the 

non-crowded groups; that between the non-crowded groups, the highest (p < 0.05) 

collagen type III deposition was observed for cells that were grown at 2 % oxygen 

tension at day 3, at 5 %, 2 % and 0.5 % oxygen tension at day 5 and no particular 

differences were observed between the groups at day 7; that under crowding 

conditions, the highest (p < 0.05) collagen type I deposition was observed for cells 

that were grown at 5 %, 2 % (highest) and 0.5 % oxygen tension at all timepoints. 

Immunocytochemistry (Figure 2.12 and Figure 2.13) and complementary relative 

fluorescence intensity analysis (Figure 14C and Figure 14D) of collagen type V and 

collagen type VI made apparent that in general MMC did not enhance (p > 0.05) their 

deposition and that in general cells that were grown at 5 %, 2 % (highest) and 0.5 % 

oxygen tension deposited significantly (p < 0.05) more collagen type V and collagen 

type VI than cells that were grown at 20 % and 10 % oxygen tension.
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Figure 2.10: Immunocytochemistry of collagen type I revealed that at all timepoints, the highest (p < 0.05) collagen type I deposition was observed 

for cells that were grown under MMC conditions at 5 % and 2 % (highest) oxygen tension. At day 7, cells that were grown under MMC conditions 

at 0.5 % oxygen tension also deposited more (p < 0.05) collagen type I than their counterparts that were grown at 20 % and 10 % oxygen tension. 

Passage 3, n=3. Collagen type I: Green, DAPI: Blue. Scale bars: 100 μm. Note: Statistical analysis derived from image intensity analysis (Figure 

2.14A). 
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Figure 2.11: Immunocytochemistry of collagen type III revealed that at all timepoints, the highest (p < 0.05) collagen type III deposition was 

detected for cells that were grown under MMC conditions at 5 %, 2 % (highest) and 0.5 % oxygen tension. Passage 3, n=3. Collagen type III: 

Green, DAPI: Blue. Scale bars: 100 μm. Note: Statistical analysis derived from image intensity analysis (Figure 2.14B)
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Figure 2.12: Immunocytochemistry of collagen type V revealed that at all timepoints, the highest (p < 0.05) collagen type V deposition was 

detected for cells that were grown at 5 %, 2 % (highest at day 5 and day 7) and 0.5 % oxygen tension, independently of the presence or absence of 

crowding. Passage 3, n=3. Collagen type V: Green, DAPI: Blue. Scale bars: 100 μm. Note: Statistical analysis derived from image intensity 

analysis (Figure 2.14C). 
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Figure 2.13: Immunocytochemistry of collagen type VI revealed that at all timepoints, the highest (p < 0.05) collagen type VI deposition was 

detected for cells that were grown at 5 %, 2 % (highest) and 0.5 % oxygen tension, independently of the presence or absence of crowding. Passage 

3, n=3. Collagen type VI: Green, DAPI: Blue. Scale bars: 100 μm. Note: Statistical analysis derived from image intensity analysis (Figure 2.14D). 
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Figure 2.14: (A) Relative fluorescence intensity analysis of collagen type I (Figure 

2.10) revealed that at all timepoints, the highest (p < 0.05) collagen type I deposition 

was observed for cells that were grown under MMC conditions at 5 % and 2 % 

(highest) oxygen tension. At day 7, cells that were grown under MMC conditions at 

0.5 % oxygen tension also deposited more (p < 0.05) collagen type I than their 

counterparts that were grown at 20 % and 10 % oxygen tension. Passage 3, n=3. * 

indicates statistically significant difference to the 20 % MMC counterpart at a given 

timepoint. (B) Relative fluorescence intensity analysis of collagen type III (Figure 

2.11) revealed that at all timepoints, the highest (p < 0.05) collagen type III deposition 

was detected for cells that were grown under MMC conditions at 5 %, 2 % (highest) 

and 0.5 % oxygen tension. Passage 3, n=3 * indicates statistically significant 

difference to the 20 % MMC counterpart at a given timepoint. (C) Relative 

fluorescence intensity analysis of collagen type V (Figure 2.12) revealed that at all 

timepoints, the highest (p < 0.05) collagen type V deposition was detected for cells 

that were grown at 5 %, 2 % (highest at day 5 and day 7) and 0.5 % oxygen tension, 

independently of the presence or absence of crowding. Passage 3, n=3. * indicates 

statistically significant difference to the 20 % MMC counterpart at a given timepoint. 

(D) Relative fluorescence intensity analysis of collagen type VI (Figure 2.13) 

revealed that at all timepoints, the highest (p < 0.05) collagen type VI deposition was 

detected for cells that were grown at 5 %, 2 % (highest) and 0.5 % oxygen tension, 

independently of the presence or absence of crowding. Passage 3, n=3. * indicates 

statistically significant difference to the 20 % MMC counterpart at a given timepoint. 
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Gelatin zymography (Figure 2.15) and corresponding image intensity analysis 

(Figure 2.16) for pro MMP-2, activated MMP-2, pro MMP-9 and activated MMP-9 

revealed that MMC groups induced significantly (p < 0.05) higher expression of 

activated MMP-2 to their non MMC counterparts at day 3 for all oxygen tensions. At 

day 3, MMC at 5 % oxygen tension also induced significant (p < 0.05) higher 

expression of pro MMP-9, in comparison to the non MMC counterpart, at the same 

timepoint and oxygen tension. In general, gross visual analysis (quantification was not 

possible, as image intensity analysis between different gels is meaningless) of the 

zymography gels (Figure 2.15) made apparent an increase in activated MMP-2 as a 

function of time in culture (day 3 versus day 5 and day 7) for all groups. 

 

Figure 2.15: Gelatin zymography for pro MMP-2, activated MMP-2, pro MMP-9 and 

activated MMP-9 as a function of oxygen tension after day 3, 5 and 7.
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Figure 2.16: Corresponding image intensity analysis after gelatine zymography 

revealed no apparent differences in pro MMP-2, activated MMP-2, pro MMP-9 and 

activated MMP-9 as a function of oxygen tension. At day 3, MMC groups induced 

significantly (p < 0.05) higher expression of activated MMP-2, in comparison to their 

non MMC counterparts. In general, gross visual analysis of the zymography gels 

indicated an increase in activated MMP-2 as a function of time in culture (day 3 versus 

day 5 and day 7) for all groups. Note: Intensities were normalised to the control (20 

% -MMC) at each timepoint. Passage 3, n=3. * indicates statistically significant 

difference to the non MMC counterpart at a given timepoint. 
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Western blot (Figure 2.17) and corresponding relative intensity analysis (Figure 2.18) 

made apparent that, at all timepoints, the highest (p < 0.05) scleraxis expression was 

detected at cells that were grown at 2 % oxygen tension and under MMC conditions. 

At day 7, cells that were grown at 20 % and 10 % oxygen tension under MMC 

conditions also showed significantly (p < 0.05) higher scleraxis expression than their 

non-crowded counterparts. 

 

Figure 2.17: Western blot analysis demonstrated that, at all timepoints, consistently, 

the highest (p < 0.05) scleraxis expression was detected at cells that were grown at 2 

% oxygen tension and under MMC conditions. Cells that were grown under MMC 

conditions at 20 % and 10 % oxygen tension also exhibited significantly (p < 0.05) 

higher scleraxis expression than their non-crowded counterparts. Passage 3, n=3. 

Note: Statistical analysis derived from densitometric analysis of the blots (Figure 

2.18). 
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Figure 2.18: Densitometric analysis of western blots (Figure 2.17) demonstrated that, 

at all timepoints, consistently, the highest (p < 0.05) scleraxis expression was detected 

at cells that were grown at 2 % oxygen tension and under MMC conditions. Cells that 

were grown under MMC conditions at 20 % and 10 % oxygen tension also exhibited 

significantly (p < 0.05) higher scleraxis expression than their non-crowded 

counterparts. Passage 3, n=3. * indicates statistically significant difference to the 20 

% non MMC counterpart at a given timepoint. 

 

Considering that among the various oxygen tension, the 2 % showed overall good 

results, we conducted gene analysis for the 20 % and 2 % oxygen tensions, without 

and with MMC. Hierarchal clustering of the fold change (threshold of 3) in gene 

expression of human tenocytes compared to the culture condition of without MMC at 

20 % oxygen tension at each timepoint (3, 5 and 7 days) is demonstrated in Figure 

2.19 for all assessed genes. At day 3 and 7, the highest expression of HIF1A was only 

detected at cells that were grown at 2 % oxygen tension in the presence of MMC. At 

day 7, human tenocytes that were grown at 2 % oxygen tension with MMC 

significantly increased the expression of P4HA1, PLOD2, SCXA, TNMD and ELN, 

whilst chondrogenic (e.g. RUNX2, COMP, ACAN) and osteogenic (e.g. SPP1, 

BGLAP) trans-differentiation markers were either significantly down-regulated or 
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remained unchanged. At the same timepoint, cells that were grown in the absence of 

MMC, although they significantly increased the expression of P4HA1, P4HA1, 

POLD1, PLOD2, COL1A1, TNMD, TNC, BGN, ELN they also exhibited 

significantly increased expression of bone (e.g. SPP1) and cartilage (e.g. ACAN and 

COMP) trans-differentiation markers. At day 7, cells that were grown at 20 % oxygen 

in the presence of MMC, increased the expression of TNMD, but they increase the 

expression of bone (e.g. SPP1, BGLAP), cartilage (e.g. ACAN) and fat (e.g. FABP4) 

trans-differentiation lineages.
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Figure 2.19: Gene analysis of tenocytes cultured without and with MMC at 20 % and 

2 % oxygen tension after 3, 5 and 7 days. The heatmap was generated by a log 

transformation of the real-time PCR data presented as ΔCΤ = (CΤ miRNA – CΤ 

GAPDH) compared to without MMC at 20 % oxygen tension at each timepoint. A 

rather gross approach indicates that in comparison to the non-crowded at 20 % oxygen 

control group, cells that were grown at 2 % oxygen tension with MMC significantly 

increased 2 collagen (P4HA1 and PLOD2), 3 tendon (SCXA, TNMD, ELN) and 1 

trans-differentiation (SPP1) genes, whilst 2 collagen (COL1, COL3) 1 tendon (DCN) 

and 4 trans-differentiation genes (RUNX2, VCAN, SERPINH1, FABP4) were down-

regulated; cells that were grown at 2 % oxygen tension without MMC significantly 

increased 5 collagen (P4HA1, P4HA2, PLOD1, PLOD2, COL1) 4 tendon (TNMD, 

TNC, BGN, ELN) and 3 trans-differentiation (SPP1, ACAN and COMP) genes, whilst 

1 tendon (DCN) and 1 trans-differentiation (FABP4) genes were down-regulated; and 

cells that were grown at 20 % oxygen with MMC significantly up regulated 1 tendon 

(TNMD) and 4 trans-differentiation (SPP1, BGLAP, ACAN and FABP4) genes. 
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2.4. Discussion 

Recent endeavours in biofabrication aspire to identify optimal culture parameters to 

produce biomimetic advanced therapy medicinal products, capitalising on the intrinsic 

ability of permanently differentiated and stem cells to build tissues and organs [59-

62]. However, the development of an ECM-rich tissue equivalent in vitro requires 

prolonged cell culture time (e.g. 5 weeks for cornea [63], 28 weeks for blood vessel 

[64]), which often leads to cell phenotypic drift and senescence [14, 15]. Although a 

plethora of microenvironmental cues (e.g. topography [17-21], growth factor 

supplementation [22-27] mechanical stimulation [28-33], rigidity [65-68]) have been 

employed in vitro to either maintain or precisely direct cell lineage commitment, they 

have very little effect on the rate of ECM synthesis deposition. In this study, we 

ventured to assess the synergistic effect of low oxygen tension (enhances ECM 

synthesis) and MMC (enhances ECM deposition) in human tenocyte culture. 

Starting with protein analysis, our data illustrate that the physiological low oxygen 

tension coupled with MMC significantly enhanced and accelerated tendon-specific 

ECM deposition. Specifically, as evidenced by SDS-PAGE and 

immunocytochemistry analyses, MMC increased collagen type I, the major 

component of tendon ECM [16, 69, 70], deposition, whilst in the absence MMC, very 

little collagen type I was deposited. This is not surprising, considering that in the dilute 

culture media, the enzymatic conversion of the water-soluble procollagen to insoluble 

collagen type I is very slow [48, 71], whilst the addition of macromolecules in culture 

media has been shown to result in accelerated and enhanced collagen type I deposition 

[47-49, 52]. Low oxygen tension alone (in the absence of MMC) was not able to 

substantially increase collagen type I deposition, as revealed by SDS-PAGE and 

immunocytochemistry analyses. This lack of effect is likely related to the age of 

tenocytes used in the present study, considering that aging tenocytes are less active 

and produce less matrix compared to juvenile or embryonic tenocytes [72, 73]. When 

MMC was coupled with oxygen tension (in particular with 2 % oxygen tension), a 

significant increase in collagen type I deposition was documented. These data are in 

agreement with previous publications that demonstrated that the stabilisation of HIF-

1 at low oxygen tension is associated, among others, with enhanced ECM synthesis 

[74-82]. Further, low oxygen tension intensifies collagen synthesis through 

augmentation of prolyl 4-hydroxylase activity that catalyses the formation of 4-
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hydroxyproline in collagens; the reaction requires Fe2+, 2-oxoglutarate, oxygen 

tension and ascorbic acid [81, 83-89]. In the presence of MMC, among the different 

oxygen tensions, the 2 % oxygen tension appeared to induce the highest collagen 

deposition. This is in agreement with other studies that have shown that there is a 

minimum effective oxygen tension (as low as 1 % [41, 42, 90, 91] for enhanced ECM 

synthesis, below which (for example 0.5 % [41, 92]) ECM synthesis is reduced. It is 

worth however noting that a few studies have also reported enhanced gene expression 

levels of HIF-1 subunits and collagen / collagen-related molecules at 0.5 % oxygen 

tension [93, 94], suggesting that ECM synthesis and deposition at a given oxygen 

tension is cell- / tissue- dependent. This trend (i.e. highest deposition at 2 % oxygen 

tension in the presence of MMC) also continued with the collagen type III, the other 

major ECM molecule of tendon tissue [95], as revealed by immunocytochemistry 

analysis. This is not surprising, considering that (a) collagen type III synthesis also 

depends on the enzymatic conversation of procollagen type III into collagen type III 

[96, 97], albeit the reaction kinetics are different between these two type of collagen 

[98]; and (b) a strong correlation between HIF-1 and procollagen type III has been 

reported before in keloid tissues [99]. 

Collagen type V acts as a dominant regulator of collagen fibrillogenesis, as it co-

assembles with collagen type I into heterotypic collagen fibril [100, 101], whilst 

collagen type VI plays an important role in maintaining the structural and 

biomechanical integrity of tendon [102] and in tendon healing [103]. In contrast to 

collagen type I and collagen type III, MMC did not appear to affect collagen type V 

and type VI deposition, however, low oxygen tension significantly increase thereof 

synthesis. With respect to collagen type V, it has been suggested that it has different 

processing mechanism to collagen type I in vitro; whilst collagen type I is released 

from the cell surface unprocessed, collagen type V is retained at the cell surface, where 

procollagen type V is efficiently engaged with pericellular receptors and processing 

enzymes [104]. Collagen type VI, in contrast to other collagens that are processed 

extracellularly, follows a complex multi-step intracellular assembly process prior to 

secretion [105-107]. The increase in collagen synthesis for both collagen type V and 

collagen type VI can again be attributed to the stabilisation of HIF-1 (see above). 

Although a previous study has reported no effect of low oxygen tension in collagen 

type V synthesis in human normal corneal and keratoconus fibroblasts [108], it is 
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worth noting that the authors also reported reduced collagen type I synthesis and 

increased MMP activity, indicative of oxidative stress. 

MMPs are key regulators of tissue remodelling [109, 110]. The crowded groups 

exhibited higher activated MMP-2 expression than the non-crowded groups, which 

can be attributed to the enhanced ECM deposition. This is in agreement with previous 

studies that have shown increased MMP-2 activity in the presence of three-

dimensional collagen lattices [111-113]. With respect to oxygen tension, one would 

also have expected the low oxygen tension groups to have higher MMP expression 

than their high oxygen tension counterparts, considering that more ECM was 

synthesised and deposited at low oxygen tension. This however was not observed 

herein. In literature, contradictory data have been reported. For example, a study has 

shown hypoxia to activate MMP expression in monkey choroid-retinal endothelial 

cells [114], whilst another study has shown hypoxia to down-regulate secretion of 

MMP-2 and MMP-9 in porcine pulmonary artery endothelial and smooth muscle cells 

[115]. Considering the high content of MMPs in FBS [52], which may mask the effect 

of cell-produced and FBS-contained MMPs on synthesised and deposited ECM, a 

more detailed analysis is needed in serum-free media to safely conclude on the 

influence of hypoxia on MMP expression. 

Scleraxis is abundant in tendon tissues [116, 117] and is recognised as a tendon-

specific transcription factor that plays crucial role in tendon formation and 

development [118]. Western blot analysis clearly illustrates that hypoxia coupled with 

MMC significantly enhanced scleraxis expression, indicating formation of a tendon 

like-tissue in vitro. These data are again in agreement with previous studies, where in 

low glucose media, HIF-1α upregulated the expression of SOX9 and scleraxis that are 

involved in collagen synthesis and tenocyte phenotype [119]. Moreover, low oxygen 

tension has been shown to substantially increase scleraxis expression in stem cells by 

inducing HIF-1 in stem cell / tenocyte co-culture systems [120, 121], opening further 

insights in tenocyte differentiation and tendon development. 

Gene expression analysis at day 7 of cells cultured at 2 % under MMC showed an up-

regulation of the enzymes prolyl (P4HA1)- and lysyl (PLOD2)- hydroxylases, which 

play a significant role in the post-translational modification of collagen type I 

synthesis [122]. This observation is in agreement with previous studies that 

demonstrated that low oxygen tension induced over-expression in mRNA and protein 

level of prolyl- and lysyl-hydroxylases [81, 86, 123-125]. Prolyl-hydroxylases are 
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important enzymes required for the formation triple-helix collagen molecules, while 

lysyl-hydroxylases are important for the intermolecular collagen cross-linking 

providing tensile strength and mechanical stability of collagens [122, 126, 127]. In 

dilute media these enzymes are deactivated before the cleavage of C- and N-terminus 

of procollagen. Therefore, the addition of macromolecules results in a faster 

recognition of the enzymes to the terminus and then in a faster and more effective 

conversion of procollagen to collagen. Under the same conditions and timepoint, 

decreased expression of collagen type I and collagen type III was observed, which 

might be explained due to the cell negative feedback loop phenomena, where the 

accumulation of a protein leads the cells to suppress the expression noise of the 

corresponding gene [128-130]. Although decorin is often used as tenogenic marker 

[131], it is also associated with fibrosis suppression as it antagonises pathological 

collagen synthesis via downregulation of TGF-β1 [132]. Considering that TGF-β1 

expression remained unaffected, heat shock protein 47 (fibrosis marker [133]) was 

down-regulated and the collagen type I and collage type III were also down-regulated, 

it can be postulated that the decreased expression of decorin herein is associated with 

fibrosis suppression rather than phenotype loss, suggesting development of a 

physiological rather than a pathophysiological tendon-like tissue substitute in vitro. 

