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Abstract 

Cellular therapies play an important role in tendon tissue engineering, with tenocytes being the most 

prominent and potent cell population available. However, for the development of a rich in extracellular 

matrix tenocyte-assembled tendon equivalent, prolonged in vitro culture is required, 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 cell therapies. Herein, we assessed the synergistic effect of low oxygen tension 

(enhances extracellular matrix synthesis) and macromolecular crowding (enhances extracellular matrix 

deposition) in human tenocyte culture. Protein analysis demonstrated that human tenocytes 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 prolyl 4-

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

Collectively, our data clearly illustrate the beneficial synergistic effect of low oxygen tension and 

macromolecular crowding in the accelerated development of tissue equivalents. 
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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 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, 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. 



 

2. Materials and Methods 

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. 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 h. The culture media was then changed with either control or crowded 

medium. MMC was carried out using 50 to 500 μg/ml carrageenan (CR, Sigma Aldrich, UK). 100 μM 

L-ascorbic acid phosphate (Sigma Aldrich, Ireland) supplement was added in the control and crowded 

media to induce collagen synthesis. After optimizing 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. 

 

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. 

 

2.4. 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 time 

points, 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 h 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. 

 

2.5. 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. 

 

2.6. 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 min. 

The cell layers were washed in fresh HBSS to remove excess dye. Following that, fluorescence images 

were taken using an Olympus IX81 inverted fluorescence microscope (Olympus Corporation, Japan). 

 

2.7. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was conducted as has been described previously [57]. Briefly, at each time point (3, 5 and 7 

days), cell layers were digested with porcine gastric mucosa pepsin (Sigma Aldrich, Ireland) for 2 h 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 min 

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 min 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). 

 

2.8. 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 h of seeding, they were treated with crowders. At each time point (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 min. 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 min. 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 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). 

 

2.9. Gelatin zymography 

Gelatin zymography was conducted as has been described previously [41, 42, 53]. Briefly, at each time 

point (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 time point. 

 

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). 

 

2.11. Gene analysis 

Gene analysis (Supplementary Table S1 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 min 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 min. The solution was centrifuged and the upper 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. 

 

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. 

 

3. Results 

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 time points, independently of 

the CR concentration (Supplementary Figure S1). At a given time point, cell proliferation 

(Supplementary Figure S2A), metabolic activity (Supplementary Figure S2B) and viability 

(Supplementary Figure S2C, Supplementary Figure S3) were not affected as a function of CR 

concentration. SDS-PAGE (Supplementary Figure S4A) and complementary densitometric analysis 

(Supplementary Figure S4B) made apparent that all concentrations of CR significantly (p < 0.001) 

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. 

 

3.2. The synergistic effect of MMC and oxygen tension in human tenocyte culture 



Phase contrast microscopy (Supplementary Figure S5) 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 time points (3, 5 and 7 days). 

At day 7, no significant differences (p > 0.05) were observed in human tenocyte proliferation 

(Supplementary Figure S6A), metabolic activity (Supplementary Figure S6B) and viability 

(Supplementary Figure S6C, Supplementary Figure S7) as a function of oxygen tension and presence 

or absence of CR. 

SDS-PAGE (Figure 1) and corresponding densitometric analysis (Supplementary Figure S8) made 

apparent that MMC consistently significantly (p < 0.05) increased collagen type I deposition at all time 

points. Further, at all time points, 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). 

Immunocytochemistry (Figure 2) and complementary relative fluorescence intensity analysis 

(Supplementary Figure S9A) 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 3) and complementary relative fluorescence intensity analysis 

(Supplementary Figure S9B) 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 time points. 

Immunocytochemistry (Figure 4 and Figure 5) and complementary relative fluorescence intensity 

analysis (Supplementary Figure S9C and Supplementary Figure S9D) 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. 

Gelatin zymography (Supplementary Figure S10A) and corresponding image intensity analysis 

(Supplementary Figure S10B) 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 time point 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 (Supplementary Figure S10A) 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. 

Western blot (Figure 6) and corresponding relative intensity analysis (Supplementary Figure S11) 

made apparent that, at all time points, 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. 



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 time point (3, 5 and 7 days) is demonstrated in Figure 

7 for all assessed genes and in Supplementary Figure S12 for the most relevant collagen, tendon-

specific and trans-differentiation genes. At day 3 and 7, the highest expression of hypoxia-inducible 

factor 1-alpha 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 prolyl 4-hydroxylase subunit alpha 1, procollagen-lysine 2- oxoglutarate 5-dioxygenase 2, 

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 either significantly down-regulated or 

remained unchanged. At the same time point, cells that were grown in the absence of MMC, although 

they significantly increased the expression of prolyl 4-hydroxylase subunit alpha 1, prolyl 4-hydroxylase 

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

5-dioxygenase 2, collagen type I alpha 1 chain, tenomodulin, tenascin-C, biglycan, elastin, they also 

exhibited significantly increased expression of bone (e.g. secreted phosphoprotein 1) and cartilage (e.g. 

aggrecan and cartilage oligomeric matrix protein) trans-differentiation markers. At day 7, cells that were 

grown at 20 % oxygen in the presence of MMC, increased the expression of tenomodulin, but they 

increase the expression of bone (e.g. secreted phosphoprotein 1, bone gamma carboxyglutamate protein), 

cartilage (e.g. aggrecan) and fat (e.g. fatty acid binding protein 4) trans-differentiation lineages. 

