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1  | INTRODUC TION

The enthesis allows a smooth transition between tendon and bone. 
Typically, 3 continuous regions are distinguished: tendon, non-
mineralized and mineralized fibrocartilage and bone, resulting in a 
gradient of composition, organization and, therefore, mechanical 
properties.1,2 This soft-hard tissue interface is vulnerable to acute or 
overuse sports injuries (eg, golfer’s elbow, jumper’s knee and Achilles 
insertional tendinopathies).3,4 Frequently, orthopaedic surgeons face 
the challenge of partial or complete rupture of Achilles and rotator cuff 
tendons. Currently, grafts are most often applied but several problems 

are associated, including donor tissue availability and morbidity, host 
tissue reaction and time of biological incorporation,5-7 and high rupture 
recurrence rates due to neo-fibrovascular tissue formation that com-
promises stability and mechanical properties of repaired enthesis.6-8

Thus, interface tissue engineering (ITE) aims at the recreating 
different tissues in vitro in order to repair or to regenerate dis-
eased/damaged musculoskeletal interfaces.9,10 Several attempts 
have been made to improve enthesis repair and regeneration, 
considering a need to mimic the nano- and micro-structure of na-
tive tissue and replicate spatial distribution of cells and signalling 
factors.2,3,11 Cell-based therapies provide new possibilities within 
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Abstract
Objectives: This work aimed at studying in vitro interactions between human tendon-
derived cells (hTDCs) and pre-osteoblasts (pre-OBs) that may trigger a cascade of 
events involved in enthesis regeneration.
Materials and methods: The effect of 5 osteogenic medium (OM) conditions over the 
modulation of hTDCs and pre-OBs towards the tenogenic and osteogenic pheno-
types, respectively, was studied. Three different medium conditions were chosen for 
subsequently establishing a direct co-culture system in order to study the expression 
of bone, tendon and interface-related markers.
Results: A higher matrix mineralization and ALP activity was observed in co-cultures 
in the presence of OM. Higher transcription levels of bone- (ALPL, RUNX2, SPP1) and 
interface-related genes (ACAN, COMP) were found in co-cultures. The expression of 
aggrecan was influenced by the presence of OM and cell-cell interactions occurring 
in co-culture.
Conclusions: The present work assessed both the influence of OM on cell phenotype 
modulation and the importance of co-culture models while promoting cell-cell inter-
actions and the exchange of soluble factors in triggering an interface-like phenotype 
to potentially modulate enthesis regeneration.
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tissue engineering to generate a functional enthesis, due to the 
central role of cell-cell interactions in developing a functional tis-
sue. Particularly, the use of multiple cell types in co-culture systems 
is being increasingly explored aiming at mimicking the charac-
teristic cellular environment found in the native tissue. Recent 
studies have shown that these strategies can affect cell fate and 
function.12-14 Indeed, different strategies have been used to mimic 
the complex cellular composition of enthesis. Normally, in vitro 
co-culture approaches rely on the culture of differentiated cells 
(fibroblasts, osteoblasts, chondrocytes) and mesenchymal stem 
cells (MSCs).12,13,15-17 Here, compared to stem cells, the use of dif-
ferentiated cells poses practical challenges for clinical applications 
given their lower regenerative power and longer in vitro expansion 
periods to obtain a sufficient cell number before transplantation. 
Therefore, MSCs, particularly bone marrow MSCs, have been ex-
plored in enthesis regeneration.17-19 However, adipose-derived 
stem cells (ASCs) offer some advantages: (i) isolation from lipoaspi-
rates provides an abundant autologous cell source, with relatively 
lower donor site morbidity and pain20; (ii) ASCs exhibit higher in 
vitro proliferation capacity, lower senescence and ability to gener-
ate tendon,21-24 bone25,26 and cartilage-like27-29 tissues.

Co-culture systems constitute interesting platforms to study cellu-
lar interactions occurring in enthesis, allowing a close replication of the 
native cellular environment.30,31 Several in vitro studies have reported 
the important role of cell-cell communication and paracrine factors on 
the expression of interface-relevant markers, as well as the formation 
of fibrocartilage-like interface.12,15,17 Nonetheless, the use of sources 
such as ASCs in co-culture is still unexplored, as option for ITE.