This can be further substantiated, considering that under the same conditions and 

timepoints, an increased expression of scleraxis (see above), tenomodulin, a 

transmembrane glycoprotein mainly expressed in tendons essential for tenocyte 

proliferation and tendon development [134, 135] and elastin, which play a key role in 

the formation tendon ECM providing elasticity and strength to the tendons [136], was 

observed. Down-regulations of EGR1, a mechanosensitive transcription factor 

involved in tendon formation, homeostasis and repair [137], suggests that mechanical 

stimulation may still be required for long term culture of tenocytes in vitro, which is 

in agreement with previous publications that advocate the use of mechanical 

bioreactors in musculoskeletal tissue engineering [138]. Up-regulation of SPP1 (an 

osteogenic marker [139]) may be associated with prolonged culture on rigid tissue 

culture plastics. Indeed, high rigidity substrates have bene shown to induce osteogenic 

differentiation of mesenchymal stem cells [140] and upregulation of osteogenic 

markers of tenocytes [18]. Of significant importance is that under the same conditions 

and timepoint, down-regulation of osteogenic (RUNX2 [141]), chondrogenic (VCAN 

[142]) and adipogenic ( FABP4 [143]) genes was recorded, clearly illustrating the 
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beneficial effects of hypoxia and MMC in tenocyte culture. Collectively, these data 

suggest that low oxygen tension and MMC up-regulate tendon-specific genes and 

down-regulate trans-differentiation genes, further enhancing that notion that 

multifactorial approaches should be employed for the development of cell-based 

three-dimensional tissue substitutes, as it has been suggested previously [144, 145].  
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2.5. Conclusions 

Development of ECM rich cell-based tissue engineered implantable devices requires 

prolonged in vitro culture, which leads to phenotypic drift, jeopardising clinical 

translation and commercialisation of such approaches. Herein, we illustrated that a 

multi-factorial approach based on physiological in vitro microenvironment 

modulators, namely low oxygen tension (enhances ECM synthesis) and 

macromolecular crowding (enhances ECM deposition), accelerated the production of 

functional and ECM rich tendon equivalents. 
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3.1. Introduction 

In the context of tissue engineering and regenerative medicine, scaffold-based 

approaches are frequently associated with foreign body immunological reactions [1] 

and impaired vascularisation [2]. Thus, particular emphasis has been given to scaffold-

free / cell-sheet tissue engineering strategies to restore injured and damaged tissues 

and organs [3, 4], as they capitalise the cells’ inherent ability to synthesise tissue-

specific extracellular matrix (ECM). This bottom-up paradigm enables the formation 

of sophisticated tissue-like surrogates with low immunological response and high 

levels of biomimicry, vascularisation capacity and regenerative potential, as the 

delivered cells and their rich in bioactive molecules / tropic factors secretome are now 

entangled within their own intertwined network of deposited ECM [5-8]. Yet again, 

there are limitations regarding this cell-based self-assembly approach, such as the high 

cell seeding density required, which brings into consideration the issue of cell sourcing 

[9], and the prolonged culture time needed to create an implantable construct (e.g. for 

35 days for cornea [10], 42 days for vascular [11]) which brings into consideration the 

issue of cell phenotype maintenance during prolonged ex vivo culture [12]. Indeed, 

passaged primary cells experience epigenetic changes leading to an altered protein and 

gene profile, phenotypic drift, loss of function and senescence, ultimately reducing the 

efficacy and efficiency of cell-based therapies [13-18]. Hence, it becomes imminent 

to develop biomimetic cell expansion methods that will accelerate the development of 

tissue-like modules in vitro, whilst maintaining cellular phenotype and function. 

Although tendon derived cells are preferred for tendon tissue engineering [19, 20], 

serial passaging is associated with phenotypic drift [21]. To this end, various 

biophysical (e.g. surface topography [22, 23], mechanical stimulation [24]), 

biochemical (e.g. physiological low oxygen tension [25], media supplements [26]), 

biological (e.g. co-culture [27], growth factors (GFs) [28]), alone or in combination 

[29-32], microenvironmental cues mimicking the native tendon milieu are employed 

as a means to either maintain tendon derived cell phenotype or to differentiate other 

cell types towards tenogenic lineage, albeit with variable degree of efficiency. Among 

the different in vitro microenvironment modulators, the use of GFs has been 

extensively advocated due to their potent and multifunctional value in tendon 

regeneration and increased tendon-derived cell proliferation, expression of tenogenic 

markers and production of tendon-specific ECM [33-38]. In particular, 100 ng/ml 

insulin growth factor 1 (IGF1) [39, 40], 50 ng/ml of platelet-derived growth factor ββ 
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(PDGFββ) [31, 41], 100 ng/ml growth differentiation factor 5 (GDF5) [31, 42] and 20 

ng/ml transforming growth factor β3 (TGFβ3) [43-45] have been shown not only to 

enhance tenocyte proliferation, ECM synthesis and prolonged expression of tenogenic 

markers, but also to induce tenogenic differentiation of stem cells (both to cells from 

various species). 

However, GF supplementation alone is not sufficient to substantially enhance ECM 

deposition, as in the conventional dilute culture systems, the enzymatic procollagen 

processing to stable collagen is very slow [46, 47]. Macromolecular crowding (MMC) 

has been shown to accelerate biochemical reactions and biological activities by several 

orders of magnitude, following the principles of excluding volume effect [48, 49]. In 

eukaryotic cell culture, the addition of macromolecules in the culture media prohibits 

the diffusion of procollagen and N- and C- proteinases, resulting in enhanced and 

accelerated ECM deposition (within 48 hours over 80-fold increase) [50-53]. 

Macromolecular crowding, alone [54-57] or in combination with physiological 

oxygen tension [58-61] or mechanical stimulation [62], has already shown promising 

results in controlling permanently differentiated and stem cell fate in vitro. 

Considering that GFs are potent cell fate modulators and MMC is key inducer of 

enhanced and accelerated ECM deposition, herein, we ventured to assess the 

synergistic effect of IGF1, PDGFββ, GDF5 or TGFβ3 and MMC in human tenocyte 

culture. The driving hypothesis is that that GF supplementation will maintain 

tenogenic phenotype and induce tendon-specific ECM synthesis, whilst MMC will 

accelerate the deposition of the tendon-like de novo synthesised ECM.  
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3.2. Material and Methods 

3.2.1. Human tenocyte isolation and culture 

Human tendons were obtained from patients without tendinopathy undergoing tendon 

surgeries at Galway University Hospital, Galway, Ireland and at Bon Secours 

Hospital, Galway, Ireland. Appropriate licences, ethical approvals and informed 

consent forms were in place. Tenocytes were extracted using the migration method 

[63]. Briefly, tendons were cleaned aseptically with a scalpel to remove all paratendon, 

fat and muscle tissues. Subsequently, tendons were cut into small pieces and placed 

into 6-well plates. Tendon segments were supplemented with 5 ml of culture media 

containing Dulbecco’s modified Eagle medium (DMEM, Sigma Aldrich, Ireland), 10 

% foetal bovine serum (FBS, Sigma Aldrich, Ireland) and 1 % penicillin-streptomycin 

(Sigma Aldrich, Ireland) and placed at 37 °C in a humidified atmosphere of 5 % CO2. 

Culture medium was changed every three days. After a few days, the first colonies of 

tenocytes were noticed around the tendon sections. When the migrated tenocytes 

reached 80-90 % confluency, they were treated with trypsin / 

ethylenediaminetetraacitic acid (EDTA) solution (Sigma Aldrich, Ireland) and sub-

cultured in T-175 tissue culture flasks (Sarstedt, Germany). 

 

3.2.2. GF and MMC supplementation 

At passage three, tenocytes were seeded at 25,000 cells/cm2 in 24-well plates and 

allowed to attach for 24 h. The culture media was removed and replaced with culture 

media containing 100 μM L-ascorbic acid phosphate (Sigma Aldrich, Ireland) to 

induce collagen synthesis and 100 ng/ml recombinant human IGF1 (R&D Systems, 

UK), 50 ng/ml recombinant human PDGFββ (PeproTech EC, UK), 100 ng/ml 

recombinant human GDF5 (R&D Systems, UK) or 20 ng/ml recombinant human 

TGFβ3 (PeproTech EC, UK) with and without 50 μg/ml of carrageenan (CR, mixture 

of κ and lesser amounts of λ CR, C1013, Sigma Aldrich, Ireland). The CR was added 

either simultaneously with or in serial fashion to each GF as described below. The 

rational of this approach was to decipher the potential effect of CR to the GF activity, 

as CR has been shown to act as selective GF antagonist [64-66]. Samples without GF 

and without / with CR were used as controls. Culture media was changed every 3 days. 

Analysis was performed after 4, 7, 10 and 13 days. Simultaneous administration of 

GFs and CR: Day 0: cell seeding; Day 1: GF and CR treatment; Day 4: 1st timepoint 

and GF/CR treatment; Day 7: 2nd timepoint and GF/CR treatment; Day 10: 3rd 
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timepoint and GF/CR treatment; Day 13: 4th timepoint. Serial administration of GFs 

and CR: Day 0: cell seeding; Day 1: GF treatment; Day 2: CR administration; Day 4: 

1st timepoint and GF treatment; Day 5: CR administration; Day 7: 2nd timepoint and 

GF treatment; Day 8: CR administration; Day 10: 3rd timepoint and GF treatment; Day 

11: CR administration; Day 13: 4th timepoint. 

 

3.2.3. DNA quantification 

DNA quantification was performed using Quant-iT™ PicoGreen® dSDNA assay kit 

(Invitrogen, Ireland) to evaluate the effect of GF and CR supplementation on tenocyte 

proliferation at each timepoint according to the manufacturer's guidelines. Double-

stranded DNA (dsDNA) was extracted using three freeze-thaw cycles after adding 250 

μl of nucleic acid free water per well. Afterwards, 100 μl of each sample transferred 

into 96-well plate. A standard curve was generated using 0, 5, 10, 25, 50, 100, 500 and 

1,000 ng/ml DNA concentrations. 100 μl of 1:200 dilution of Quant-iT™ PicoGreen® 

reagent was then added to each well and the plate was read using a micro-plate reader 

(Varioskan Flash, Thermo Scientific, Ireland) with an excitation wavelength of 480 

nm and an emission wavelength of 525 nm. 

 

3.2.4. Cell metabolic activity assessment 

alamarBlue® assay (Invitrogen, USA) was carried out to assess the effect of GF and 

CR supplementation on the tenocytes’ metabolic activity at each timepoint, as per 

manufacturer’s protocol. Briefly, at the end of each culture timepoint, tenocytes were 

washed with Hanks’ Balanced Salt solution (HBSS, Sigma Aldrich, Ireland) and then 

alamarBlue® solution (10 % alamarBlue® in HBSS) was added. After 3 hours of 

incubation at 37 °C and 5 % CO2, absorbance was measured at 550 nm and 595 nm 

using Varioskan Flash spectral scanning multimode reader (Thermo Scientific, UK). 

Cell metabolic activity was expressed in terms of % reduction of the alamarBlue® dye 

and normalised to the control group without GF and without CR. 

 

3.2.5. Cell nuclei counting 

Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen, 

USA; see section 2.7.). Fluorescent images were captured with an Olympus IX-81 

inverted fluorescence microscope and images were further processed with ImageJ 
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software. Nuclei were counted to obtain cell number per area at the different 

timepoints. 

 

3.2.6. Collagen extraction and sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) analysis 

At each timepoint collagen extraction from the cell layers and SDS-PAGE was 

performed [67]. Briefly, at days 4, 7, 10 and 13 cell layers were digested with porcine 

gastric mucosa pepsin (Sigma Aldrich, Ireland) for 2 hours at 37 °C with continuous 

shaking and subsequent neutralisation with 1 N NaOH. The samples were 

appropriately diluted with distilled water and 5 x sample buffer and heated at 95 °C 

for 5 minutes. 10 μl per sample solution per well was loaded on the gel (5 % running 

gel / 3 % stacking gel). 0.25 mg/ml bovine skin collagen type I (Symatese 

Biomateriaux, France) was used as reference standard. Electrophoresis was performed 

in a Mini-PROTEAN Tetra Electrophoresis System (Bio-Rad, Ireland) by applying 

potential difference of 50 mV for the initial ~30 minutes and then 110 mV for the 

remaining time (~ 60 minutes). The gels were stained using the SilverQuest™ 

(Invitrogen, Ireland) silver stain kit, according to the manufacturer's protocol. Images 

of the gels were taken after brief washing with water. To quantify the cell-produced 

collagen type I deposition, the relative densities of collagen α1(I) and α2(I) chains 

were evaluated using ImageJ software (NIH, USA) and correlated to the α1(I) and 

α2(I) chain bands densities of the reference standard collagen type I. 

 

3.2.7. Immunocytochemistry analysis 

For immunocytochemistry analysis, tenocytes were seeded in 48 well plates at 25,000 

cells/cm2 and were cultured as described in section 2.2. At each timepoint (4, 7, 10 

and 13 days), culture media was removed, and the cell layers were washed with HBSS 

and fixed with 2 % paraformaldehyde (PFA, Sigma Aldrich, Ireland) at ambient 

temperature for 30 minutes. After three washes with phosphate buffered saline (PBS, 

Sigma Aldrich, Ireland), cells were incubated with 3 % bovine serum albumin (BSA) 

in PBS for 30 minutes to block nonspecific binding. Samples were then incubated 

overnight at 4 ºC with primary antibodies for collagen type I (mouse monoclonal, 

Abcam, Ireland) or collagen type III (rabbit polyclonal, Abcam, Ireland) diluted 1:200 

in 3 % BSA in PBS. After three washes in PBS, bound antibodies were visualised 

using AlexaFluor® 488 donkey anti-mouse (Invitrogen, USA) or AlexaFluor® 488 
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goat anti-rabbit (Invitrogen, USA) diluted 1:400 in PBS for 1 h. The cell nuclei were 

stained with DAPI (Invitrogen, USA). Images were taken with an Olympus IX-81 

inverted fluorescence microscope (Olympus Corporation, Japan) and fluorescent area 

per image was quantified using ImageJ software (NIH, USA) and normalised per cell 

number. 

 

3.2.8. Gene analysis 

At each timepoint (4, 7, 10 and 13 days) gene analysis (Table 3.1 provides the list of 

genes and the sequence of their primers) was conducted using a RealTime ready 

Custom Panel (Roche, Germany) to investigate the effect of GF and CR 

supplementation on the expression of the collagenous genes [prolyl 4-hydroxylase 

subunit alpha 1 (P4HA1), prolyl 4-hydroxylase subunit alpha 2 (P4HA2), procollagen-

lysine,2-oxoglutarate 5-dioxygenase 1 (PLOD1), procollagen-lysine,2-oxoglutarate 5-

dioxygenase 2 (PLOD2), collagen type I alpha 1 (COL1A1), collagen type III alpha 1 

(COL3A1)]; tenogenic markers [scleraxis (SCXA), tenomodulin (TNMD), tenascin C 

(TNC), Mohawk (MKX), biglycan (BGN), elastin (ELN), fibromodulin (FMOD)]; 

osteogenic markers [runt related transcription factor 2 (RUNX2), bone gamma 

carboxyglutamate protein – osteocalcin (BGLAP), integrin binding sialoprotein 

(IBSP)]; chondrogenic markers [collagen type II alpha 1 (COL2A1), aggrecan 

(ACAN), SOX9]; fibrosis marker [heat shock protein 47 (SERPINH1)]; and 

adipogenic marker [fatty acid binding protein 4 (FABP4)]. Total RNA was isolated 

from cell sources using TRI Reagent® (Sigma Aldrich, Ireland) for 5 minutes at 

ambient temperature to lyse the cells. Afterwards, the TRI Reagent® was collected, 

chloroform was added and was vortexed for 15 sec and incubated at ambient 

temperature for 5 minutes. The solution was centrifuged and the upper aqueous phase 

containing the RNA was collected and mixed with 70 % ethanol. The solution was 

then purified using the High Pure isolation kit (Roche, Germany). RNA concentration 

and quality were analysed using the NanoDrop 1000 (Thermo Scientific, UK) and the 

Agilent 2100 Bioanalyser (Agilent Technologies, Ireland). RNA was transcribed to 

cDNA using the Transcriptor First Strand cDNA synthesis kit (Roche, Germany) and 

1 μg of RNA sample was used in all the groups. After cDNA synthesis, 1 μl of cDNA 

was added to 9 μl of Probes Master into a RealTime ready custom 384 well plate 

(Roche, Germany). Negative controls of empty wells and non-transcribed RNA were 

added in the study and the plate was run in the LightCycler® 480 Instrument (Roche, 
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Germany). Genes were normalised to the housekeeper gene Ribosomal Protein Lateral 

Stalk Subunit P0 (RPLP0) and fold change was obtained using the 2-ΔΔCΤ. Z-scores 

of fold change were calculated and relevant up- or down- regulations were accepted 

when the score was at least three standard deviations away from the mean value of 

fold change for each gene. 

 

Table 3.1: List of genes and sequence of their primers. 

Gene Name 
Gene 

Symbol 
Forward Sequence Reverse Sequence 

Prolyl 4-

hydroxylase 

subunit alpha 1 

P4HA1 
TGAAATCGTCAAA

GACCTAGCA 

TGTTATTGGGTTTG

AAATGGTG 

Prolyl 4-

hydroxylase 

subunit alpha 2 

P4HA2 
AAACTGGTGAAGC

GGCTAAA 

GAGAGGTTGGCGAT

AAAACCT 

Procollagen-

lysine,2-

oxoglutarate 5-

dioxygenase 1 

PLOD1 
GCTGCCGTATCTTC

CAGAAC 

TTTCAAACTTGAGC

ACGACCT 

Procollagen-

lysine,2-

oxoglutarate 5-

dioxygenase 2 

PLOD2 
AAGGACTTTAAAA

ATTTTGATTGAACA 

GACTCAATGCTCCC

CAGAAAT 

Collagen type I 

alpha 1 
COL1A1 

AGGTGAAGCAGGC

AAACCT 

CTCGCCAGGGAAAC

CTCT 

Collagen type 

III alpha 1 
COL3A1 

ACTGGAGCACGGG

GTCTT 

TCCTGGTTTCCCAC

TTTCAC 
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Scleraxis 

homolog A 
SCXA 

CCCAAACAGATCT

GCACCTT 

TCTTTCTGTCGCGG

TCCTT 

Tenomodulin TNMD 
TCCTCTGGCATCTG

TTAGCC 

TCCTTGCTTTGAGA

GGACTGA 

Tenascin C TNC 
CCTTGCTGTAGAGG

TCGTCA 

CCAACCTCAGACAC

GGCTA 

Mohawk 

homeobox 
MKX 

GGATCCAATAAGG

GTGAAAGC 

TAAGGCCATAGCTG

CGTTG 

Decorin DCN 
CCAATATCACCAGC

ATTCCTC 

CTGCTGATTTTGTT

GCCATC 

Biglycan BGN 
CTACAGCGCCATGT

GTCCT 

TCTTTGGGCACAGA

CTTCAG 

Elastin ELN 
CACTGGGGTATCCC

ATCAAG 

GTGGTGTAGGGCAG

TCCATAG 

Fibromodulin FMOD 
TCCAAGGCAATAG

GATCAATG 

AGTTCACGACGTCC

ACCAC 

Runt related 

transcription 

factor 2 

RUNX2 
TGCCACCTCTGACT

TCTGC 

AAAGGGCCCAGTTC

TGAAG 

Bone gamma-

carboxyglutam

ate (gla) 

protein 

BGLAP 
CCAGCCCTATGGAT

GTGG 

TTTTCAGATTCCTCT

TCTGGAGTT 

Integrin-

binding 

sialoprotein 

IBSP 
AGAACCACTTCCCC

ACCTTT 

TTCGTACTCCCCCT

CGTATTC 
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Collagen type 

II alpha 1 
COL2A1 

CTGGTCCTCAAGGC

AAAGTT 

GAGGTCCAGGACG

ACCATC 

Aggrecan ACAN 
GAACGACAGGACC

ATCGAA 

AAAGTTGTCAGGCT

GGTTGG 

SRY (sex 

determining 

region Y)-box 

9 

SOX9 
TACCCGCACTTGCA

CAAC 

TCTCGCTCTCGTTC

AGAAGTC 

Serpin H1 

precursor (heat 

shock protein 

47) 

SERPINH1 
ATGCAGAAGAAGG

CTGTTGC 

CTTGTCAATGGCCT

CAGTCA 

Fatty acid 

binding protein 

4 

FABP4 
CCTTTAAAAATACT

GAGATTTCCTTCA 

AGGACACCCCCATC

TAAGGT 

Housekeeping genes 

Glyceraldehyd

e-3-phosphate 

dehydrogenase 

GAPDH 
AGCCACATCGCTCA

GACAC 

GCCCAATACGACCA

AATCC 

Actin beta ACTB 
TCCTCCCTGGAGAA

GAGCTA 

CGTGGATGCCACAG

GACT 

Ribosomal 

protein, large, 

P0 

RPLP0 
TCGACAATGGCAG

CATCTAC 

GCCAATCTGCAGAC

AGACAC 
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3.2.9. Statistical analysis 

Data are expressed as mean ± standard deviation. All experiments in were conducted 

at least in triplicates. MINITAB (version 17; Minitab, Inc.) was used for statistical 

analysis. Two-sample t-test for pairwise comparisons and one-way ANOVA for 

multiple comparisons were performed. Statistical significance was accepted at p < 

0.05.
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3.3. Results 

3.3.1. DNA, metabolic activity and proliferation analyses 

IGF1 (at days 10 and 13) and TGFβ3 (at all timepoints) supplementation (without / 

with CR) significantly (p < 0.05) increased DNA content (Figure 3.1). With respect 

to PDGFββ (at all timepoints) and GDF5 (at days 7, 10 and 13) supplementation, 

groups without CR and in serial fashion to CR induced the highest (p < 0.05) DNA 

content (Figure 3.1).  

 

Figure 3.1: In all cases, DNA content was increased as a function of time in culture. 