 

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 [71, 72], 

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 [73, 74]. 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 [75-83]. Further, low 

oxygen tension intensifies collagen synthesis through augmentation of prolyl 4-hydroxylase activity that 

catalyses the formation of 4-hydroxyproline in collagens; the reaction requires Fe2+, 2-oxoglutarate, 



oxygen tension and ascorbic acid [82, 84-90]. 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, 91, 92] for enhanced ECM synthesis, below which (for example 0.5 % [41, 93]) 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 [94, 95], 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 [96], 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 [97, 98], albeit the reaction kinetics are 

different between these two type of collagen [99]; and (b) a strong correlation between HIF-1 and 

procollagen type III has been reported before in keloid tissues [100]. 

Collagen type V acts as a dominant regulator of collagen fibrillogenesis, as it co-assembles with collagen 

type I into heterotypic collagen fibril [101, 102], whilst collagen type VI plays an important role in 

maintaining the structural and biomechanical integrity of tendon [103] and in tendon healing [104]. 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 [105]. Collagen type VI, in contrast to other collagens that are processed 

extracellularly, follows a complex multi-step intracellular assembly process prior to secretion [106-108]. 

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 [109], 

it is 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 [110, 111]. 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 [112-114]. 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 [115], 

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 [116]. 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 [117, 118] and is recognised as a tendon-specific transcription 

factor that plays crucial role in tendon formation and development [119]. 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 [120]. 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 [121, 122], 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 [123]. 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 [82, 87, 124-126]. Prolyl-hydroxylases are 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 [123, 127, 128]. 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 time point, 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 [129-131]. Although decorin is often used as tenogenic marker [132], it is also 

associated with fibrosis suppression as it antagonises pathological collagen synthesis via downregulation 

of TGF-β1 [133]. Considering that TGF-β1 expression remained unaffected, heat shock protein 47 

(fibrosis marker [134]) 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 time points, an increased expression of scleraxis (see above), 

tenomodulin, a transmembrane glycoprotein mainly expressed in tendons essential for tenocyte 

proliferation and tendon development [135, 136] and elastin, which play a key role in the formation 

tendon ECM providing elasticity and strength to the tendons [137], was observed. Down-regulations of 

EGR1, a mechanosensitive transcription factor involved in tendon formation, homeostasis and repair 



[138], 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 [139]. Up-regulation of SPP1 (an osteogenic marker [140]) 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 [141] and upregulation of 

osteogenic markers of tenocytes [18]. Of significant importance is that under the same conditions and 

time point, down-regulation of osteogenic (runt-related transcription factor 2 [142]), chondrogenic 

(versican [143]) and adipogenic (fatty acid-binding protein 4 [144]) genes was recorded, clearly 

illustrating the 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 [145, 146]. 

 

5. Conclusion 

Development of extracellular matrix 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 extracellular 

matrix synthesis) and macromolecular crowding (enhances extracellular matrix deposition), accelerated 

the production of functional and extracellular matrix rich tendon equivalents. 
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9. Figure Legends 

Figure 1: SDS-PAGE revealed that MMC significantly (p < 0.05) increased collagen type I deposition 

at all time points; the highest (p < 0.05) collagen type I deposition was observed at 2 % oxygen tension 

under MMC conditions at all time points; 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 (Supplementary Figure S8). 

 



Figure 2: Immunocytochemistry of collagen type I revealed that at all time points, 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 (Supplementary Figure S9A). 

 

  



Figure 3: Immunocytochemistry of collagen type III revealed that at all time points, 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 (Supplementary Figure S9B). 

 

  



Figure 4: Immunocytochemistry of collagen type V revealed that at all time points, 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 (Supplementary Figure S9C). 

 

  



Figure 5: Immunocytochemistry of collagen type VI revealed that at all time points, 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 

(Supplementary Figure S9D). 

 

 



Figure 6: Western blot analysis demonstrated that, at all time points, 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 (Supplementary Figure S11). 

 

 



Figure 7: 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 time point. 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 (prolyl 4-hydroxylase subunit alpha 1 and 

procollagen-lysine 2- oxoglutarate 5-dioxygenase 2), 3 tendon (scleraxis, tenomodulin and elastin) and 1 trans-differentiation (secreted 

phosphoprotein 1) genes, whilst 2 collagen (collagen type I alpha 1 chain and collagen type III alpha 1 chain) 1 tendon (decorin) and 4 trans-

differentiation genes (runt-related transcription factor 2, versican, heat shock protein 47 and fatty acid binding protein 4) were down-regulated; 

cells that were grown at 2 % oxygen tension without MMC significantly increased 5 collagen (prolyl4-hydroxylase subunit alpha 1, prolyl 4-

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

collagen type I alpha 1 chain) 4 tendon (tenomodulin, tenascin c, biglycan and elastin) and 3 trans-differentiation (secreted phosphoprotein 1, 

aggrecan and cartilage oligomeric matrix protein) genes, whilst 1 tendon (decorin) and 1 trans-differentiation (fatty acid binding protein 4) 

genes were down-regulated; and cells that were grown at 20 % oxygen with MMC significantly up regulated 1 tendon (tenomodulin) and 4 

trans-differentiation (secreted phosphoprotein 1, bone gamma carboxyglutamate protein, aggrecan and fatty acid binding protein 4) genes. 

Passage 3, for each group, n = 6. 

 



 

  



Graphical Abstract: Physiological low oxygen tension and macromolecular crowding enhance and accelerate tissue-specific extracellular 

matrix synthesis and deposition, respectively, in human tenocyte culture. 
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