Herein, we propose optimizing a co-culture model to study cel-
lular interactions between human ASCs (hASCs), pre-differentiated 
towards the osteogenic lineage (herein called pre-osteoblasts, pre-
OBs) and human tendon-derived cells (hTDCs), used to replicate cel-
lular environments found in bone and tendon, respectively. Firstly, 
the effect of different concentrations of osteogenic culture medium 
on tendon and bone niches maintenance was explored. Afterwards, 
a co-culture model was established to evaluate the effect of differ-
ent medium conditions and the influence of direct cell contact on the 
expression of relevant tendon-, bone- and interface-related markers.

2  | MATERIAL S AND METHODS

2.1 | Cell isolation and culture

Samples were obtained under protocols previously established with 
Hospital da Prelada (Porto, Portugal) and under informed consent 
of the patients, according to Helsinki’s Declaration and as reviewed 
and approved by the Ethical Committee of Hospital da Prelada.

Human ASCs were isolated from subcutaneous fat tissue ob-
tained from lipoaspirate samples of healthy female patients32,33 with 
ages in the range of 27-42 years; hTDCs were isolated from tendon 
surplus samples of healthy male patients undergoing elective or-
thopaedic surgeries34,35 with ages in the range of 25-30 years, as 

described in Supporting Information. Cells were cultured in basal 
medium composed of minimum essential medium eagle (α-MEM; 
Alfagene, Carcavelos, Portugal) supplemented with 10% (v/v) fetal 
bovine serum (Alfagene) and 1% (v/v) antibiotic/antimitotic solution 
(A/A; Alfagene).

2.2 | Osteogenic differentiation

Osteogenic precommitment was performed by culturing hASCs 
in osteogenic medium (OM) (basal medium with 10 mmol/L β-
glycerophosphate (βGP, G9422; Sigma-Aldrich, St. Louis, MO, USA), 
10−8 mol/L dexamethasone (DEX, D2915; Sigma-Aldrich), and 50 μg/
mL l-ascorbic acid 2-phosphate sesquimagnesium salt hydrate (AA, 
013-12061; Wako, Neuss, Germany). After selecting a 14-day precom-
mitment period, hASCs were herein called pre-OBs and used in both 
single and co-culture studies.

2.3 | Culture setups

Figure 1 depicts the experimental setup used for the experiments. 
In single cultures, pre-OBs and hTDCs were seeded separately at a 
density of 2 × 103 cells/cm2. Five medium conditions containing dif-
ferent ratios of basal (BM) and osteogenic media (OM) were tested 
(Table 1). Three conditions were selected for establishing direct con-
tact co-cultures by seeding pre-OBs and hTDCs together in a ratio 
of 1:1 using a final density of 2 × 103 cells/cm2. Single cultures of 
pre-OBs and hTDCs were used as controls. Proliferation, alkaline 
phosphatase activity (ALP), alizarin red (AZ) staining, protein and 
gene expression were determined after 1, 7 and 14 days of culture.

2.4 | dsDNA quantification, alizarin red staining and 
ALP activity

Cellular proliferation was evaluated using a fluorometric dsDNA quan-
tification kit (PicoGreen; Molecular Probes, Invitrogen, Carlsbad, CA, 
USA) to determine DNA content. Calcium deposition was assessed by 
AZ staining and quantitative analysis after 7 and 14 days of culture. 
ALP activity was determined using a colorimetric p-nitrophenol (pNp) 
assay. Details are provided in Supporting Information.

2.5 | RT-PCR analysis

Expression of tendon-, bone- and interface-related markers was ana-
lysed. Total mRNA was extracted from single cultures (pre-OBs and 
hTDCs) and co-culture at days 0, 1, 7 and 14 days using RIBOZOL™ RNA 
extraction reagent (VWRCN580, VWR). Primer sequences (Table 2) 
were designed using Primer-BLAST tool and synthesized by Eurofins 
Genomics. The evaluation of the relative expression level was per-
formed using the 2−ΔΔCt method. Transcript levels of selected genes 
were analysed and normalized to the expression of the selected house-
keeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 
All values were firstly normalized against GAPDH housekeeping gene 
transcript values, and then to the basal condition (100BM:0OM, 
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calibrator sample) of the respective collection day. Three samples were 
used for each condition. Results are represented as fold change.