At days 10 and 13, the IGF1 treatments (without / with MMC) exhibited significantly 

(p < 0.05) higher DNA content than the non-IGF1 treatments (A). At all timepoints, 

the PDGFββ without MMC and the PDGFββ in serial fashion to MMC treatments 

exhibited the highest (p < 0.05) DNA content (B). At days 7, 10 and 13, the GDF5 

without MMC and the GDF5 in serial fashion to MMC treatments exhibited the 

highest (p < 0.05) DNA content (C). At all timepoints, the TGFβ3 treatments (without 

/ with MMC) exhibited significantly (p < 0.05) higher DNA content than the non-

TGFβ3 treatments (D). * indicates statistically significant (p < 0.05) difference as 

compared to without MMC and without GF treatments. Passage 3. n=3. 
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No significant differences (p > 0.05) were observed in metabolic activity as a function 

of any GF and/or CR supplementation at any timepoint (Figure 3.2).  

 

Figure 3.2: No statistical differences (p > 0.05) in tenocyte metabolic activity were 

observed as a function of MMC and/or GF (either in simultaneous or serial fashion to 

MMC) supplementation at any timepoint. IGF1 (A), PDGFββ (B), GDF5 (C), TGFβ3 

(D). Passage 3. n=3.
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IGF1 (at days 10 and 13) and TGFβ3 (at days 7, 10 and 13) supplementation (without 

/ with CR) significantly (p < 0.05) increased nuclei number (Figure 3.3). PDGFββ and 

GDF5 (at days 7, 10 and 13) supplementation without CR and in serial fashion to CR 

significantly (p < 0.05) increased cell nuclei number (Figure 3.3). 

 

Figure 3.3: In all cases, nuclei number was increased as a function of time in culture. 

At days 10 and 13, the IGF1 treatments (without / with MMC) exhibited significantly 

(p < 0.05) higher nuclei number than the non-IGF1 treatments (A). At days 7, 10 and 

13, the PDGFββ without MMC and the PDGFββ supplemented in serial fashion to 

MMC treatments exhibited the highest (p < 0.05) nuclei number (B). At days 7, 10 

and 13, the GDF5 without MMC and the GDF5 supplemented in serial fashion to 

MMC treatments exhibited the highest (p < 0.05) nuclei number (C). At all timepoints, 

the TGFβ3 treatments (without / with MMC) exhibited significantly (p < 0.05) higher 

nuclei number than the non-TGFβ3 treatments (D). * indicates statistically significant 

(p < 0.05) difference as compared to without MMC and without GF treatments. 

Passage 3. n=3. 
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3.3.2. Collagen synthesis and deposition analysis 

SDS-PAGE (Figure 3.4) and corresponding densitometric analysis (Figure 3.5) 

showed that CR supplementation induced significantly (p < 0.05) higher collagen type 

I deposition in human tenocyte cultures than the non-crowded groups (without or with 

IGF1, PDGFββ, GDF5 or TGFβ3) at all timepoints. 

Addition of TGFβ3 alone at days 10 and 13 and IGF1 alone at day 13 induced 

significantly (p > 0.05) higher collagen type I deposition than the non-crowded groups 

(Figure 3.5), whilst treatment with PDGFββ or GDF5 alone did not enhance collagen 

type I deposition at any timepoint. 

IGF1 and CR (in either simultaneous or serial fashion) induced significantly (p < 0.05) 

higher collagen type I deposition than IGF1 alone and no significant (p > 0.05) 

difference was observed between simultaneous and serial IGF1 to CR 

supplementation at any timepoint (Figure 3.5A). In comparison to CR alone, IGF1 

and CR (in either simultaneous or serial fashion) induced significantly (p < 0.05) 

higher collagen type I deposition at days 10 and 13. 

PDGFββ and CR (in either simultaneous or serial fashion) induced significantly (p < 

0.05) higher collagen type I deposition than PDGFββ alone (Figure 3.5B). PDGFββ 

in serial fashion to CR induced significantly (p < 0.05) higher collagen type I 

deposition than PDGFββ in simultaneous fashion to CR at days 7, 10 and 13. In 

comparison to CR alone, only PDGFββ in serial fashion to CR induced significantly 

(p < 0.05) higher collagen type I deposition at days 7, 10 and 13 (Figure 3.5B). 

GDF5 and CR (in either simultaneous or serial fashion) induced significantly (p < 

0.05) higher collagen type I deposition than GDF5 alone (Figure 3.5C). GDF5 in 

serial fashion to CR induced significantly (p < 0.05) higher collagen type I deposition 

than GDF5 in simultaneous fashion to CR at days 10 and 13. In comparison to CR 

alone, only GDF5 in serial fashion to CR induced significantly (p < 0.05) higher 

collagen type I deposition at days 10 and 13 (Figure 3.5C). 

TGFβ3 and CR (in either simultaneous or serial fashion) induced significantly (p < 

0.05) higher collagen type I deposition than TGFβ3 alone and no significant (p > 0.05) 

difference was observed between simultaneous and serial TGFβ3 to CR 

supplementation at any timepoint (Figure 3.5D). In comparison to CR alone, TGFβ3 

and CR (in either simultaneous or serial fashion) induced significantly (p < 0.05) 

higher collagen type I deposition at days 7, 10 and 13 (Figure 3.5D).
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Figure 3.4: SDS-PAGE of cell layers of human tenocytes treated without / with MMC and without / with (either in simultaneous or in serial 

fashion to MMC) IGF1, PDGFββ, GDF5 and TGFβ3 at days 4 (A), 7 (B), 10 (C) and 13 (D).
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Figure 3.5: Densitometric analysis revealed that MMC supplementation, at all 

timepoints, induced significantly (p < 0.05) higher collagen type I deposition in human 

tenocyte cultures than the non-MMC groups (without or even with any GF). Among 

the simultaneous GF supplementation to MMC, TGFβ3 induced the highest (p < 0.05) 

collagen type I deposition in human tenocyte cultures at all timepoints. Among the 

serial GF supplementation to MMC, TGFβ3 induced the highest (p < 0.05) collagen 

type I deposition in human tenocyte cultures at all timepoints. Day 4 (A), Day 7 (B), 

Day 10 (C), Day 13 (D). * indicates significantly (p < 0.05) higher difference between 

the simultaneous and/or serial GF supplementation to MMC and MMC alone groups.
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Immunocytochemistry (collagen type I: Figure 3.6 for IGF1, Figure 3.7 for PDGFββ, 

Figure 3.8 for GDF5 and Figure 3.9 for TGFβ3; collagen type III: Figure 3.10 for 

IGF1, Figure 3.11 for PDGFββ, Figure 3.12 for GDF5 and Figure 3.13 for TGFβ3) 

and corresponding fluorescent intensity analysis (collagen type I: Figure 3.14A for 

IGF1, Figure 3.14B for PDGFββ, Figure 3.14C for GDF5 and Figure 3.14D for 

TGFβ3; collagen type III: Figure 3.15A for IGF1, Figure 3.15B for PDGFββ, Figure 

3.15C for GDF5 and Figure 3.15D for TGFβ3) revealed that CR supplementation 

induced significantly (p < 0.05) higher collagen type I and collagen type III deposition 

than the non-crowded groups (without or with IGF1, PDGFββ, GDF5 or TGFβ3) at 

all timepoints. No significant (p > 0.05) difference was detected in collagen type I 

(Figure 3.14) and collagen type III (Figure 3.15) deposition between simultaneous 

and serial IGF1, PDGFββ, GDF5 or TGFβ3 to CR supplementation at any timepoint. 

In comparison to CR alone, IGF1 in both simultaneous and serial supplementation to 

CR induced significantly higher (p < 0.05) collagen type I (at days 10 and 13, Figure 

3.14A) and collagen type III (at days 7 and 13, Figure 3.15A) deposition. No 

significant (p > 0.05) difference was detected in collagen type I (Figure 3.14B) and 

collagen type III (Figure 3.15B) deposition between CR and PDGFββ to CR 

simultaneous or serial supplementation at any timepoint. In comparison to CR alone, 

GDF5 in serial supplementation to CR induced significantly higher (p < 0.05) collagen 

type I (at days 4, 10 and 13, Figure 3.14C) and collagen type III (at days 10 and 13, 

Figure 3.15C) deposition. In comparison to CR alone, TGFβ3 in both simultaneous 

and serial supplementation to CR induced significantly higher (p < 0.05) collagen type 

I (at days 4, 7 and 13, Figure 3.14D) and collagen type III [at days 4, 7 and 13 (only 

the serial), Figure 3.15D] deposition.
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Figure 3.6: Collagen type I immunocytochemistry analysis of human tenocytes 

treated without / with MMC and without / with (either in simultaneous or in serial 

fashion to MMC) IGF1. Collagen type I: Green, DAPI: Blue. Scale bars: 100 μm. 

Passage 3. n=3.
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Figure 3.7: Collagen type I immunocytochemistry analysis of human tenocytes 

treated without / with MMC and without / with (either in simultaneous or in serial 

fashion to MMC) PDGFββ. Collagen type I: Green, DAPI: Blue. Scale bars: 100 μm. 

Passage 3. n=3.
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Figure 3.8: Collagen type I immunocytochemistry analysis of human tenocytes 

treated without / with MMC and without / with (either in simultaneous or in serial 

fashion to MMC) GDF5. Collagen type I: Green, DAPI: Blue. Scale bars: 100 μm. 

Passage 3. n=3.
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Figure 3.9: Collagen type I immunocytochemistry analysis of human tenocytes 

treated without / with MMC and without / with (either in simultaneous or in serial 

fashion to MMC) TGFβ3. Collagen type I: Green, DAPI: Blue. Scale bars: 100 μm. 

Passage 3. n=3.
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Figure 3.10: Collagen type III immunocytochemistry analysis of human tenocytes 

treated without / with MMC and without / with (either in simultaneous or in serial 

fashion to MMC) IGF1. Collagen type III: Green, DAPI: Blue. Scale bars: 100 μm. 

Passage 3. n=3.
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Figure 3.11: Collagen type III immunocytochemistry analysis of human tenocytes 

treated without / with MMC and without / with (either in simultaneous or in serial 

fashion to MMC) PDGFββ. Collagen type III: Green, DAPI: Blue. Scale bars: 100 μm. 

Passage 3. n=3.
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Figure 3.12: Collagen type III immunocytochemistry analysis of human tenocytes 

treated without / with MMC and without / with (either in simultaneous or in serial 

fashion to MMC) GDF5. Collagen type III: Green, DAPI: Blue. Scale bars: 100 μm. 

Passage 3. n=3.
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Figure 3.13: Collagen type III immunocytochemistry analysis of human tenocytes 

treated without / with MMC and without / with (either in simultaneous or in serial 

fashion to MMC) TGFβ3. Collagen type III: Green, DAPI: Blue. Scale bars: 100 μm. 

Passage 3. n=3.
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Figure 3.14: Relative fluorescence intensity analysis of collagen type I revealed that 

MMC (carrageenan) supplementation, at all timepoints, induced significantly (p < 

0.05) higher collagen type I deposition in human tenocyte cultures than the non-MMC 

groups (without or even with any GF). At day 10 and 13, IGF1 in both simultaneous 

and serial to MMC supplementation induced significantly higher (p < 0.05) collagen 

type I deposition than the MMC alone group (A). No significant (p > 0.05) difference 

was detected in collagen type I deposition between MMC alone and PDGFββ 

supplementation in either simultaneous or serial fashion to MMC (B). At days 4, 10 

and 13, GDF5 supplementation in serial fashion to MMC induced significantly (p < 

0.05) higher collagen type I deposition than the MMC alone group (C). At day 4, 7 

and 13, TGFβ3 supplementation in simultaneous and serial fashion to MMC induced 

significantly higher (p < 0.05) collagen type I deposition than the MMC alone group 

(D). * indicates significantly (at p < 0.05) higher difference between the simultaneous 

and/or serial GF supplementation to MMC and MMC alone groups.
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Figure 3.15: Relative fluorescence intensity analysis of collagen type III revealed that 

MMC (carrageenan) supplementation, at all timepoints, induced significantly (p < 

0.05) higher collagen type III deposition in human tenocyte cultures than the non-

MMC groups (without or even with any GF). At day 7 and, IGF1 supplementation in 

simultaneous and serial fashion to MMC induced significantly higher (p < 0.05) 

collagen type III deposition than the MMC alone group (A). No significant (p > 0.05) 

difference was detected in collagen type III deposition between MMC alone and 

PDGFββ supplementation in either simultaneous or serial fashion to MMC (B). At day 

10 and 13, GDF5 supplementation in serial fashion to MMC induced significantly (p 

< 0.05) higher collagen type III deposition than the MMC alone group (C). At day 4 

and 7, TGFβ3 supplementation either simultaneously or in serial fashion to MMC and 

at day 13 only in serial fashion to MMC induced significantly (p < 0.05) higher 

collagen type III deposition than the MMC alone group (D). * indicates significantly 

(at p < 0.05) higher difference between the simultaneous and/or serial GF 

supplementation to MMC and MMC alone groups. 
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3.3.3. Gene expression analysis 

Hierarchal clustering of the fold change (threshold of 3) in gene expression of human 

tenocytes cultured with CR in comparison to cells cultured without CR revealed that 

most genes were unchanged, except of  P4HA1, BGLAP and FABP4 at day 4, PLOD1 

at day 7, PLOD2 at day 10 and PLOD2 at day 13, which were upregulated and PLOD2 

at day 7, ACAN at day 10 and SOX9 and SERPINH1 at day 13, which were 

downregulated (Figure 3.16 – 3.19). 

Hierarchal clustering of the fold change (threshold of 3) in gene expression of human 

tenocytes cultured with IGF1 without CR and with CR (either in simultaneous or serial 

fashion to IFG1) revealed that at day 4 IGF1 alone upregulated 3 collagen-related 

(PLOD1, PLOD2, COL1A1), 3 tendon-related (TNMD, TNC, BGN), 1 osteo-related 

(RUNX2) and 1 adipose-related (FABP4) genes; at day 7 IGF1 in serial fashion to CR 

upregulated 1 collagen-related (PLOD1) and 2 tendon-related (TNC, DCN) genes and 

downregulated 1 adipose-related (FABP4) gene; at day 10 IGF1 in serial fashion to 

CR upregulated 1 collagen-related (PLOD2), 2 tendon-related (TNMD, FMOD) and 

1 osteo-related (IBSP) and downregulated 1 collagen-related (PLOD1), 1 tendon-

related (DCN), 1 osteo-related (RUNX2), 1 chondro-related (ACAN) and 1 fibrosis-

related (SERPINH1) genes; and at day 13 IGF1 in serial fashion to CR upregulated 1 

collagen-related (COL1A1), 3 tendon-related (SCXA, TNMD, FMOD) and 1 osteo-

related (IBSP) and downregulated 1 osteo-related (BGLAP), 1 chondro-related 

(SOX9) and 1 fibrosis-related (SERPINH1) genes (Figure 3.16). 

Hierarchal clustering of the fold change (threshold of 3) in gene expression of human 

tenocytes cultured with PDGFββ without CR and with CR (either in simultaneous or 

serial fashion to PDGFββ) revealed that at day 4 PDGFββ alone upregulated 1 

collagen-related (COL1A1) gene; at day 7 PDGFββ in serial fashion to CR 

upregulated 2 collagen-related (PLOD1, COL1A1) and 1 tendon-related (TNC) genes 

and downregulated 1 collagen-related (PLOD2), 1 tendon related (SCXA) and 1 

adipose-related (FABP4) genes; at day 10 PDGFββ in simultaneous fashion to CR 

upregulated 1 collagen-related (PLOD2), 2 tendon-related (TNMD, FMOD), 1 osteo-

related (IBSP) and 1 adipose-related (FABP4) genes and downregulated 2 collagen-

related (PLOD1, COL1A1), 1 tendon-related (TNC) and 2 chondro-related (ACAN, 

SOX9) genes; and at day 13 PDGFββ alone upregulated 2 collagen-related (PLOD1, 

COL1A1), 1 tendon-related (FMOD) and 1 osteo-related (IBSP) genes and 
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downregulated 2 tendon-related (SCXA, MKX) and 1 adipose-related (FABP4) genes 

(Figure 3.17). 

Hierarchal clustering of the fold change (threshold of 3) in gene expression of human 

tenocytes cultured with GDF5 without CR and with CR (either in simultaneous or 

serial fashion to GDF5) revealed that at day 4 GDF5 alone upregulated 1 collagen-

related (COL1A1) and 1 adipose-related (FABP4) genes; at day 7 GDF5 in serial 

fashion to CR upregulated 3 collagen-related (P4HA2, PLOD1, COL1A1) and 1 

tendon-related (TNC) genes and downregulated 1 collagen-related (PLOD2) and 1 

adipose-related (FABP4) genes; at day 10 GDF5 alone upregulated 3 tendon-related 

(SCXA, TNMD, FMOD) and 1 osteo-related (IBSP) genes and downregulated 1 

osteo-related (BGLAP) and 1 adipose-related (FABP4) genes; and at day 13 GDF5 

alone upregulated 3 tendon-related (SCXA, TNMD, FMOD), 1 osteo-related (IBSP) 

and 1 chondro-related (ACAN) genes and downregulated 1 osteo-related (BGLAP) 

and 1 adipose-related (FABP4) genes and GDF5 in serial fashion to CR upregulated 

3-tendon-related (SCXA, TNMD, FMOD), 1 osteo-related (IBSP) and 1 chondro-

related (ACAN) genes and downregulated 1 chondro-related (SOX9) and 1 fibrosis-

related (SERPINH1) genes (Figure 3.18). 

Hierarchal clustering of the fold change (threshold of 3) in gene expression of human 

tenocytes cultured with TGFβ3 without CR and with CR (either in simultaneous or 

serial fashion to TGFβ3) revealed that at day 4 TGFβ3 alone upregulated 3 collagen-

related (P4HA2, PLOD1, COL1A1) and 2 tendon-related (TNMD, TNC) genes; at 

day 7 TGFβ3 alone and TGFβ3 in serial fashion to CR upregulated 3 collagen-related 

(P4HA2, PLOD1, COL1A1), 4 tendon-related (TNC, BGN, ELN, FMOD) and 1 

osteo-related (RUNX2) genes and downregulated 1 collagen-related (PLOD2) and 1 

adipose-related (FABP4) genes; at day 10 TGFβ3 alone upregulated 2 collagen-related 

(PLOD2, COL1A1), 3 tendon-related (TNMD, BGN, FMOD) and 1 osteo-related 

(IBSP) genes and downregulated 1 tendon-related (DCN), 1 osteo-related (BGLAP), 

1 chondro-related (SOX9) and 1 adipose-related (FABP4) genes; and at day 13 TGFβ3 

in serial fashion to CR upregulated 2 collagen-related (PLOD1, COL1A1), 4 tendon-

related (SCXA, TNMD, BGN, FMOD) and 1 osteo-related (IBSP) genes and 

downregulated 1 tendon-related (DCN), 1 osteo-related (BGLAP), 1 chondro-related 

(SOX9), 1 fibrosis-related (SERPINH1) and 1 adipose-related (FABP4) genes 

(Figure 3.19
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Figure 3.16: Hierarchal clustering of the fold change (threshold of 3) in gene expression of human tenocytes cultured with IGF1 without CR and 

with CR (either in simultaneous or serial fashion to the IGF1). The heatmap was generated by a log transformation of the real-time PCR data 

presented as ΔCΤ = (CΤ miRNA – CΤ GAPDH) compared to without CR and without GF at each timepoint.
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Figure 3.17: Hierarchal clustering of the fold change (threshold of 3) in gene expression of human tenocytes cultured with PDGFββ without CR 

and with CR (either in simultaneous or serial fashion to the PDGFββ). The heatmap was generated by a log transformation of the real-time PCR 

data presented as ΔCΤ = (CΤ miRNA – CΤ GAPDH) compared to without CR and without GF at each timepoint. 

 



Chapter 3 

169 

 

 

Figure 3.18: Hierarchal clustering of the fold change (threshold of 3) in gene expression of human tenocytes cultured with GDF5 without CR and 

with CR (either in simultaneous or serial fashion to the GDF5). The heatmap was generated by a log transformation of the real-time PCR data 

presented as ΔCΤ = (CΤ miRNA – CΤ GAPDH) compared to without CR and without GF at each timepoint. 
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Figure 3.19: Hierarchal clustering of the fold change (threshold of 3) in gene expression of human tenocytes cultured with TGFβ3 without CR 

and with CR (either in simultaneous or serial fashion to the TGFβ3). The heatmap was generated by a log transformation of the real-time PCR 

data presented as ΔCΤ = (CΤ miRNA – CΤ GAPDH) compared to without CR and without GF at each timepoint.
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3.4. Discussion 

Although tenocytes are the cell population of choice in tendon tissue engineering, their 

clinical potential is hampered by their susceptibility to phenotypic drift and loss of 

functionality with passaging. Multifactorial approaches are gaining popularity to 

either maintain tenocyte phenotype [68] or to direct stem cells towards tenogenic 

lineage [69]. Among the various in vitro microenvironment modulators, GF 

supplementation is most likely the most potent method to maintain phenotype, whilst 

MMC is the certainly the most potent method to enhance ECM deposition. Thus, 

herein, we evaluated the combining effect of GF and MMC supplementation in human 

tenocyte culture. We chose GFs relevant to tendon morphogenesis, development and 

healing. For example, IGF1 and PDGFββ have multiple roles during the inflammatory 

and proliferative stages of tendon healing after injury [70-72]; GDF5, a member of the 

bone morphogenetic protein (BMP) family, is a crucial regulator of tendon 

development [73, 74]; and TGFβ3 acts as a crucial mediator of tendon morphogenesis 

[75-77]. CR was selected as MMC agent, as due to its inherent polydispersity most 

effectively excludes volume and thus induces the highest ECM deposition in the 

shortest period of time [51]. 

Starting with simultaneous versus serial GF supplementation to CR, notable 

differences were observed throughout the study. For example, PDGFββ and GDF5 in 

serial fashion to CR induced higher DNA content and proliferation and all GFs in 

serial fashion to CR induced higher collagen deposition and resulted in some 

differences in gene expression. These observations are in agreement with previous 

reports that have shown various isoforms of CR to selectively bind and interact with 

GFs (e.g. heparin-binding haematopoietic growth factors [66]; bFGF, TGF and 

PDGF, but not IGF1 [64, 65], although other studies have shown CR to inhibit insulin 

signalling [78, 79]). Further, numerous polysaccharides have been used over the years 

to modulate GF activity (e.g. FGF2 [80-83], IGF1 [84, 85], TGF family [86-88], 

PDGFββ [89, 90], GDF5 [91]) and subsequently influence cell response. 

Another notable result is that CR alone induced significantly higher collagen 

deposition not only over the non-crowded groups, but also over the non-crowded 

groups supplemented with the various GFs. The effectiveness of CR to enhance and 

accelerate ECM deposition has been shown in permanently differentiated [51, 54, 55] 

and stem [58, 62] cell populations. In general, growth factors are used as phenotype 
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maintenance / induction modulators (for indicative examples of GF supplementation 

in tendon space please see these references [43, 92, 93] and others cited herein), but 

also as a means to enhance ECM deposition (e.g. TGF [94, 95], PDGF [96], GDF [97], 

IGF1 [98]). Clearly, data presented herein indicate that if enhanced and accelerated 

ECM deposition is the aim of a study, MMC should be utilised, as opposed to 

expensive and rather ineffective biological supplements. 

In all cases, metabolic activity remained constant, whilst DNA content and cell 

proliferation were increased as a function of time in culture and optimal (simultaneous 

or serial) GF supplementation. Collagen type I deposition (via SDS-PAGE analysis, 

normalised to the standard) was also increased as a function of time in culture for the 

CR and GF supplemented groups. Although collagen type I and collagen type III 

deposition (via immunocytochemistry analysis, normalised to the cell number) did not 

change as a function of time in culture, they were increased with CR alone at all 

timepoints and were increased further with optimal (simultaneous or serial) GF 

supplementation by day 13 for all CR and GF treatments. These data are in agreement 

with previous studies, where IGF1 [39, 40, 99], PDGFββ [31, 41, 100, 101], GDF5 

[32, 102] and TGFβ3 [103, 104] supplementation have been shown to increase DNA 

content, proliferation and/or ECM synthesis in vitro and in vivo. Of significant 

importance is the observation that among the groups, TGFβ3 in simultaneous or serial 

fashion to CR appeared to induce collagen deposition. It is well known that TGFβ 

family of growth factors stimulates the expression of collagen and fibronectin and 

their relative incorporation into the matrix of various types of fibroblasts [105], mainly 

through the regulation of TGF-β/Smad signalling pathway [106]. 

With respect to gene analysis, CR alone appeared to upregulate at days 10 and 13 

collagen-related genes (PLOD2) and to downregulate cartilage (ACAN at day 10 and 

SOX9 at day 13) and fibrosis (SERPINH1) trans-differentiation genes. The 

hydroxylation of lysyl residues is a critical step in collagens biosynthesis and occurs 

at the Y position of the repeating Gly-X-Y sequence. PLOD1, PLOD2 and PLOD3 

catalyse the hydroxylation of lysine to hydroxylysine, which is critical for the 

formation and stabilisation of covalent crosslinks, mechanical resilience and collagen 

fibre alignment, especially in hypoxic conditions [107-109]. As it has been shown 

before [55], the addition of CR did not appear to promote fibrosis, but rather reparative 

processes. Further, although previous studies have shown sulphated polysaccharides 

to enhance chondrogenesis (via alkaline phosphatase inhibition) and osteogenesis (via 



Chapter 3 

173 

 

BMP2 and RUNX2 enhancement) in various cell populations [110-115], this was not 

observed herein. Overall, these data clearly advocate the use of CR as MMC in human 

tenocyte culture. 

At all timepoints, gene expression analysis made apparent that TGFβ3 (alone or in 

combination with CR) more effectively than the other GFs maintained tenocyte 

phenotype. Further, at day 13, TGFβ3 in simultaneous or serial fashion to CR appeared 

to most effectively maintain tenocyte phenotype, as judged by upregulation of 

collagen- [PLOD1 (was unchanged for the simultaneous treatment), COL1A1] and 

tendon- (SCXA, TNMD, BGN, FMOD) related genes, downregulation of osteo- 

(BGLAP), chondro- (SOX9), fibrosis- (SERPINH1) and adipose- (FABP4) related 

trans-differentiation genes, upregulation of the least number of osteo-related (IBSP) 

trans-differentiation genes and downregulation of the least number of tendon-related 

(DCN) genes. Similar to our data, the beneficial effects of TGFβ3 in maintenance of 

tendon cell fate has been well-established in the literature [43]. It is also worth noting 

that TGFβ3 supplementation to tenocyte cultures has been shown to downregulate 

Smad3 and to upregulate Smad7, minimising that way extrinsic scarring [116], further 

corroborating our findings of reduced expression of SERPINH1. Considering the 

beneficial effects of PLOD in collagen synthesis, stabilisation and alignment [117], 

especially in low oxygen conditions [118, 119], like tendons, we believe that TGFβ3 

supplementation in serial fashion to CR may be the most appropriate mode of 

administration.  

The observed upregulation of IBSP and downregulation of DCN possibly are 

associated with the TGFβ3 supplementation. Fluid dynamic shear stress has been 

shown to increase various GF secretion, including TGF, which resulted in 

upregulation of osteogenic markers, including IBSP in human alveolar bone-derived 

mesenchymal stem cells [120]. Similarly, previous studies have demonstrated the 

inhibitory interaction between decorin and TGFβ1 [121, 122]. Obviously, 

upregulation of IBSP and downregulation of DCN are of concern, but further media 

refinement may alleviate these downfalls. To substantiate this, a previous study, for 

example, has shown TGFβ3 and IGF1 (the second most effective GF in this study) 

supplementation to increase DCN expression in rat nucleus pulposus-derived 

mesenchymal stem cell cultures [123]. An alternative approach may be a two-stage 

process, comprising of a first TGFβ3 step, followed by a TGFβ3-free step as has been 

previously suggested [43]. We appreciate that these data may be in contradiction to 
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previous studies were the use of IGF1, PDGFββ or GDF5 were advocated. However, 

none of these studies had assessed trans-differentiation genes (8 trans-differentiation 

genes were assessed herein) and the conclusions were based only on 4-15 collagen- 

and tendon- related genes [31, 32, 93, 102] (we also assessed herein 14 collagen- and 

tendon- related genes). Considering the well-established plasticity of tenocytes, as we 

have suggested before [19, 20], to safely conclude on the effectiveness of an approach 

to maintain/induce tenogenic phenotype, trans-differentiation markers should also be 

assessed.  
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3.5. Conclusions 

In the context of tendon tissue engineering, clinical translation and commercialisation 

of tenocyte-based therapies is hampered by their prolonged culture time required to 

develop a three-dimensional implantable device, which is associated with tenocyte 

loss of function. Herein, we demonstrated that growth factor (TGFβ3) 

supplementation in serial fashion to macromolecular crowding (carrageenan), not only 

enhanced and accelerated ECM deposition, but also maintained physiological tenocyte 

function. Our data further corroborate the notion towards multifactorial tissue 

engineering strategies for the development of functional cell-assembled tissue-like 

equivalents.  
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4.1. Introduction 

Clinical data to-date demonstrate that no current therapies can restore tendon function 

to pre-injury state. Cell-based therapies are gaining popularity for tendon tissue 

engineering applications, as they utilise the cells’ inherent ability to produce their own 

tissue-specific extracellular matrix (ECM). Tendon fibroblasts (tenocytes) and various 

stem cell populations are at the forefront of scientific, clinical and commercial 

investigation [1, 2]. However, tenocytes readily lose their phenotype in culture [3] and 

inadequate tenogenic differentiation of stem cells is associated with ectopic bone 

formation [4]. Thus, recent efforts are directed towards bioinspired in vitro 

microenvironment modulators to precisely control cell fate [5]. Among them, 

scaffolds with anisotropic structure and macromolecular crowding are under 

investigation as a means to maintain / induce tenogenic phenotype [6-11] and to 

enhance tendon-specific ECM deposition [12, 13]. 

Tissue scaffolds should fulfil fundamental tissue-specific requirements for successful 

integration and functional outcome. These properties include cytocompatibility to 

encourage cell growth, infiltration and proliferation. Scaffolds should also minimise / 

prevent immunological response that could jeopardise the regenerative process [14-

17]. Moreover, scaffolds should be progressively degraded by the surrounding tissue 

cells and body fluids, allowing cells to reproduce their natural ECM. Furthermore, any 

residuals of the degraded scaffold should not cause any toxic or inflammatory effects 

to the native cells and the surrounding tissues [15, 18-20]. A crucial consideration 

when designing implantable substrates involve the favourable mechanical properties 

in the range of the specific tendon to permit an accurate replacement in the site of the 

lesion. Also, scaffolds need to exbibit physiological levels of stiffness and strain to 

permit cells proliferation and ECM synthesis [21-23]. Stiffness mismatch, after all, 

has been associated with upregulation of osteogenic markers in tenocyte cultures, even 

in the presence of anisotropic topography [24]. 

With regards to the structure, scaffolds should closely imitate the natural tendon 

formation in vivo. Tendons are densely packed fibrous connective tissue and exist in 

multiple forms and shapes in the body, but generally are composed of nanometric and 

hierarchically assembled collagen type I fibrils axially aligned [5]. Collagen alignment 

plays an apparent role in transmitting and absorbing the loads, the efficient structural 

integrity and the elongated morphology of resident cells. Out of most importance, 

scaffolds should exhibit suitable porosity with interconnected networks that are 
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essential for cell infiltration, proliferation, migration, nutrient / waste transport and 

tissue vascularisation [25-27]. 

Among the various fabrication technologies, electrospinning has been characterised 

as one of the most promising techniques to develop scaffolds with high levels of 

biomimicry for tendon tissue engineering, thanks to its ability to recapitulate the 

tendon tissue ECM architecture [28-34]. Electrospinning is an electrically driven 

technology that allows to produce fibres of nanometric or micrometric diameter with 

varying orientations and porosity properties. The arrangement of nanofibers is based 

on the uniaxial stretching of a viscoelastic solution and the process requires a syringe 

containing the polymeric solution tipped with a metallic needle, a pump, a high voltage 

power source and a collector. The fibres are created when the solution is pumped at a 

constant flow rate and a specific voltage to develop an electric field between the needle 

tip and the collector. Fibre properties, such as diameter, alignment, and porosity, can 

be controlled by adjusting parameters, such as the type of the collector type (e.g. 

rotating mandrel and parallel electrodes), solution concentration, needle gauge, 

extrusion rate and the distance between the needle and the collector [35-37]. 

Numerous of materials, natural and synthetic biopolymers have been employed to 

create aligned fibrous scaffolds that mimic tendon architecture by means of 

electrospinning, with variable degree of efficacy [23, 38, 39]. The continuous search 

for a ‘safe’ scaffolding material has intrigued us to use suture materials that have been 

clinically approved. Biosyn™ (Medtronic, USA), a tri-co-polymer of glycolide, 

dioxanone and trimethylene carbonate, holds a great potential for tendon engineering 

applications, as it possess favourable cytocompatibility and biodegradability 

characteristics, soft tissue mechanical properties and, to some extent, shape memory 

tendency [40, 41]. 

Surface topography alone is not adequate to enhance ECM deposition in vitro, as the 

de novo synthesised soluble procollagen is discarded during media changes. It is well 

documented that in the dilute conventional culture conditions, the enzymatic 

conversion of the water soluble procollagen to insoluble and stable collagen type I is 

very slow [42-45]. Macromolecular crowding (MMC) has been shown to enhance and 

accelerate collagen deposition in various cell populations [46-52]. Among the various 

crowding molecules that have been assessed to-date, carrageenan (CR), due to its 

inherent negative charge and polydispersity, more effectively excludes volume, 

inducing the highest ECM deposition [12, 46, 53]. Herein, we ventured to assess the 
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synergistic effect of aligned electrospun fibres and macromolecular crowding in 

human tenocyte cultures. 

  



Chapter 4 

192 

 

4.2. Materials and Methods 

4.2.1. Electrospinning 

A solution of 10 % w/v of Biosyn® (Medtronic, Ireland) and hexafluoro isopropanol 

(HFIP, Sigma Aldrich, Ireland) was prepared and agitated overnight. A high voltage 

of 22 kV was applied using a high voltage power supply (M826, Gamma High-Voltage 

Research, Ormond Beach, FL). Solution was ramped for 2 hours at a flow rate of 1.5 

ml/h using a syringe pump (PHD 2000, Harvard Apparatus) fitted with a 10 ml syringe 

having a 27-gage needle (Small Parts Inc.) The electrically charged polymer ejected 

from the needle was directed towards to the mandrel rotating at 3000rpm and placed 

22 cm away from the needle. The fibres were deposited onto a sheet of aluminium foil 

attached to the collector with a diameter of 8 cm. 

 

4.2.2. Scanning electron microscopy (SEM) 

The morphology of the fibres was assessed using SEM images (Hitachi S-2600N). 

Dry, unfixed samples were sputter-coated with gold (Emscope SC-500) and then 

imaged at 15kV. 5 distinct pieces from each sample were imaged and 3 images 

recorded per piece. Afterwards, the images were analysed using ImageJ software and 

measurements were calibrated using the scale bars within the image. Average fibre 

diameter was measured using 30 fibres per image. 

 

4.2.3. Fibre alignment and scaffold anisotropy as judged by fast Fourier 

transform (FFT) 

FFT was used to characterise fibre alignment as a function of electrospinning 

conditions, as previously described [54]. Briefly, 9 digitised SEM images from 3 

samples were converted to 8-bit greyscale TIF files and then micrographs were 

processed with Image J software supported by an oval profile plug-in. A graphical 

depiction of the FFT frequency distribution was generated by placing a circular 

projection on the FFT output image and conducting a radial summation of the pixel 

intensities for each degree between 0 ° and 180 °. The amount of alignment presented 

in the original data micrograph was reflected by the height and overall shape of the 

peak present in the FFT plot. 
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4.2.4. Human tenocyte isolation and culture 

Tenocytes used in this study were isolated from 2 female patients (age 13 and 28) 

undergoing extensor digitorum tendon surgeries after obtaining all the appropriate 

licenses, ethical approvals, and patient consents. Cells were isolated using the 

migration method, as previously described [55]. Briefly, tendons were cleaned 

aseptically with a scalpel to remove all paratendon, fat and muscle. Afterwards, 

tendons were cut into small pieces and placed into 6-well plate. Subsequently, tendon 

pieces were supplemented with 5 ml of culture media containing Dulbecco’s modified 

Eagle medium (Sigma Aldrich, Ireland), 10 % foetal bovine serum (FBS, Sigma 

Aldrich, Ireland) and 1 % penicillin-streptomycin (Sigma Aldrich, Ireland) and were 

incubated at 37 °C in a humidified atmosphere of 5 % CO2. Culture medium was 

changed every three days. After a few days, the first colonies of tenocytes were 

migrated around the tendon segments. When the tenocytes reached 80-90 % 

confluency, were treated with trypsin / ethylenediaminetetraaciticacid (EDTA) 

solution (Sigma Aldrich, Ireland) and sub-cultured in T-175 tissue culture flasks 

(SARSTEDT, Germany). 

 

4.2.5. Tenocyte culture on electrospun Biosyn™ fibres 

To prepare the electrospun Biosyn™ fibres for cell culture, individual pieces were cut 

out and placed in 24-well plates using silicone O-rings (size 111, Sigma Aldrich, 

Ireland). The O-rings were first sterilised by rinsing them in 70 % ethanol solution and 

then were washed 3 times using PBS. Electrospun fibres were then sterilised under 

UV for 2 hours and preconditioned for 24 hours using culture media. At passage three, 

tenocytes were seeded at 25,000 cells/cm2 in 24-well plates and were allowed to attach 

for 24 h. The culture media was removed and replaced with culture media containing 

100 μM L-ascorbic acid phosphate (Sigma Aldrich, Ireland) to induce collagen 

synthesis and with or without 50 μg/ml CR (mixture of κ and lesser amounts of λ CR, 

Sigma Aldrich, Ireland). Tenocytes cultured in tissue culture plastic (TCP) without 

MMC treatment were taken as control.  Culture media was changed every 3 days. 

Analysis was performed after 4, 7 and 10 days. 

 

4.2.6. Cell proliferation and morphology 

The cell nuclei and cytoskeleton were stained with 4’,6-diamidino-2-phenylin dole 

(DAPI, Invitrogen, USA) and rhodamine/phalloidin (Invitrogen, USA), respectively, 
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to quantify cell proliferation and visualise cell morphology of tenocytes cultured in 

electrospun Biosyn™ fibres with or without MMC. At each timepoint, the cells were 

fixed in 2 % paraformaldehyde (PFA, Sigma Aldrich, Ireland) for 30 minutes and 

permeabilised with 0.2 % Triton X-100 (Sigma Aldrich, Ireland) for 15 minutes, and 

stained with rhodamine / phalloidin (1:500) to mark the cytoskeleton and DAPI 

(1:5000) for the nucleus. Samples were imaged in an inverted fluorescence 

microscope (Olympus IX81; Olympus, Tokyo, Japan). The images were processed 

using ImageJ software. Cell proliferation was assessed by counting the number of cell 

nuclei using DAPI images. Particle Analyser was used to count the number of nuclei 

with an area in the range of 100-1500 pixel2, excluding the nuclei on the edges. 

 

4.2.7. Cell metabolic activity assessment 

alamarBlue® assay (Invitrogen, USA) was carried out to assess the effect of 

electrospun Biosyn™ fibres and MMC on tenocytes’ metabolic activity after 4, 7 and 

10 days. Briefly, at each timepoint, after removing the media, the cells were rinsed 

with Hanks’ Balanced Salt solution (HBSS, Sigma Aldrich, Ireland) and then 

incubated with alamarBlue® solution (10 % alamarBlue® in HBSS) at 37 °C for 4 

hours according to manufacturer’s protocol. The absorbance was measured at 550 nm 

and 595 nm with a Varioskan Flash spectral scanning multimode reader (Thermo 

Scientific, UK). Cell metabolic activity was expressed in terms of percentage 

reduction of the alamarBlue® dye and normalised to the control condition of cells 

cultured in TCP without MMC. 

 

4.2.8. Immunocytochemistry 

Immunocytochemistry analysis was performed to assess the effect of electrospun 

Biosyn™ fibres and MMC on the arrangement and deposition of tendon-specific 

matrix proteins. Briefly, at each timepoint, tenocytes were washed with HBSS and 

fixed with 2 % paraformaldehyde for 30 minutes at ambient temperature. Cells were 

washed again and nonspecific sites were blocked with 3 % bovine serum albumin 

(Sigma Aldrich, Ireland) in PBS for 30 minutes. Tenocytes were then incubated 

overnight at 4 °C with the primary antibodies (Abcam, UK) for collagen types I (1:200, 

ab90935), III (1:200, ab7778), and V (1:200, ab7046) after which cells were washed 

3 times with PBS, followed by 45 minutes of incubation at ambient temperature with 

the secondary antibody (Alexa Fluor 488 goat anti-rabbit, 1:400, A11034 and Alexa 
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Fluor 488 donkey anti-mouse, 1:400 A21202; Thermo Fisher Scientific, UK). Nuclei 

were counterstained with DAPI. Fluorescent images were captured with an Olympus 

IX-81 inverted fluorescence microscope, and images were further processed with 

ImageJ software. 

 

4.2.9. Statistical analysis 

Data are expressed as mean ± standard deviation. All experiments in were conducted 

at least in triplicates. MINITAB (version 17; Minitab, Inc.) was used for statistical 

analysis. Two-sample t-test for pairwise comparisons and one-way ANOVA for 

multiple comparisons were performed. Statistical significance was accepted at p < 

0.05.  
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4.3. Results 

4.3.1. Fibre morphology, alignment and diameter 

SEM images (Figure 4.1A) revealed that electrospun Biosyn™ fibres were oriented 

in a single direction. The fibre diameter (Figure 4.1B) ranged from 600 to 1,600 nm 

with the majority (~70 %) of the fibres ranging between 1,000 to 1,400 nm.  

 

Figure 4.1: SEM images at 600X and 900X magnification (A) revealed that Biosyn™ 

fibres were aligned to a single direction. Fibre diameter analysis (B) revealed that most 

fibres range from 1,000 to 1,400 nm. n=3. 
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The alignment of fibres was further evaluated using 2D FFT. Importantly, all analysed 

samples had distinctive peaks on the intensity versus degree graph, indicating that the 

fibres were predominately aligned in a single direction (Figure 4.2) at 90 ° degrees, 

as such of the collagen fibre in healthy tendons. The narrowness of the peaks 

corresponds to the proportion of fibres in the aligned direction, which is similar across 

the different samples. 

 

Figure 4.2: 2D FFT intensity vs degree graph revealed that electrospun Biosyn™ 

fibres were aligned to a single direction. Sample 1, 2 and 3 corresponds to the 2D FFT 

image analysis of individual fibres. n=3. 
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4.3.2. Cell proliferation and metabolic activity 

Cell proliferation (Figure 4.3A) and metabolic activity (Figure 4.3B) were performed 

to evaluate the effect of aligned electrospun fibres and MMC in human tenocyte 

culture. Cell proliferation was increased as a function of time in culture for all groups 

and no statistically significant difference was observed between the groups at a given 

timepoint. Cell metabolic activity remained constant at all timepoints and no 

statistically significant difference was observed between the groups at a given 

timepoint. 

 

Figure 4. 3: Cell nuclei counting (A) and alamarBlue® assay (B) revealed that cell 

proliferation and metabolic activity were not affected as a function of surface 

topography and MMC at days 4, 7 and 10. Passage 3. n=3. 
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4.3.3. Cell and ECM alignment and deposition 

Rhodamine / phalloidin and DAPI staining were performed to analyse cytoskeleton 

and nuclei arrangement of human tenocytes cultured on electrospun Biosyn™ fibres, 

without and with MMC. Cells were randomly distributed when cultured on TCP and 

exhibited a pyramidal morphology with randomly oriented actin filaments. Human 

tenocytes maintained their physiological elongated, spindle-like morphology when 

cultured on the electrospun fibres, following the direction of fibre alignment at any 

given timepoint (Figure 4.4). In addition, aligned actin filaments were observed 

parallel to the axis of cell elongation. The addition of CR in the culture media did not 

affect tenocyte alignment when cultured on the fibres at any timepoint.  

 

 

Figure 4.4: Cytoskeleton (rhodamine / phalloidin) and nuclei (DAPI) staining 

revealed that human tenocytes were aligned to the direction of the fibres after day 4, 

7 and 10 when seeded on Biosyn™ scaffolds independently of the addition of CR. 

Cells cultured on TCP were randomly oriented. Passage 3. n=3. Rhodamine / 

Phalloidin, DAPI. Scale bar: 100 μm. 
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Immunocytochemistry analysis (Figure 4.5A) and corresponding relative 

fluorescence intensity analysis (Figure 4.5B) revealed minimum collagen type I 

deposition when tenocytes were cultured without MMC either on TCP or on the fibres 

at any timepoint, even at day 10. Instead, from day 4, MMC significantly (p < 0.05) 

increased collagen type I deposition.  

 

Figure 4.5: Immunocytochemistry analysis (A) and complementary relative 

fluorescence intensity analysis (B) of collagen type I revealed that at all timepoints, 

the highest (p < 0.05) collagen type I deposition was observed for tenocytes that were 

cultured under MMC conditions. Collagen type I was also aligned to the direction of 

the electrospun Biosyn™ fibres. * indicates statistically significant difference as 

compared to TCP values at a given timepoint. Passage 3. n=3. Collagen type I, DAPI. 

Scale bars: 100 μm. 
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Similar trend was noticed for the deposition of collagen type III, as revealed by the 

immunocytochemistry analysis (Figure 4.6A) and corresponding relative 

fluorescence intensity analysis (Figure 4.6B). Indeed, very little collagen type III 

deposition was observed in tenocytes without MMC treatment at any timepoint, whilst 

significantly (p < 0.05) higher deposition was noted when MMC was used. 

 

Figure 4.6: Immunocytochemistry analysis (A) and complementary relative 

fluorescence intensity analysis (B) of collagen type III revealed that at all timepoints, 

the highest (p < 0.05) collagen type III deposition was detected for tenocytes that were 

cultured under MMC conditions. Collagen type III was also aligned to the direction of 

the electrospun Biosyn™ fibres. * indicates statistically significant difference as 

compared to TCP values at a given timepoint. Passage 3. n=3. Collagen type III, DAPI. 

Scale bars: 100 μm. 
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In contrast to collagen types I and III, immunocytochemistry analysis (Figure 4.7A) 

and corresponding relative fluorescence intensity analysis (Figure 4.7B) for collagen 

type V revealed that the addition of CR in the culture media did not affect collagen 

type V deposition. It is worth noting that a very clear bidirectional alignment, parallel 

to the orientation of the electrospun fibres, of collagen types I and III was observed. 

 

Figure 4.7: Immunocytochemistry (A) and complementary relative fluorescence 

intensity analysis (B) of collagen type V revealed that at all timepoints no statistical 

differences were observed between the crowded and non-crowded groups. Collagen 

type V was aligned to the direction of the electrospun Biosyn™ fibres when tenocytes 

were grown on them. Passage 3. Collagen type V, DAPI. Scale bars: 100 μm.  
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4.4. Discussion 

Tissue engineering strategies focus on biomimetic approaches to encourage 

physiological cell growth and ECM synthesis and deposition. In tendon tissue 

engineering, substantial research efforts are directed towards maintaining tenocyte 

phenotype during in vitro expansion, as this particular cell population readily loses its 

function in vitro. Considering the high complexity of native tissues, single-factor 

approaches have failed to recreate the multifaceted in vivo extracellular environment, 

thus resulting in loss of tenocyte phenotype and function [56, 57]. For example, growth 

factor supplementation has shown scattered results, considering the number of 

permutations (e.g. dose, timing, combination) [58-60]. Decellularised cell-derived 

matrices have also shown limited efficiency, as they require prolonged culture time to 

develop the matrix [61], during which the cells lose their phenotype, and the deposited 

matrix is of random orientation. Although decellularised tissues have shown promise, 

considering their limited availability, they cannot be used for both cell extraction and 

substrates for cell expansion [62]. It is therefore imperative to develop bioinspired 

methods to control cell fate during in vitro cell expansion. 

Electrospinning, due to its versatility, can produce scaffolds with tailored architectural 

features and mechanical properties to suit a wide range of clinical indications [63]. 

Although in tendon tissue engineering, electrospinning is a well-established scaffolds 

fabrication technology, the resultants scaffolds lack a crucial element of tendon 

microenvironment: native tendon ECM. Macromolecular crowding is the new 

frontiers in tissue engineered constructs as dramatically enhances and accelerates 

tissue-specific ECM deposition, albeit in a random fashion. Herein, we demonstrated 

that the combination of anisotropic electrospun fibres and macromolecular crowding 

resulted in accelerated development of a more physiological tendon-like construct 

with bidirectionally orientated cell and ECM. 

Most topographic strategies aim to recreate the tendon microenvironment, focusing on 

alignment and fibre size [64, 65]. It is well-documented that in soft tissues such as 

tendons, the smallest structural unit is the collagen molecule with a size of about 1 nm 

[66], which assembles into fibrils with diameters up to 360 nm [67], which then come 

together to form collagen fibres ranging from 1,000 to 300,000 nm, depending of the 

type of tendon tissue [68]. Hence, we demonstrated that the produced fibres by 

electrospinning are in the range of the native human tendon fibres. Additionally, 
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tendon tissue consist of a very highly aligned collagen fibre network [69], which is 

responsible for the exceptional mechanical properties of tendon tissues. 

With respect to the effect of aligned fibres and MMC treatment in human tenocyte 

culture, it was reported that these factors did not alter cell proliferation and metabolic 

activity. These results are in agreement with previous publications demonstrating that 

neither surface topography [11, 24] nor MMC [46, 50, 51, 53] negatively affect basic 

cellular functions. Regarding to the cell morphology, we reported that tenocytes 

aligned to the direction of electrospun fibres, maintaining their native elongated shape, 

in agreement with previous observations, which have been demonstrated that the 

morphological features of the fibres can modulate cell migration, morphology and 

cytoskeleton organisation [70-72]. 

The synergistic effect of surface topography and MMC on ECM matrix alignment and 

deposition was validated by immunocytochemistry analysis for collagen types I, III 

and V. These types of collagen are abundantly presented in the tendon ECM and have 

been characterised also, as tendon phenotypic markers in vitro [1, 5, 13, 73, 74]. A 

healthy tendon is mainly composed of highly organised and longitudinally oriented 

collagen type I fibres [75, 76]. The addition of negatively charged and polydispersed 

macromolecules, such as carrageenan (CR), in the culture media has been shown to 

considerably enhance and accelerate ECM deposition in various permanently 

differentiated and stem cell cultures [12, 46, 77], as it dramatically enhances the 

enzymatic processing of collagen. Collagen type III, the other main component in 

tendon ECM, plays a crucial role in tendon development [78]. The formation of a 

stable collagen type III molecule depends again, on the post-translational modification 

and enzymatic conversion of the de novo synthesised procollagen type III into the 

stable collagen type III [79], although the kinetics differ between collagen type I and 

III [80]. Another important protein of tendon ECM which co-assembles with collagen 

type I into heterotypic collagen fibril, contributing to collagen fibrillogenesis is 

collagen type V [81, 82]. MMC did not affect collagen type V deposition, which is not 

surprising considering that the pericellular localisation of type V procollagen has been 

indicated to contribute to easier access to pericellular receptors and processing 

enzymes, which accelerates its processing to the insoluble form [83]. Of significant 

importance is the bidirectional orientation of the newly synthesised and deposited 

ECM, as this anisotropic architecture is responsible for the mechanical resilience of 

tendon tissues [84]. 



Chapter 4 

205 

 

4.5. Conclusions 

For the production of more physiological tissue-like surrogates, numerous tissue-

specific modulators should be finetuned. In tendon tissue engineering, for example, 

mechanical stimulation and physiological low oxygen tension should be incorporated 

into the process to more effectively recreate in vitro the tendon niche. Considering that 

previous studies have suggested that the chemistry of the crowder affects cell 

phenotype, the optimal crowder for tendon cells should be identified. Previous studies 

have suggested that for the transition from two-dimensional to three-dimensional 

electrospun based constructs, higher porosity is required to allow cell infiltration. To 

this end, electrospinning setups that that allow / enhance cell infiltration (e.g. 

electrospinning with sacrificial, water-soluble, fibres) should be adopted. Considering 

the significant advancements of the field in the recent years, we feel that within the 

next decade a bioinspired tissue engineered tendon equivalent will become clinically 

available. 
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5.1. Summary 

Tendon injuries are very common among the different musculoskeletal disorders, 

accounting approximately 30 million incidents every year worldwide and this number 

will increase as the population grows [1, 2] Current strategies for tendon repair (tissue 

grafting and biomaterial-based approaches) have failed to provide tissue-specific 

environments that are conducive to regeneration; instead they are frequently 

associated with several adverse effects, such as acute rejection of the implant, immune 

response, unfavourable mechanical properties, nonspecific cell adhesion and scar 

tissue formation, which overall result to impaired tendon functionality [2]. To this end, 

tissue engineering cell-based approaches are gaining in popularity, due to the inherent 

ability of cells to build their own extracellular matrix (ECM) forming a completely 

biological implantable device [3-5], with tenocytes being described as the most 

suitable cell population in tendon engineering [6]. However, growth of tenocytes in 

conventional dilute culture conditions that lack biophysical, biochemical and 

biological signals from their native tissue leads to phenotypic drift and loss of 

senescence with the increase of cell passages [7, 8]. Thus, recreating a tendon-like 

niche by engineering functional in vitro microenvironments is of significant 

importance in order to maintain tenogenic phenotype in vitro. The aim of this study 

was to recapitulate the in vivo tendon microenvironment by applying biophysical 

(macromolecular crowding and surface topography) and biochemical (low oxygen 

tension) and biological (growth factor supplementation) cues and examine their 

synergistic effect on tenogenic phenotype maintenance in vitro. 

Firstly, the combining effect of optimal carrageenan (CR) concentration and low 

oxygen tension on tenocyte ECM deposition and phenotype maintenance was 

assessed. It was illustrated that tenocytes cultured under macromolecular crowding 

conditions (50 μg/ml CR) at 2 % oxygen tension induced the highest ECM synthesis 

and deposition without affecting cell morphology, proliferation, metabolic activity and 

viability as compared to the other oxygen tension levels with or without CR. 

Furthermore, gene expression analysis revealed the beneficial effect of 2 % oxygen 

tension and macromolecular crowing in the up-regulation of tendon related and down-

regulation of trans-differentiation markers. 

With respect to the synergistic effect of growth factor supplementation and 

macromolecular crowding on tenocyte culture, it was noted that in comparison to 

IGF1, PDGFββ and GDF5, TGFβ3 supplementation in serial fashion to CR induced 
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the highest cell proliferation, ECM synthesis and deposition and maintained the 

physiological tenocyte function as evidenced by the gene analysis. 

Finally, when tenocytes were seeded on aligned electrospun fibres under 

macromolecular crowding conditions, cells were oriented to the direction of the fibres 

maintaining their native elongated shape. Furthermore, the addition of CR enhanced 

the ECM deposition, which was also aligned to the direction of fibres, following the 

orientation of collagen fibres in the native tendon tissue. 

Collectively, the results derived from this work provide further knowledge on how 

macromolecular crowding affects tenocyte culture alongside with the use of other in 

vitro microenvironmental cues that synergistically modulate tenocyte phenotype. 

Moreover, this study suggested the development of tissue-like equivalents based on 

multifactorial approaches, opening new avenues for advancements in cell-based 

therapies for tendon engineering and regeneration. 

 

5.2. Limitations 

Throughout the course of this study, several limitations arose. Regarding the tenocyte 

phenotype maintenance based on the gene analysis using low oxygen tension and 

macromolecular crowding (chapter 2) or growth factor and macromolecular crowding 

supplementation (chapter 3), the major limitation is the lack of distinctive tenogenic 

markers. Although in this study, this obstacle was addressed indirectly by analysing 

various trans-differentiation markers (osteogenic, chondrogenic, adipogenic, fibrotic), 

many of the widely accepted tendon-related genes (i.e. scleraxis, tenomodulin, 

tenascin-C, decorin, collagen type I and III), which have been analysed, are shared by 

other cell types [9]. Also, it may be necessary to determine the relevant levels of the 

expression of each gene to be considered as tendon-specific or trans-differentiation 

marker. Considering that tenocytes cultured at 2 % oxygen tension with CR enhanced 

collagen type I deposition, although potent mechanism were mentioned on chapter 2, 

an in-depth analysis of the hypoxia-inducible factors and their signalling pathways 

could have helped to fully understand the mechanism by which oxygen tension and 

macromolecular crowding affect matrix synthesis and deposition. With respect to 

growth factor and macromolecular crowding supplementation on tenocytes (chapter 

3), CR acted as antagonist to the heparin-binding haematopoietic growth factors 

PDGFββ and GDF5. This hindrance was addressed by the serial addition of growth 

factors to CR, however, the addition of other non-antagonist crowders may facilitate 
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the simultaneous administration of growth factors and macromolecular crowding. Due 

to technical limitations (isolation of adequate amount of RNA from cells cultured on 

fibres), gene analysis examining the combining effect of surface topography and 

macromolecular crowding on tenocyte phenotypic maintenance was not performed. 

Moreover, throughout the chapters of this study, a high cell density was used, which 

has been showed to maintain the phenotype of tenocytes by promoting their 

characteristic elongated spindle-shape morphology [10]. Hence, it may be intriguing 

to investigate whether tenocytes in low seeding densities respond differently upon 

treatment with microenvironmental modulators, as previously reported [11]. Finally, 

another limitation reflects to the fact that the tendon-equivalents produced in vitro has 

not been applied in vivo and, thus, the clinical benefits arise from the use of the 

microenvironment cues to develop clinically relevant implantable devices should be 

under further investigation. 

 

5.3. Future directions 

With respect to the limitations and other questions that have become evident 

throughout the course of this study, some research questions for further attention are 

outlined below. 

 

5.3.1. Detailed genomic and proteomic characterisation of tendon tissue, early 

passaged tenocytes and tenocytes undergoing phenotypic drift from different 

species 

The main limitation of cell-based therapies in the field of tendon tissue engineering 

and regenerative medicine is the lack of well-defined tenogenic markers [12]. Some 

of the widely accepted tenogenic markers are shared with other cell types such as 

muscle-derived cells and dermal fibroblasts [9], whilst some of the trans-

differentiation markers (i.e. the osteogenic markers osteopontin and osteocalcin [13], 

the chondrogenic marker aggrecan [14]) used as negative controls, have been proven 

to be present in tendons at different levels and stages [15-17]. To this end, tendons 

from different sources (Achilles, patellar, rotator cuff etc.), as well as from different 

species (humans and horses), should be characterised in terms of genomic and 

proteomic profile using high throughput screening techniques such as microarrays and 

mass spectrometry and compared with bone, muscle, skin and cartilage. Results of 

such analysis will enable the establishment of positive and negative markers and 
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determine the relative levels of expression for each gene / protein. Similar analysis 

could be performed to profile and compare tenocytes cultured in vitro from p0 to p6 

to identify the genomic and proteomic profile of tenocytes undergo phenotypic drift. 

 

5.3.2. Pathway analysis by which oxygen tension and macromolecular crowding 

affects matrix synthesis and deposition 

It has been demonstrated that the stabilisation of HIF-1α at low oxygen tension is 

associated, with enhanced ECM synthesis [18, 19]. Therefore, further investigation 

via protein analysis (immunocytochemistry or western blot) should be conducted to 

evaluate whether HIFs are translocated to the nuclei of tenocytes when cultured in 

hypoxic conditions or degraded under normoxia (20 % oxygen tension). Moreover, 

HIF-1α activation at low oxygen tension promotes collagen synthesis through 

stimulation of prolyl 4-hydroxylase activity that catalyses the formation of 4-

hydroxyproline in collagens [20, 21]. Hence, a more detailed study using high-

throughput screening technologies and pathway analysis software (e.g. Ingenuity® 

Pathway Analysis) should be performed to augment our knowledge by which oxygen 

tension and macromolecular crowding affects ECM synthesis and deposition. 

 

5.3.3. Investigation of different macromolecular crowders in combination with 

growth supplementation on tenocyte culture 

In the chapter 3, we evaluated the synergistic effect of CR and different growth factor 

(IGF1, PDGFββ, GFD5, TGFβ3) on tenocyte culture. Although CR due to its negative 

charge and inherent polydispersity showed to promote the highest collagen deposition 

as compared to other macromolecular crowders [22], it acts as antagonist for heparin 

binding growth factors, such as PDGFββ and GFD5. Thus, the use of other crowding 

agents like a mixture of Ficoll 70 kDa and 400 kDa might be more suitable in tenocyte 

cultures when combined with heparin-binding growth factors and further investigation 

is required. 

 

5.3.4. Incorporation of macromolecular crowding with hypoxia, growth factor 

supplementation and surface topography in tenocyte culture  

Throughout this work, macromolecular crowding was coupled with biochemical 

(hypoxia), or biological (growth factor supplementation) or biophysical (surface 

topography) microenvironmental cues, showing clearly a beneficial effect in tenocyte 
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culture. At any case, CR alone enhanced ECM deposition. When combined with 

hypoxia or growth supplementation (especially when TGFβ3 was added in serial 

fashion to CR), a further increase in collagen deposition was noticed alongside with 

tenogenic phenotypic maintenance at some extend; whilst together with surface 

topography alignment of cells and ECM was noted, mimicking the cell and matrix 

alignment in native tissue [23, 24]. Thus, incorporation of all these 

microenvironmental modulators could further facilitate the development of a tendon 

equivalent in vitro. 

 

5.3.5. In vivo assessment of the produced in vitro tendon-equivalents 

To assess the suitability of the different in vitro tendon-equivalents produced in this 

study two methods of further pre-clinical testing are suggested for tendon repair and 

regeneration; a) implantation of the bidirectionally aligned scaffold seeded with the 

tenocytes, which has been previously preconditioned with macromolecular crowding 

and growth factor supplementation and / or hypoxia and b) cell sheet technology. 

Considering the potential for tenocyte phenotypic maintenance upon hypoxia and CR 

or growth factor supplementation and CR, cell sheets of tenocytes can be created in 

vitro using temperature-responsive copolymers allowed the production and 

detachment of dense ECM-rich supramolecular assemblies, as previously described 

[25]. Then layers of cell sheets would be detached and rolled in a packed format to 

create a stronger construct [26, 27], which could sustain further in vitro maturation, as 

has been previously reported for the fabrication of scaffold-free blood vessels [28]. 

With the addition of macromolecular crowding the time required to develop an ECM-

rich construct would be significantly reduced.  
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A. List of reagents 

 

Table A.1: List of reagents and respective suppliers. 

4',6-diamidino-2-phenylindole (DAPI) Sigma Aldrich, Ireland 

Agilent RNA 6000 Nano kit Agilent Technologies, Ireland 

alamarBlue® Invitrogen, USA 

Biosyn® [(glycolide (60 %), dioxanone 

(14 %) and trimethylene carbonate (26 

%)] 

Medtronic, France 

Bovine serum albumin Sigma Aldrich, Ireland 

Bromophenol blue Bio-Rad, UK 

Calcein AM Invitrogen, USA 

Carrageenan Sigma Aldrich, Ireland 

CL-Xposure Film Thermo Scientific, UK 

Collagen type I Symatese Biomateriaux, France 

Complete™, EDTA-free Protease 

Inhibitor Cocktail 

Sigma Aldrich, Ireland 
Chloroform 

Dimethyl sulfoxide 

Dulbecco’s Modified Eagle’s Medium 

high glucose 

Ethanol absolute Lennox, Ireland 

Ethidium homodimer I Sigma Aldrich, Ireland 

Filter paper (western blotting) Bio-Rad, UK 

Foetal bovine serum 
Sigma Aldrich, Ireland 

Gelatine from porcine skin type A 

Glacial acetic acid Fisher Scientific, Ireland 

Glycerol Sigma Aldrich, Ireland 

Glycine Fisher Chemicals, Ireland 

Hank’s balanced salt solution Sigma Aldrich, Ireland 

High Pure RNA Isolation kit Roche, Germany 

Hydrochloric acid 6 M Thermo Scientific, Ireland 

L-ascorbic acid 2-phosphate Sigma Aldrich, Ireland 



Appendices 

225 

 

Methanol 

Nitrocellulose membranes 
Bio-Rad, UK 

N,N,N\'N\'- Tetramethylethylenediamine 

Paraformaldehyde 

Sigma Aldrich, Ireland 

Penicillin streptomycin 

Pepsin from gastric mucosa 3200 – 4500 

units / mg protein 

Phenol red 

Pierce™ BCA Protein Assay Kit Invitrogen, USA 

Ponceau S dye Fisher Scientific, Ireland 

Quant-iT™ PicoGreen® dsDNA assay Invitrogen, USA 

Recombinant human growth 

differentiation factor - 5 
R&D Systems, UK 

Recombinant human growth factor β 3 PeproTech EC, UK 

Recombinant human insulin growth 

factor - 1 
R&D Systems, UK 

Recombinant human platelet-derived 

growth factor ββ 
PeproTech EC, UK 

Quant-iT™ PicoGreen™ dsDNA Assay 

Kit 
Invitrogen, USA 

Retractable Scalpel No.15 Swann-Morton, UK 

RIPA buffer Sigma Aldrich, Ireland 

SilverQuest™ Silver staining kit Invitrogen, USA 

Skim milk powder 

Sigma Aldrich, Ireland 
Sodium chloride 

Sodium dodecyl sulphate 20 % solution 

Sodium hydroxide 

SuperSignal™ West Pico 

chemiluminescent substrate 
Thermo Scientific, Ireland 

Transcriptor First Strand cDNA synthesis 

kit 
Roche, Germany 

TRI Reagent ® Sigma Aldrich, Ireland 

Tris base Fisher Chemicals, Ireland 
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Table A.2: List of primary antibodies and respective suppliers. 

Primary antibody Supplier 

Beta actin (A5441) Sigma Aldrich, Ireland 

Collagen type I (ab90395) 

Abcam, UK 
Collagen type III (ab7778) 

Collagen type V (ab7046) 

Collagen type VI (ab6588) 

Hypoxia-inducible factor 1-alpha 

(NB100-105) 
Novus Biologicals, USA 

Hypoxia-inducible factor 2-alpha 

(NB100-122) 

Scleraxis (ab68655) 
Abcam, UK 

Tenomodulin (ab203676) 

 

Table A.3: List of secondary antibodies and respective suppliers. 

Secondary antibody Supplier 

Alexa Fluor® 488 Donkey anti – mouse 

(A21202) 

Invitrogen, USA 

Alexa Fluor® 488 Goat anti – mouse 

(A11001) 

Alexa Fluor® 488 Chicken anti – rabbit 

(A11034) 

Horseradish peroxidase conjugated goat 

anti – mouse (A10668) 

Horseradish peroxidase conjugated goat 

anti – rabbit (A31466) 

 

  

Triton® X-100 Sigma Aldrich, Ireland 

Trypan blue Invitrogen, USA 

Trypsin / EDTA 
Sigma Aldrich, Ireland 

Tween-20 
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B. List of protocols 

B.1. Human tenocyte isolation and passaging 

B.1.1. Culture medium preparation for human tenocyte isolation and expansion 

1. Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose (4,500 mg/l) 

2. 10 % Foetal bovine serum (FBS) 

3. 1 % Penicillin streptomycin (P/S) 

 

B.1.2. Human tenocyte isolation  

1. Place the tendon sample on a sterile working surface, in the cell culture hood. 

2. With the sterile blade, excise carefully and discard the tissues surrounding the 

tendon sample (i.e. fat tissue, muscle tissue, subcutaneous tissue). 

3. Cut the tendon with the sterile blade into cubes of 3 mm x 3 mm x 3 mm. 

4. Place the tendon samples on a sterile petri dish (1 sample per well). 

5. Place the petri dish in a humidified incubator at 37 °C at 95 % air / 5.0 % CO2. 

6. Allow the samples to dry from excess humidity and attach on the petri dish (45-60 

minutes). 

7. Transfer the petri dishes from the incubator to the hood and cover the tendon 

samples with media carefully. Place media in the well plate slowly to prevent the 

detachment of the tendon pieces. 

8. Place carefully the petri dishes with the samples in the incubator (Day 0) and allow 

24 hours of rest. 

9. After 24 hours (day 1), ensure that tendon samples are attached on the well plate. 

If any sample is floating, remove media and place the plate back to incubator to 

allow attachment (2-3 hours). Then, top-up with media. 

10. After 48 hours (day 3), change the medium with fresh medium. 

11. Change media every 3 days. Monitor cells for confluence. 

12. When cells are confluent: remove aseptically the tendon samples with a pair of 

sterile forceps or a sterile needle and place in a new sterile well plate, for a new 

cycle of cell migration (go to step 4). 
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B.1.3. Cell detachment 

1. Aspire media and wash the cell with HBSS. 

2. Aspire HBSS and add to the cells 1 ml trypsin-EDTA in each well of the 6-well 

plate. 

3. Place the well plate in the incubator for 5 minutes. Bring the well plate out and tap 

gently to detach cells. 

4. Observe under the optical microscope, to ensure that cells are in suspension. 

5. Neutralise trypsin with 2 ml of media. 

6. Aspire cell suspension and transfer in a 50 ml falcon tube. 

7. Centrifuge cell suspension at 1,200 RPM for 5 minutes. Discard the supernatant 

media. Ensure cell pellet remains in the tube. Cells are ready for counting and 

passaging. 

 

B.1.4. Cell counting 

1. Add 1 ml of culture media 

2. Remove 100 μl of cell suspension and place it in an Eppendorf tube. 

3. Add an equal volume of Trypan Blue and mix by gentle pipetting. 

4. Clean the haemocytometer with 70 % ethanol. 

5. Fill both sides of the chamber with cell suspension (10 μl) and observe using an 

inverted phase contrast microscope at 20x magnification. 

6. Count the number of viable (seen as bright cells) from 4 individual corner counting 

chambers. 

7. Calculate the concentration of viable using the equations below: 

Viable cell count (per 1 ml) = Number of live cells counted / Number of corner 

counting squares (4) x dilution factor (2) x 10,000. 

 

B.1.5. Cell passaging 

1. Transfer cell suspension to culture flask of appropriate size (~ 1,000,000 cells in a 

T175 flask) and add pre-warmed culture medium. 

2. Change medium every 3 days and observe tenocyte proliferation in the inverted 

phase contrast microscope. 

3. When human tenocytes reach more than 75 % confluency in the culture flask, 

remove culture medium, wash cell layer with HBSS and add 5 ml of trypsin 

EDTA. Incubate at 37 ºC for 5 minutes until cells start detaching. 
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4. Add 10 ml of culture medium to neutralise the action of trypsin / EDTA and 

transfer cell suspension into a 50 ml tube and centrifuge at 1,200 rpm for 5 

minutes. 

5. Discard the supernatant and resuspend cells in desired amount of culture medium 

according to the cell number (1 ml per 1,000,000 cells). 

 

B.1.6. Cell freezing  

1. Remove culture medium and wash cell layer with HBSS. 

2. Add trypsin / EDTA and incubate for 5 minutes at 37 ºC. 

3. Add culture medium to neutralise the action of trypsin, collect flask contents into 

a 50 ml tube and centrifuge at 1,200 rpm for 5 minutes. 

4. Resuspend supernatant in 1 ml of medium and count cells using a haemocytometer 

as described in B.1.4. 

5. Resuspend cells in necessary amount of freezing medium (90 % FBS with 10 % 

of DMSO) to have 1,000,000 cells per 1 ml of freezing medium. 

6. Add 1 ml of cell suspension in a cryogenic vial and place in Mr. Frosty filled with 

isopropanol to achieve a rate of cooling very close to -1 ºC per minute overnight 

at -80 ºC. 

7. Move to liquid nitrogen for long term storage. 
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B.2. Quant-iT™ PicoGreen™ dsDNA assay protocol 

1. Remove the media and gently rinse the cells with HBSS. 

2. Add 250 μl of MilliQ water in each well. 

3. Freeze-thaw cells three times (freeze at -80 °C for 15 minutes minimum and thaw 

at room temperature until it is completely defrosted). 

4. Prepare 1x TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) in MilliQ water 

from the 20x TE stock (supplied in the PicoGreen kit). 

5. Prepare solutions for DNA standard curve in DNAse free water using the table 

below: 

 

Table B.1: Preparation of the DNA standard curve. 

Final DNA concentration 

(ng/ml) 

Volume of DNA 

standard 100 ng/ml (μl) 

Volume of DNAse free 

water (μl) 

2000 20 980 

1000 10 990 

500 5 995 

375 3.75 996.25 

200 2 998 

100 1 999 

0 0 1000 

 

6. Add 100 μl of TE buffer (1x), 71.3 μl of diluted PicoGreen solution and 28.7 μl of 

samples/standard to a flat-bottom 96-well plate. Protect the plate from the light. 

7. Incubate at room temperature for 5 minutes in the dark. 

8. Read the plate for fluorescence (excitation: ~480 nm; emission: ~520 nm). 

9. Plot a graph concentration versus. the fluorescence values. Determine the 

concentration of DNA as a function of the standard curve. 
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B.3. alamarBlue® assay 

1. Prepare a 10 % alamarBlue® solution in HBSS. 

2. Aspirate culture medium from the cells and wash with HBSS. 

3. In the case of electrospun fibres, move fibres to new well plate. 

4. Add 400 ml (enough for testing each sample in triplicate) of the diluted 

alamarBlue® solution to the cells and a negative control of alamarBlue® at 10 % 

alone. 

5. Add HBSS to empty wells to obtain the background absorbance. 

6. Incubate for 4 hours at 37 ºC, 5 % CO2. 

7. Transfer 100 μl of the alamarBlue® solution and of the negative control and 

background to a 96-well plate. 

8. Measure the absorbance at 550 nm and at 595 nm. 

9. Subtract the values of HBSS to the values of alamarBlue® alone from 550 nm and 

at 595 nm to obtain the absorbance of alamarBlue®. 550 nm is the absorbance of 

the oxidised form at lower wavelength (AOLW) and 595 nm is the absorbance of 

the oxidised form at higher wavelength (AOHW). 

10. Evaluate the correlation factor: Ro=AOLW/AOHW 

11. To calculate the % reduction of alamarBlue® (AR) in the cells use the following: 

▪ AR=ALW-(AHW x Ro) x 100 
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B.4. Live / Dead® viability assay 

1. Dilute calcein AM to 4 μM and ethidium homodimer-1 to 2 μM in HBSS to stain 

the cells. 

2. Aspirate culture medium from the cells and wash cells with HBSS. 

3. Add 200 μl of the staining solution to cells. 

4. Incubate at 37 ºC, 5 % CO2 for 30 minutes. 

5. Image under inverted fluorescence microscope: 

▪ For calcein AM: use FITC filter 

▪ For ethidium homodimer-1: use Texas Red filter 
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B.5. Cytoskeleton and nuclei staining 

1. Aspirate culture medium and wash cell layer with HBSS. 

2. Fix the cell layer with 2 % paraformaldehyde (PFA) for 30 minutes at room 

temperature. 

3. Remove PFA and wash briefly with HBSS. 

4. Permeabilise cells with 0.2 % of Triton-X100 and incubate for 15 minutes at room 

temperature. 

5. Remove Triton-X100 and wash with HBSS. 

6. Add rhodamine / phalloidin diluted in HBSS (1:500) and incubate at room 

temperature for 1 hour. 

7. Wash samples with HBSS. 

8. Incubate with DAPI (1:5,000) in HBSS for 5 minutes at room temperature. 

9. Image under the inverted fluorescence microscope. 
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B.6. SDS-PAGE gel electrophoresis and densitometry analysis protocol 

B.6.1. Materials 

1. 1.875 M Tris-HCl, pH 8.8; Dissolve 22.70 g Tris-base in 80ml ddH2O, add 2 ml 

of concentrated HCl (37 %), leave it overnight to equilibrate and then adjust pH to 

8.8 with concentrated HCl. Fill it up to 100 ml with ddH2O. Store it at 4-8 °C. 

2. 1.25 M Tris-HCl, pH 6.8; Dissolve 15.14 g Tris-base in 70 ml ddH2O, add 7 ml of 

concentrated HCl (37 %), leave it overnight to equilibrate and then adjust pH to 

6.8 with concentrated HCl. Fill it up to 100 ml with ddH2O. Store it at 4-8 °C. 

3. 5x sample buffer. Dissolve 0.25 g SDS (Bio-Rad, UK) in 0.625 ml 1.25 M Tris-

HCl, pH 6.8 and 2 ml MilliQ water. Leave it overnight for the foam to settle. Fill 

with glycerol (Bio-Rad, UK) to 5 ml. Add 2.5 mg bromophenol blue (Bio-Rad, 

UK) per 10 ml buffer. 

4. 5x running buffer. Dissolve 15.1 g Tris-base (Bio-Rad, UK), 72 g glycine (Bio-

Rad, UK) and 5 g SDS (Bio-Rad, UK) in 1 l of ddH2O. Store at 4 ºC. To run the 

gel 1x running buffer should be prepared by diluting 5x running buffer in ddH2O.  

5. 30 % Acrylamide/Bis (Bio-Rad, UK) 

6. 10 % SDS (Bio-Rad, UK) 

7. 100 mg/ml Ammonium Persulphate (APS, Bio-Rad, UK) in ddH2O. Dissolve 500 

mg APS in 5 ml ddH2O and aliquot it in Eppendorf tubes. Store it at -20 °C. 

8. TEMED (Bio-Rad, UK) 

9. Phenol Red Solution (Sigma Aldrich, Ireland): Dissolve 10 mg of phenol red in 40 

ml of ddH2O, then dilute to 50 ml. 

 

B.6.2. Sample collection 

1. Aspirate the medium from the cell culture. 

2. Wash the cell layer portion with HBSS. 

3. Prepare 1 mg/ml pepsin in 0.5 M acetic acid. Dilute pepsin solution 1/10 (v/v) in 

HBSS to reach a final concentration of 100 μg/ml and add to each well (150 μl / 

well for 24 well plates). 

4. Place samples on a rotating shaker at 37 °C for 2 hours with continuous shaking 

at 200 rpm for 2 hours. 

5. Scrape off the cell layer using a pipette tip and transfer to Eppendorf tubes. 

6. Add 5 μl of phenol red solution per 100 μl cell layer sample. The samples will turn 

in to yellow colour. 
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7. Add 5 µl of 1N NaOH per 100 µl of cell layer sample. If needed repeat this step 

until the samples will turn in to pink. Vortex briefly. 

8. Store cell layer samples at 4 °C for short-term storage or at -20 °C for long-term 

storage. 

 

B.6.3. Sample preparation 

1. For collagen standard; dissolve 1 mg of collagen type I (Symatese Biomateriaux, 

France) in 1ml of 0.5 M acetic acid. Take 4 µl of collagen standard in an Eppendorf 

tube. Neutralise the standard with 4 µl 1 N NaOH. Add 34 µl of ddH2O and 18 µl 

of 5x sample buffer. 

2. For cell layer samples: take 24 µl the cell layer samples in an Eppendorf tube. Add 

24 µl of ddH2O. Add 12 µl of 5x sample buffer. 

3. Vortex the samples and centrifuge them briefly. 

4. Denature the samples and standard by heating at 95 °C for 5 minutes. 

5. Vortex and then centrifuge the samples briefly.  

6. Load the samples in Mini gel (for 10-well: 15 µl and for 15-well: 10 µl). 

 

Table B.2: Sample preparation for SDS-PAGE. 

Sample Total Volume on 

the well 

Collagen standard 

composition 

Sample 

composition 

Mini gel; 10-well 

or 15-well 

For 10-well: 15 µl 

For 15-well: 10 µl 

24 µl sample 

24 µl ddH2O 

12 µl 5x sample 

buffer 

4 µl sample 

4 µl NaOH 1N 

34 µl ddH2O 

18 µl 5x sample 

buffer 

 

  



Appendices 

236 

 

B.6.4. Gel preparation 

1. Clean glass plates with 70 % ethanol and wipe dry them with microscope tissue 

papers. 

2. Assemble the plates in the gel making apparatus ensuring that the glass plates fit 

snugly to the platform and no leaks are observed (put water before making the 

gels). 

3. Add the gel ingredients to make the 5 % resolving gel according to the Table B.3.  

4. APS and TEMED should be added last, right before the gels are poured to the glass 

plates. 

5. Add the prepared mixture carefully into the space between the 2 glass plates up to 

1 cm from the bottom of the wells etched out by the comb. 

6. Add to the gel with 10 % Ethanol to cut off oxygen in contact with the gels 

7. Leave it aside to for approximately 30 minutes. 

8. After gel polymerisation, carefully remove the ethanol out of the glass plates and 

imbibe any traces using filter paper. 

9. Prepare the 3 % stacking gel according to the Table B.4 (APS and TEMED should 

be added again last). 

10. Place carefully the comp. 

11. After the gels has been set, remove slowly the comb. 

12. Assemble the electrophoresis apparatus, fit the gel plates on the electrode bar and 

fit the set into the inner chamber and clamp them. 

13. Fill the upper/inner chamber with 1x running buffer. 

14. Load the collagen standards and samples.  

15. Put the upper chamber on the main chamber, close the lid and run the gel. 

16. Run at constant voltage: 50 V until the front reaches the end of the stacking gel 

(~30-40 minutes), then 120 V until the front reaches the end of the separating gel 

(~1 hour). 

17. Remove the glass using the wonder wedge and release the gel slowly into 1x 

running buffer. 

18. Proceed with Silver staining. 
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Table B.3: 5 % Separation Gel (1 mm thickness) for mini gel. 

Reagents Volume for 1 gel 

30 % Acrylamide/Bis (37.5:1) 830 µl 

1.875 M Tris-HCl pH 8.8 1000 µl 

10 % SDS 50 µl 

ddH2O 3070 µl 

APS (100 mg/ml) 42 µl 

TEMED 5 µl 

Total 5000 µl 

 

Table B.4: 3 % Stacking Gel (1 mm thickness) for mini gel. 

Reagents Volume for 1 gel 

30 % Acrylamide/Bis (37.5:1) 200 µl 

1.25 M Tris-HCl pH 6.8 200 µl 

10 % SDS 33 µl 

ddH2O 1550 µl 

APS (100 mg/ml) 17 µl 

TEMED 3 µl 

Total 2000 µl 
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B.6.5. Silver staining 

Staining of the gels that were obtained from the previous steps was performed using 

the SilverQuest™ Silver Staining kit following the manufacturer’s protocol. The 

procedure of the staining is described in the Table B.5. 

 

Table B.5: Procedure for silver staining. 

Step Reagent Incubation time 

Fix 40 % ethanol 

10 % acetic Acid 

50 % ddH2O 

30 minutes 

Wash 30 % ethanol 

70 % ddH2O 

10 minutes 

Sensitise 30 % ethanol 

10 % sensitiser 

60 % ddH2O 

10 minutes 

First wash 30 % ethanol 

70 % ddH2O 

10 minutes 

Second wash ddH2O 10 minutes 

Stain 1 % stainer 

99 % ddH2O 

15 minutes 

Wash ddH2O 1 minute 

Develop 10 % developer 

1 drop developer 

enhancer 

90 % ddH2O 

5-8 minutes 

Stop Stopper (10 % of the 

developing solution) 

 

5 minutes 

Wash ddH2O 10 minutes 
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B.6.5. Protein band quantification using ImageJ 

1. Scan the SDS-PAGE gels on Scanner (HP Scanjet 7400C Series) with active 

transparency adapter. 

2. Measure the band density of α1(I) and α2(I) bands with ImageJ software. 

3. Open ImageJ and Go to File → Open → (image). 

4. Adjust the brightness and the contrast of the image. 

5. Save the new image with an updated name. 

6. Go to Analyse → Set measurements → Tick the following boxes; Area, Mean 

Gray Value, Standard Deviation. 

7. Select the rectangle tool and draw a box around the lane. 

8. Go to Analyse → Measure and a box with the results will appear.  

9. Repeat the step 7 and 8 for all the bands of your interest (be consistent with the 

area of rectangle box). 

10. Copy all results and Paste to Microsoft Excel sheet. 

11. Add the mean band intensity of α1(I) with α2(I) band.  

12. Normalise the mean value of Collagen type I standard. 

13. Plot the bands intensity as µg/ml of sample and standard bands. 
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B.7. Gelatin zymography 

B.7.1. Materials 

1. Gelatine solution [gelatine from porcine skin type A (Sigma Aldrich, Ireland)]. 

Dissolve 1 mg/ml in ddH2O and heat till dissolved at 65 °C. Sterilise by filtering. 

Store at 4 °C. 

2. 1.5 M Tris-HCl, pH 8.8. Dissolve 45.375 g Tris-base (Bio-Rad, UK) in 200 ml 

ddH2O; adjust pH to 8.8 with a few drops of concentrated 6 N HCl, make up to 

250 ml ddH2O. Store at 4-8 °C. 

3. 0.5 M Tris-HCl, pH 6.8. Dissolve 6.06 g Tris-base in 60 ml ddH2O; adjust pH to 

6.8 with a few drops of concentrated 6 N HCl, make it up to 100 ml with ddH2O. 

Store at 4-8 °C 

4. 5x sample buffer. Dissolve completely 0.25 g SDS (Bio-Rad, UK) in 0.625 ml 0.5 

M Tris-HCl, pH 6.8 and 2 ml ddH2O. Leave it overnight for the foam to settle. Top 

up with glycerol (Bio-Rad, UK) to 5 ml (approximately 2.3 ml). Add 2.5 mg 

bromophenol blue (Bio-Rad, UK) per 10 ml buffer. 

5. 5x running buffer. Dissolve 15.1 g Tris-base (Bio-Rad, UK), 72 g glycine (Bio-

Rad, UK) and 5 g SDS (Bio-Rad, UK) in 1 l ddH2O. 1x running buffer is made to 

run the gel from 5x running buffer by diluting in ddH2O. 

6. 30 % Acrylamide/Bris (37.5:1) (Bio-Rad, UK). 

7. 10 % SDS (Bio-Rad, UK) or 5 g SDS (Bio-Rad) in 50 ml ddH2O. 

8. 100 mg/ml Ammonium persulphate (Bio-Rad, UK) in ddH2O. Dissolve 500 mg 

APS in 5 ml ddH2O, aliquot it in Eppendorf tubes and store at -20 °C. The solution 

is active for a few months. 

9. TEMED (Bio-Rad, UK). 

10. 10 % and 70 % Ethanol in ddH2O. 

11. Gel wash buffer. 2.5 % Triton X-100 Solution. Dilute 25 ml Triton X-100 in 975 

ml ddH2O. 

12. Gel development / activation buffer. Dissolve 6.057 g Tris base (50 mM), 554.95 

mg CaCl2 (5 mM), 0.14 mg ZnCl2 (1 μM) and 25 ml Triton X-100 at pH 7.5. Make 

up to 1 l with ddH2O. 

13. Coomassie blue staining solution. Prepare 0.5 % Coomassie brilliant blue G250 

(0.5 g) in 30 % methanol (150 ml), 10 % acetic acid (50 ml) and make up to 500 

ml with ddH2O. 
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14. Gel detaining solution. Combine 30 % methanol (300 ml), 10 % acetic acid (100 

ml) and make up to 1 l with ddH2O. 

15. Gel preservation solution. Combine 30 ml methanol, 3 ml glycerol and make up 

to 100 ml ddH2O (67 ml). 

 

B.7.2. Sample Preparation 

1. Use a 1.5 ml Eppendorf to aliquot the samples and 5x sample buffer. The amount 

of sample and water depends on the sample dilution. For example, a 1:2 dilution 

ratio would be 20 μl sample, 20 μl ddH2O, 10 μl 5x buffer in a total volume of 50 

μl.  

2. Mix the samples with 5x sample buffer. Make sure the SDS –loading buffer is 

without a reducing agent (i.e. DTT). Do not boil samples.  

3. Incubate at room temperature for 10 minutes.  

4. Load the mixture into each well of the 10-well gel. 

 

B.7.3. Procedure for Making the Gels 

1. Take out from the -20 °C an aliquot of APS to thaw. 

2. Clean glass plates with 70 % ethanol and wipe dry with microscope tissue papers. 

3. Set the gel making apparatus ensuring that the glass plates fit snugly to the 

platform. 

4. Check for any leaks by pouring water prior to making the gels. 

5. Add the gel ingredients to make the 10 % resolving gel according to the Table 

B.6. 

6. Make sure to add the APS and TEMED last, right before the gels are to be poured. 

7. Using a Pasteur pipette, pour the prepared mixture carefully into the space between 

the 2 glass plates to reach about 1 cm (mini gel) from the bottom of the wells 

etched out by the comb. 

8. After gel polymerisation, carefully remove the ethanol out of the glass plates and 

imbibe any traces using filter paper. 

9. Prepare the 3 % stacking gel according to the Table B.4 (APS and TEMED should 

be added again last). 

10. After the gels have been set (10-15 minutes, check it with the excess solution), 

remove slowly the combs. 
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11. Assemble the electrophoresis apparatus, for small gel apparatus, fit the gel plates 

on the electrode bar and fit the set into the inner chamber and clamp them. 

12. Fill the upper / inner chamber with 1x running buffer. 

13. Load the samples. 

14. Put the upper chamber on the main chamber, close the lid and run the gel at 50 V 

till the samples migrate into the resolving gel (gelatine gel), for approximately 20 

minutes and increase voltage to 100 V for 60-90 minutes or until the dye front 

reaches the bottom of the gel. 

15. Remove the glass using the wonder wedge, cut the lower right corner and release 

the gel slowly into ddH2O. 

16. Proceed with gelatin zymography staining. 

 

Table B.6: 10 %, 1 mg/ml gelatine gel (1 mm thickness) for mini gel. 

Reagents Volume 

Gelatine solution 2075 μl 

30 % Acrylamide/Bis (37.5:1) 1750 μl 

1.5 M Tris-HCl pH 8.8 1312.5 μl 

50 % Glycerol 41.25 μl 

10 % SDS 41.25 μl 

APS (100 mg/ml) 25 μl 

TEMED 2.5 μl 

 

B.7.4. Developing the zymography / gel activation 

1. Carefully remove the gel from the electrophoresis pates with a gel spatula and 

place the gel in a washing container. Wash the gel (incubating for 1 hour at room 

temperature on a rocking shaker to remove the SDS and to renature the 

proteinases) with the gel wash buffer (2.5 % Triton X-100). 

2. Rinse briefly with ddH2O. Incubate gel for 18-42 hours at 37 °C with the gel 

development/activation buffer (2.5 % Triton X-100 in 50 mM Tris pH 7.5, 5 mM 

CaCl2, 1 μM ZnCl2). 
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B.7.5. Gel Staining and destaining 

1. Stain the gel with coomassie blue solution for 1 hour at room temperature, 

agitating on a rocking shaker. 

2. Destain the gel with destaining solution by washing multiple times for 15-30 

minutes until the clear bands are revealed. 

 

B.7.6. Gel scan and quantification 

1. Wash the gel with ddH2O briefly and incubate the gel in gel preservation solution 

for 15 minutes. For storage, seal the gel in a plastic wrap with a sealer. 

2. Immediately scan the gel with a digital scanner. An external gray scale (used for 

photography) must be scanned with the gel. Adjust all scans to the same gray scale.  

3. Make the MMP-2 and MMP-9 density standards curves with ImageJ software or 

similar software. 
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B.8. Immunocytochemistry analysis 

1. Culture cells at 25,000 cells / cm2 in 48-well plates. 

2. At the end of each timepoint, remove the culture medium. 

3. Wash with HBSS. 

4. Fix with 2 % paraformaldehyde (pre-cooled at 4 °C) for 30 minutes. 150 μl / well. 

5. Drain away fixative and wash 3x with PBS, 5 minutes each. 

6. Block with 3 % (w/v) BSA in PBS for 30 minutes at room temperature. 

7. Incubate with primary antibodies in PBS for 1 hour and 30 minutes overnight at 4 

°C. 150 μl / well. 

8. Wash 3x with PBS, 5 minutes each. 

9. Incubate with secondary antibodies in PBS for 45 minutes at room temperature. 

150 μl / well  

10. Wash 3x with PBS, 5 minutes each. 

11. Incubate with methanol containing 0.5 μg/ml DAPI for 5 minutes at room 

temperature. 

12. Wash with PBS for 5 minutes. 

13. Take the images on Olympus IX-81 inverted fluorescence microscope (Olympus 

Corporation, Tokyo, Japan). 

14. Evaluate the fluorescence intensity measurements by ImageJ image analysis 

software. 
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Table B.7: Primary antibody, source and dilution used for immunocytochemistry 

analysis. 

Primary antibody Source Dilution 

Collagen type I (ab90395, 

Abcam, UK) 

Mouse monoclonal 1:200 

Collagen type III 

(ab7778, Abcam, UK) 

Rabbit polyclonal 1:200 

Collagen type V (ab7046, 

Abcam, UK) 

Rabbit polyclonal 1:200 

Collagen type VI 

(ab6588, Abcam, UK) 

Rabbit polyclonal 1:200 

Hypoxia-inducible factor 

1-alpha (NB100-105, 

Novus Biologicals, USA) 

Mouse monoclonal 1:50 

Hypoxia-inducible factor 

2-alpha (NB100-122, 

Novus Biologicals, USA) 

Rabbit monoclonal 1:50 

 

Table B.8: Secondary antibody, source and dilution used for immunocytochemistry 

analysis. 

Secondary antibody Dilution 

Alexa Fluor® 488 Donkey anti – mouse 

(A21202, Invitrogen, USA) 

1:400 

Alexa Fluor® 488 Goat anti – mouse 

(A11001, Invitrogen, USA) 

1:400 

Alexa Fluor® 488 Chicken anti – rabbit 

(A11034, Invitrogen, USA) 

1:400 
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B.9. Fluorescence intensity analysis 

1. Open ImageJ. 

2. Go to File → Open → (image). 

3. Go to Analyse → Set measurements → Tick the following boxes; Area, Mean 

Gray Value, Standard Deviation. 

4. Go to Analyse → Measure. 

5. A new box with all the results will appear. 

6. Copy all results and Paste to Microsoft Excel sheet. 

7. Plot the “mean” intensity of slides. 

8. Plot the fluorescence intensity of test samples. 
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B.10. Western blot protocol 

B.10.1. Protein extraction 

1. Put the flask on ice. 

2. Wash the cells with cold PBS twice. 

3. Remove PBS. 

4. Add approximately 1 ml of lysis buffer (RIPA, Sigma) + inhibitor cocktail 

(1:1,000) (Sigma) per 75 cm2 dish to the cell layer. 

5. Scrape once with the scraper. 

6. Leave on ice for 5-10 minutes. 

7. Scrape the lysate down to the bottom of the plate. 

8. Transfer the lysate into a cold Eppendorf tube (should be pre-cooled in the ice). 

9. Vortex briefly. 

10. Leave on ice for 20 minutes. 

11. Centrifuge for 15 minutes at 14,000 rpm (max speed) and at 4 °C. 

12. Transfer the supernatant (cell lysate) into several cold 0.5 ml Eppendorf tube 

(make aliquots of 100 μl).  

13. Freeze at -80 °C. 

 

B.10.2. Protein quantification using Pierce™ BCA protein assay kit 

1. Make a 2 mg/ml solution of bovine serum albumin (BSA) and diluted BSA as 

described in Table B.9 below. 

2. Prepare working reagent using reagent A and reagent B (50 parts of A:1 part of 

B). For microplate procedure, use 200 μl of working reagent per sample. 

3. Pipette 25 μl of each standard and sample into a microplate well (if sample size is 

limited, 10 µl of each unknown sample and standard can be used. However, the 

working range of the assay in this case will be limited to 125-2000 µg/ml. 

4. Add 200 μl of working reagent to each well and mix plate thoroughly on a plate 

shaker for 30 seconds. 

5. Cover plate and incubate at 37 °C for 30 minutes. 

6. Cool plate at room temperature and measure the absorbance at 562 nm on a plate 

reader. 

7. Prepare a standard curve by plotting the absorbance measurement for each BSA 

standard versus its concentration in μg/ml and quantify protein concentration for 

each sample. 
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Table B.9: Dilutions of bovine serum albumin. 

Standard curve (Stock solution BSA at 2 mg/ml) 

Concentration 

(mg/ml) 

0 0.2 0.4 0.6 0.8 1 1.2 

Stock Solution 

(μl) 

0 5 10 15 20 25 30 

Lysis Buffer 

(μl) 

50 45 40 35 30 25 20 

 

B.10.3. Gel preparation for SDS-PAGE 

1. Tris 1.5 M pH 8.8: weigh 45.375 g of Tris-base, add 220 ml of ddH2O, adjust pH 

to 8.8 with concentrated HCl (37 %) and top up to 250 ml with ddH2O. 

2. Tris 1 M pH 6.8: weigh 30.25 g of Tris-base, add 220 ml of ddH2O, adjust pH to 

6.8 with concentrated HCl (37 %) and top up to 250 ml ddH2O. 

3. 10 % SDS: dissolve 10 g in 100 ml ddH2O. 

4. 10 % APS: dissolve 1 g in 10 ml ddH2O and prepare aliquots of 200 μl and store 

at -20 °C. 

5. 10x Running Buffer: weigh 144 g of glycine (192 mM), 30.35 g of Tris base (25 

mM), 10 g of SDS (0.1 %) and dissolve in 1 l ddH2O. Dilute to 1x with ddH2O 

before using. 

6. 4x sample buffer: mix 2.5 ml of Tris 1 M pH 6.8, 0.92 g of SDS, 4 ml of glycerol 

and 1 ml of 1 % bromophenol blue in PBS and top up to 10 ml with ddH2O. 

7. 1 M DTT stock solution: weigh 1.54 g of dithiothreitol (DTT) and dissolve in 10 

ml of filtered sterile ddH2O. Prepare 1 ml aliquots and store at -20 °C. 

8. Gel preparation: Prepare according with tables below depending on molecular 

weight of protein of interest. 
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Table B.10: Running gel composition depending on the percentage of with varying 

percentages of acrylamide for two 1 mm gels. 

 

Table B.11: Composition of stacking gel per gel. 

Stacking Gel 2 ml / gel 

ddH2O (μl) 1400 

30 % Acrylamide/Bis (37.5:1) (μl) 330 

Tris 1 M pH 6.8 (μl) 250 

10 % SDS (μl) 20 

10 % APS (μl) 20 

TEMED (μl) 2 

  

Running Gel 10 ml (2 x 1 mm gels) 

Acrylamide % 6 % 7 % 8 % 10 % 12 % 15 % 

ddH2O (μl) 5300 5000 4600 4000 3300 2300 

30 % Acrylamide/Bis 

(37.5:1) (μl) 

2000 2300 2700 3300 4000 5000 

1.5 M Tris pH 8.8 

(μl) 

2500 2500 2500 2500 2500 2500 

10 % SDS (μl) 100 100 100 100 100 100 

10 % APS (μl) 100 100 100 100 100 100 

TEMED (μl) 8 8 6 4 4 4 
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Table B.12: Percentage of acrylamide in running gel depending on the molecular 

weight (in kDa) of protein on interest. 

Protein MW Range (kDa) Percentage of Running gel 

~5-50 18 % 

~5-60 16 % 

~10-80 14 % 

~20-150 12 % 

~30-200 10 % 

~40-250 8 % 

~60-300 6 % 

~100-400 4 % 

 

B.10.4. Sample preparation and run on the gel  

1. Load 10 μg of protein from human tenocytes in each well. 

2. Prepare 4x Sample Buffer containing DTT (200 μl in 1ml of 4X sample buffer). 

3. Mix in an Eppendorf tube the proteins with the sample buffer. 3 parts of proteins: 

1 part of sample buffer. 

4. Vortex briefly. 

5. Heat the samples at 90-95 °C for 5-7 minutes. And centrifuge for 2 minutes. 

6. Load the samples (15 μl) and the molecular weight marker (3 μl) in a 10-well mini 

gel. 

7. Run the gels first at 70 V till samples reach running gel (approximately 30 minutes) 

then at 120 V till samples reach the end of the gel. 

 

B.10.5. Transfer using the Trans-Blot® Turbo™ blotting system (Bio-Rad, UK) 

1. Equilibrate the gel in transfer buffer (25 mM Tris, 192 mM glycine pH 8.3, 20 % 

MeOH) for 5 minutes. 

2. Soak six pieces of thick (0.8 mm) filter papers. 

3. While the gel is equilibrating, prepare a transfer membrane. Wet a nitrocellulose 

membrane briefly in 100 % ethanol for 30 seconds, then wash in ddH2O for 1 

minute, and equilibrate in transfer buffer for at least 10 minutes. 

4. Assemble the transfer sandwich on the cassette base (anode) by placing 3 pieces 

of thick filter paper on the bottom, then the membrane, the gel and the remainder 
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of the wet filter papers on top. Use the blot roller to remove air from between the 

assembled layers. 

5. Once the stacks are positioned in the cassette base, place the cassette lid on the 

base, making sure that the electrical contacts fit closely into the slots in the base. 

Press the lid down firmly and turn the dial clockwise to engage the lid pins into 

the locking slots. 

6. Load a second cassette if desired 

7. Slide the cassette (with the dial facing up) into the bay until it makes contact with 

the magnetic interlock. 

8. Select the LIST button from the Home menu and the standard transfer protocol for 

mixed molecular weight proteins (5-150 kDa) from the Bio-Rad preprogrammed 

protocols (1.3 A, 25 V, 7 minutes). 

9. Start the transfer. 

 

B.10.6. Protein detection 

1. For peroxidase-conjugated antibodies use Super Signal™ West Pico 

Chemiluminescent Substrate. Mix reagents in equal parts in a 15 ml tube and pour 

over the membrane. Incubate for 5 minutes protected from light. 

2. Place the membranes in a cassette. 

3. Quantify protein bands using a photographic film in a dark room. Expose the film 

to the membrane and develop for a few minutes until bands appear on the film. 

Wash with ddH2O for 1 minute and place film in fixative buffer. Wash again with 

ddH2O and let film air dry. 

4. Membrane can be reprobed for another protein of interest using mild stripping 

buffer. 

5. Preparation of mild stripping buffer: weigh 15 g of glycine, 1 g of SDS, add 10 ml 

of Tween 20, adjust pH to 2.2 and bring volume up to 1 l with ddH2O. 

6. Wash the membrane twice in stripping buffer for 7 minutes. 

7. Wash membrane twice in PBS for 10 minutes. 

8. Repeat blocking step and continue with antibody incubation.  
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Table B.13: Primary antibodies and respective dilutions used for western blotting. 

Primary antibody Source Dilution 

Beta actin (A5441, Sigma 

Aldrich, Ireland) 

Mouse monoclonal 1:5,000 

Scleraxis (ab58655, 

Abcam, UK) 

Rabbit polyclonal 1:100 

Tenomodulin (ab203676, 

Abcam, UK) 

Rabbit polyclonal 1:500 

 

Table B.14: Secondary antibodies and respective dilutions used for western blotting. 

Secondary Antibody Dilution 

HRP conjugated Goat anti mouse 

(A10668, Invitrogen, USA) 

1:5,000 

HRP conjugated Goat anti rabbit 

(A31466, Invitrogen, USA) 

1:5,000 
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B.11. RNA isolation using High Pure RNA isolation kit (Roche, Germany) 

1. At each timepoint aspirate the culture media from the cells. 

2. Add 1 ml of TRI Reagent® per 10 cm2 of culture dish area (addition of TRI 

Reagent® is not dependent on cell number). 

3. Use 1 ml pipette to help lyse cells in the culture dish. 

4. Incubate at room temperature for 5 minutes. 

5. Transfer all lysed cells into Eppendorf tubes. 

6. Centrifuge at 17,000 rpm to remove sediments and transfer supernatant in another 

Eppendorf tube. 

7. Add 200 μl of chloroform per 1 ml of TRI Reagent®. 

8. Vortex for 15 seconds. 

9. Incubate at room temperature for 5 minutes. 

10. Centrifuge at 13,000 rpm at 4 ºC for 15 minutes. 

11. Remove the aqueous phase (top layer) into a new Eppendorf tube containing the 

same volume of 70 % ethanol and mix by pipetting. 

12. Transfer the entire volume into a filter column (up to 800 μl). 

13. Centrifuge at 8.000 g for 15 seconds and discard flow through (if the sample is 

more than 800 μl, repeat this step using the same filter column). 

14. Add 500 μl of Wash 1 solution, centrifuge at 8.000 g for 15 seconds and discard 

flow through. 

15. Add 500 μl of Wash 2 solution, centrifuge at 8.000 g for 15 seconds and discard 

flow through. 

16. Add 200 μl of Wash 2 solution, centrifuge at 13.000 g for 2 minutes and discard 

flow through. 

17. Place filter in a new Eppendorf tube, add 50 μl of elution buffer and centrifuge at 

8.000 g for 1 minute. 

18. Remove the 50 μl of elution buffer, place them again in the filter column and 

centrifuge at 8.000 g for 1 minute. 

19. Aliquot 45 μl to proceed with cDNA synthesis and 5 μl for RNA quantity and 

quality testing. 
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B.12. Assessment of RNA quantity and quality 

B.12.1. RNA quantity 

1. Blank NanoDrop 1000 by using 1 μl of elution buffer. 

2. Add 1 μl of sample and quantify its concentration. 

3. Use A260/A280 and A260/A230 to validate sample purity. 

▪ A260/A280: ratio of ~2 is considered pure, with samples more 1.8 being 

accepted for cDNA synthesis, while values lower than 1.8 might indicate the 

presence of protein, phenol or other contaminants. 

▪ A260/A230: values higher than A260/A280 suggest pure nuclei acid. 

Accepted values are between 2.0 – 2.2, while values lower than 2 might 

indicate contaminants which absorb at 230 nm. 

 

B.12.2. RNA quality 

1. Prepare Nano gel matrix by putting 550 μl of the gel matrix in the receptacle of a 

spin filter. Centrifuge at 1.500 g for 10 minutes. Prepare aliquots of 65 μl of gel 

matrix into 500 μl tubes and place them at 4 ºC. 

2. Vortex Nano dye concentrate for 10 seconds following by centrifugation. 

3. Add 1 μl of Nano dye into 65 μl of gel matrix, vortex and centrifuge for 10 minutes 

at 13,000 g. 

4. Place a Nano chip in the priming station. 

5. Add 9 μl of the gel-dye mix to the well marked G. 

6. Close the priming station ensuring that the plunger of the syringe is at 1 ml 

position. 

7. Press the plunger until it is held down by the clip and leave it for 30 seconds. 

8. Release the plunger and wait a few seconds until the plunger has moved back to 

the 0.3 ml mark. 

9. Load 9 μl of the gel - dye mix in all the remaining wells marked G. 

10. Add 5 μl of the Nano marker into the well with the ladder symbol first and 

afterwards to all other 12 wells. 

11. Load 1 μl of ladder to the well marked with the ladder symbol. 

12. Load 1 μl of each sample to each of the 12 sample wells. 

13. Vortex at 2,400 rpm in IKA vortex for 60 seconds. 

14. Decontaminate Agilent Bioanalyser electrodes using RNase ZAP and DNase free 

water for 15 seconds each. 
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15. Put the chip into the Agilent Bioanalyser and press run. 

16. Samples showing 2 clear peaks corresponding to 18S and 28S ribosomal RNA are 

considered pure. 

17. Samples with an RNA integrity number (RIN) less than 8 were not taken for cDNA 

synthesis. 

 

B.13. cDNA synthesis using Transcriptor First Strand cDNA synthesis kit 

(Roche, Germany) 

All reagents are to be thawed in advance and kept on ice throughout protocol. 

1. Label all tubes according to the collected samples. 

2. Prepare the enzyme mix used per sample (total 7 μl per sample) by mixing: 

▪ 4 μl of reverse transcriptase buffer 

▪ 2 μl of deoxy mix 

▪ 0.5 μl of RNase inhibitor 

▪ 0.5 μl of reverse transcriptase 

3. Load to each of the labelled tubes: 

▪ 7 μl of enzyme mix 

▪ 4 μl of DNase free water 

▪ 1 μl of oligoDT primers 

▪ Sample volume corresponding to 1 μg of RNA 

4. Mix gently with pipette. 

5. Place the tubes into the thermal block cycler and run in the following program: 

a) 1 hour at 50 °C 

b) 5 minutes at 85 °C for inactivation. 

c) 4 °C for 1 hour 

d) Store samples at -20 °C. 
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B.14. RealTime ready custom panel 

1. Thaw the solutions (Probes Master and water) and briefly spin vials in a 

microcentrifuge before opening. 

2. Prepare a tube with 5 μl water and 4 μl Probes Master (PCR mix) per sample. 

Prepare 10 % more of the number of samples to compensate pipetting losses. Mix 

carefully by pipetting up and down.  

3. Load 9 μl of PCR mix into each well of the plate. 

4. Pipette 1 μl of cDNA of each sample into each well. 

5. For negative control, load 1 μl of untranscribed RNA. 

6. Cover the well plate with sealing foil. 

7. Centrifuge the plate for 2 minutes at 1,500 g in a standard swing bucket centrifuge. 

8. Transfer the plate to the LightCycler® 480 Instrument and use the PCR program 

described in Table B.15. 
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Table B.15: Detailed protocol for a Pre-amp PCR using the LightCycler® 480 

Instrument and the RealTime ready cDNA Pre-Amp Master and the LightCycler® 480 

Multiwell Plate 384. 

Set up 

Block type Reaction volume (μl) 

384 10 

Program name Cycles Analysis mode 

Pre-incubation 1 None 

Amplification 45 Quantification 

Cooling 1 None 

Temperature Targets 

Target (°C) Acquisition 

Mode 

Hold (hh:mm:ss) Ramp Rate (°C/s) 

Pre-incubation 

95 None 00:10:00 4.8 

Amplification 

95 None 00:00:10 4.8 

60 None 00:00:30 2.5 

72 Single 00:00:01 4.8 

Cooling 

40 None 00:00:30 2.5 
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B.15. Electrospinning of Biosyn™ solution 

The production of aligned Biosyn™ fibres was achieved using the following 

electrospinning settings (Table B.15) and step by step protocol: 

 

Table B.16: Electrospinning settings. 

Apparatus parameters Electrospinning settings 

Collector Rotating mandrel collector; diameter 8 

cm 

Rotation of the collector 3,000 rpm 

Voltage 22 kV 

Flow rate 1.5 ml/h 

Distance from the ejecting needle to the 

collector 

22 cm 

Humidity ~ 50 % 

Time of electrospinning 2 hours 

 

1. A solution of 10 % w/v of Biosyn™ (Medtronic, USA) and hexafluoroisopropanol 

(HFIP, Sigma Aldrich, Ireland) was prepared in a 50 ml falcon tube (Sigma 

Aldrich, Ireland) and agitated overnight. 

2. The solution was transferred to a 10 ml syringe fitted with a 27-gauge needle 

(Small Parts Inc.) and placed in the pump (PHD 2000, Harvard Apparatus) for 

electrospinning. 

3. A high voltage of 22 kV was applied using a high voltage power supply (M826, 

Gamma High-Voltage Research, Ormond Beach, FL).  

4. The electrically charged polymer ejected from the needle at a flow rate of 1.5 ml/h, 

was directed towards to the mandrel rotating at 3,000 rpm and placed 22 cm away 

from the needle.  

5. The fibres were deposited onto a sheet of aluminium foil attached to the collector 

with a diameter of 8 cm and collected after 2 hours of electrospinning. 
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B.16. Electrospinning troubleshooting 

1. Dripping solution from the syringe needle: 

a) If the polymer solution is dripping straight down from the syringe needle with 

no attraction to the mandrel collector, check that the conductor plate of the 

pump is contacting the syringe, allowing the release of the solution. 

b) If the drop of polymer solution at the syringe needle is leaning towards the 

direction of the collector but is not forming a stream, increase the voltage. 

Moreover, the quality of the stream can be affected by the distance of the 

syringe needle to the collector, therefore make sure that the distance and the 

voltage is adjusted until a steady stream is visible. 

2. Globs at the syringe needle: 

If the polymer solution begins to collect but harden at the needle, turn down the voltage 

and swipe the glob away with a paper towel or replace the needle. Turn on the voltage 

and continue the electrospinning.  

3. Short or discontinuous streams: 

If the stream is short and discontinuous, increase the polymer solution and/or add more 

slow evaporating solvent and/or adjust the voltage and the distance from the needle to 

the collector and/or check the humidity during the electrospinning process. High 

humidity (more than 60 %) may increase the evaporation rate of the solvent.  

4. Fibre morphology: 

a) If beads are found in the fibres, increase the polymer solution and ensure that 

the conductor plate is making continuous contact with the syringe. 

b) If fibres appear as ribbons or are bleeding together, increase the concentration 

of the polymer or use a solvent with a higher rate of evaporation. 

c) If fibres exhibit narrowest fibre diameter, increase the flow rate and/or 

decrease the distance from the needle to the collector and/or make sure that the 

humidity is less than 60 %. High humidity may decrease the average fibre 

diameter due to the higher evaporation of the solvent. 

d) If fibre alignment is poor, increase the rotation speed. 
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C. Results 

C.1. Hypoxia-inducible factor 1-alpha (HIF1α) and hypoxia-inducible factor 2-

alpha (HIF2α) staining 

We conducted an experiment to evaluate the effect of low oxygen tension (at 2 %) and 

macromolecular crowding (50 μg/ml CR) in the stabilisation of HIF1α and HIF2α. 

However, the results were inconclusive probably due to the low antibody specificity 

(Figure C1 and Figure C2). 

 

Figure C1: HIF1α staining upon low oxygen tension (2 %) and macromolecular 

crowding treatment. Passage 3. n = 3. HIF1α, DAPI, Scale bar: 30 μm. 
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Figure C2: HIF2α staining upon low oxygen tension (2 %) and macromolecular 

crowding treatment. Passage 3. n = 3. HIF2α, DAPI, Scale bar: 30 μm.  
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C.2. Western blot analysis 

An antibody for western blotting were tested (ab203676) for tenomodulin detection, 

as this id commonly accepted tenogenic markers. However, both were highly 

unspecific as seen in Figure C.3, leading to the detection of multiple bands after 

staining at day 3. Due to these results this technique was not further pursued. 

 

Figure C3: Western blotting for detection of tenomodulin. 
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C.3. Evaluation of RNA quality and quantity 

Table C.1: RNA quantification (ng/μl) and qualification [ratio A260/280 and integrity 

number (RIN)] of human tenocytes used in chapter 2 assessing the effect of low 

oxygen tension and MMC (1st experiment). 

Time point Experimental 

group 

RNA 

concentration 

(ng/μl) 

Ratio 

260/280 

RIN number 

Day 3 20 % -MMC 112.25 2,04 10 

20 % +MMC 98.6 1.83 9.2 

2 % -MMC 122.6 2.01 10 

2 % +MMC 100.3 1.92 8.9 

Day 5 20 % -MMC 220.65 1.98 10 

20 % +MMC 168.45 1.85 10 

2 % -MMC 233.8 2.02 9.8 

2 % +MMC 186.1 1.88 9.4 

Day 7 20 % -MMC 353.76 2.04 10 

20 % +MMC 289.03 2.12 10 

2 % -MMC 411.43 2.06 9.7 

2 % +MMC 302.55 2.11 9.4 
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Table C.2: RNA quantification (ng/μl) and qualification [ratio A260/280 and integrity 

number (RIN)] of human tenocytes used in chapter 2 assessing the effect of low 

oxygen tension and MMC (2nd experiment). 

 

Table C.3: RNA quantification (ng/μl) and qualification [ratio A260/280 and integrity 

number (RIN)] of human tenocytes used in chapter 3 assessing the effect of IGF1 

supplementation and MMC. 

Time point Experimental 

group 

RNA 

concentration 

(ng/μl) 

Ratio 

260/280 

RIN number 

Day 3 20 % -MMC 120.7 2 10 

20 % +MMC 101.95 1.95 9.8 

2 % -MMC 148.45 2.13 9.9 

2 % +MMC 120.6 1.85 8.5 

Day 5 20 % -MMC 254.5 2.12 10 

20 % +MMC 198.3 2.01 10 

2 % -MMC 278.05 2.04 10 

2 % +MMC 214.8 1.98 9.7 

Day 7 20 % -MMC 303.45 2.11 10 

20 % +MMC 252.1 2.01 10 

2 % -MMC 389.35 2.02 10 

2 % +MMC 275.5 2.10 10 

Time 

point 

Experimental group RNA 

concentration 

(ng/μl) 

Ratio 

260/280 

RIN 

number 

Day 4 -MMC -IGF1 216 2.08 10 

+MMC -IGF1 194.8 2.08 9.9 

-MMC +IGF1 239.7 2.1 10 

+MMC +IGF1 

(simultaneously) 

251.2 2.11 10 

+MMC +IGF1 

(serial) 

244.15 2.09 10 
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Table C.4: RNA quantification (ng/μl) and qualification [ratio A260/280 and integrity 

number (RIN)] of human tenocytes used in chapter 3 assessing the effect of PDGFββ 

supplementation and MMC. 

Day 7 -MMC -IGF1 199.4 2.07 10 

+MMC -IGF1 200.2 2.06 10 

-MMC +IGF1 294.8 2.11 9.8 

+MMC +IGF1 

(simultaneously) 

242.7 2.1 9.9 

+MMC +IGF1 

(serial) 

320.9 2.12 9.9 

Day 10 -MMC -IGF1 321.5 2.1 10 

+MMC -IGF1 217.3 2.09 10 

-MMC +IGF1 397.2 2.01 10 

+MMC +IGF1 

(simultaneously) 

314.76 2.10 10 

+MMC +IGF1 

(serial) 

302.1 2.06 10 

Day 13 -MMC -IGF1 271.4 2.11 9.8 

+MMC -IGF1 273.9 2.12 10 

-MMC +IGF1 158.6 2.09 10 

+MMC +IGF1 

(simultaneously) 

321.5 2.11 10 

+MMC +IGF1 

(serial) 

472.4 2.02 9.9 

Time 

point 

Experimental group RNA 

concentration 

(ng/μl) 

Ratio 

260/280 

RIN 

number 

Day 4 -MMC -PDGFββ 216 2.08 10 

+MMC -PDGFββ 194.8 2.08 9.9 

-MMC +PDGFββ 291.8 2.1 10 

+MMC +PDGFββ 

(simultaneously) 

183.8 2.08 9.5 
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Table C.5: RNA quantification (ng/μl) and qualification [ratio A260/280 and integrity 

number (RIN)] of human tenocytes used in chapter 3 assessing the effect of GDF5 

supplementation and MMC. 

+MMC +PDGFββ 

(serial) 

247.7 2.09 9.7 

Day 7 -MMC -PDGFββ 199.4 2.07 10 

+MMC -PDGFββ 200.2 2.06 10 

-MMC +PDGFββ 312.5 2.09 10 

+MMC +PDGFββ 

(simultaneously) 

297.6 2.11 10 

+MMC +PDGFββ 

(serial) 

316.6 2.12 9.7 

Day 10 -MMC -PDGFββ 321.5 2.1 10 

+MMC -PDGFββ 217.3 2.09 10 

-MMC +PDGFββ 385.8 2.03 9.8 

+MMC +PDGFββ 

(simultaneously) 

260.6 2.1 10 

+MMC +PDGFββ 

(serial) 

377.7 2.09 9.9 

Day 13 -MMC -PDGFββ 271.4 2.11 9.8 

 +MMC -PDGFββ 273.9 2.12 10 

-MMC +PDGFββ 269.1 2.05 10 

+MMC +PDGFββ 

(simultaneously) 

290.6 2.04 9.6 

+MMC +PDGFββ 

(serial) 

360.2 2.11 10 

Time 

point 

Experimental group RNA 

concentration 

(ng/μl) 

Ratio 

260/280 

RIN 

number 

Day 4 -MMC -GDF5 216 2.08 10 

+MMC -GDF5 194.8 2.08 9.9 

-MMC +GDF5 240.6 2.1 10 
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Table C.6: RNA quantification (ng/μl) and qualification [ratio A260/280 and integrity 

number (RIN)] of human tenocytes used in chapter 3 assessing the effect of TGFβ3 

supplementation and MMC. 

+MMC +GDF5 

(simultaneously) 

284.4 2.11 10 

+MMC +GDF5 

(serial) 

229.4 2.07 10 

Day 7 -MMC -GDF5 199.4 2.07 10 

+MMC -GDF5 200.2 2.06 10 

-MMC +GDF5 359.5 2.08 9.9 

+MMC +GDF5 

(simultaneously) 

240.9 2.11 10 

+MMC +GDF5 

(serial) 

302.8 2.1 10 

Day 10 -MMC -GDF5 321.5 2.1 10 

+MMC -GDF5 217.3 2.09 10 

-MMC +GDF5 423.5 1.98 9.8 

+MMC +GDF5 

(simultaneously) 

252.1 2.10 10 

+MMC +GDF5 

(serial) 

322.1 2.08 10 

Day 13 -MMC -GDF5 271.4 2.11 9.8 

+MMC -GDF5 273.9 2.12 10 

-MMC +GDF5 427 2.1 9.7 

+MMC +GDF5 

(simultaneously) 

331.3 2.02 9.6 

+MMC +GDF5 

(serial) 

367.6 2.11 9.8 

Time 

point 

Experimental group RNA 

concentration 

(ng/μl) 

Ratio 

260/280 

RIN 

number 

Day 4 -MMC -TGFβ3 216 2.08 10 



Appendices 

268 

 

 

  

+MMC -TGFβ3 194.8 2.08 9.9 

-MMC +TGFβ3 193.4 2.05 10 

+MMC +TGFβ3 

(simultaneously) 

236.8 2.03 9.5 

+MMC +TGFβ3 

(serial) 

289.8 2.11 9.6 

Day 7 -MMC -TGFβ3 199.4 2.07 10 

+MMC -TGFβ3 200.2 2.06 10 

-MMC +TGFβ3 369.2 2.12 10 

+MMC +TGFβ3 

(simultaneously) 

384.8 2.13 9.5 

+MMC +TGFβ3 

(serial) 

415.6 2.12 9.2 

Day 10 -MMC -TGFβ3 321.5 2.1 10 

+MMC -TGFβ3 217.3 2.09 10 

-MMC +TGFβ3 297.1 2.12 9.6 

+MMC +TGFβ3 

(simultaneously) 

481.7 2.03 10 

+MMC +TGFβ3 

(serial) 

470.6 2.01 9.9 

Day 13 -MMC -TGFβ3 271.4 2.11 9.8 

+MMC -TGFβ3 273.9 2.12 10 

-MMC +TGFβ3 389.8 2.09 9.7 

+MMC +TGFβ3 

(simultaneously) 

411.6 2.02 10 

+MMC +TGFβ3 

(serial) 

480.4 2.04 10 
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