2.6 | Immunocytochemistry

Protein expression of tendon-, bone- and interface-related markers 
was evaluated using mouse anti-human Tenascin-C (TNC, 1:3000; 
Abcam), mouse anti-human collagen I (COL1, 1:500; Abcam), rabbit 
anti-human collagen III (COL3, 1:100; Abcam), rabbit anti-human 
osteopontin (OPN, 1:100; Abcam), mouse anti-human osteocal-
cin (OCN, 1:50; Abcam), mouse anti-human Decorin (DCN, 1:100; 
Abcam), mouse anti-human Aggrecan (ACAN, 1:200; Alfagene) 
and rabbit anti-human Collagen II (COL2, 1:200; Abcam). Donkey 
anti-mouse AlexaFluor 488, mouse anti-rabbit AlexaFluor 488 or 
rabbit anti-goat AlexaFluor 488 were used as secondary antibod-
ies. Nuclei were counterstained with 4,6-diamidino-2-phenyindole 
dilactate (DAPI; Invitrogen). All samples were visualized and im-
ages acquired by fluorescence microscopy (Axio Imager Z1 m; 

Zeiss, Deutschland, Germany). Detailed protocol is provided in 
Supporting Information.

2.7 | Quantitative analysis of fluorescence images

All images were acquired by fluorescence microscope and the signal 
emitted from the expression of the intended proteins was, after-
wards, quantified using ImageJ software. Briefly, proteins expres-
sion was quantitatively analysed in stained captions of Phalloidin/
DAPI and the protein of interest at 7 and 14 days of culture. The im-
ages were split in 3 channels, being only the green analysed and the 
fluorescence intensity measured. A total of 4 images were analysed 
and results are expressed as mean ± SEM.

2.8 | Statistical analysis

Results were obtained from 3 independent experiments with a minimum 
of 3 replicates for each condition. Results are presented as mean ± SEM. 
Statistical analyses were performed using GraphPad Prism 7.0 soft-
ware. Two-way analysis of variance with Sidak and Tukey tests was 
performed. Differences between experimental groups were considered 
significant with a confidence interval of 95%, whenever P < .05.

3  | RESULTS

3.1 | Influence of increasing osteogenic medium 
concentrations at single culture level

A 14-day osteogenesis precommitment period was first defined for 
obtaining pre-OBs (Supporting Information Figure S1).

3.1.1 | Effect on osteogenic and tenogenic 
phenotype of pre-OBs and hTDCs: proliferation, ALP 
activity and mineralization

The influence of different media on proliferation, ALP activity and 
mineralization of single cultures was studied (Figure 2). At 14 days, 

F i g u r e   1 . Experimental setup illustrating the temporal approach used to induce the osteogenic differentiation of hASCs and consequent 
establishment of a direct co-culture model and correspondent single cultures. To assess the influence of different concentrations of 
osteogenic supplementation on culture medium, both pre-OBs and hTDCs were initially seeded separately in single culture systems. 
For this purpose, cellular responses were studied to simultaneously evaluate the effects on the osteogenic commitment of pre-OBs and 
the tenogenic phenotype of hTDCs. Subsequently, co-culture systems were established using pre-OBs and hTDCs under direct contact 
conditions to further investigate the crosstalk occurring between these 2 cell types under selected culture medium conditions. In this case, 
single culture systems were also performed in parallel as controls

Ta b l e   1 . Composition of cell culture media used in single and 
co-cultures

Ratios (%)

Basal medium (BM)
Osteogenic 
medium (OM)

Condition 1— 
100 BM: 0 OM

100 0

Condition 2— 
75 BM: 25 OM

75 25

Condition 3— 
50 BM: 50 OM

50 50

Condition 4— 
25 BM: 75 OM

25 75

Condition 5— 
0 BM: 100 OM

0 100

Basal medium (BM): alpha-MEM supplemented with 10% FBS and 1% 
antibiotic/antimitotic solution; osteogenic medium (OM): basal medium 
supplemented with 10 mmol/L βGP, 10−8 mol/L DEX and 50 μg/mL AA.
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the presence of OM in conditions 25BM:75OM and 0BM:100OM 
increased hTDCs proliferation, in comparison with the intermediate 
medium condition 50BM:50OM (0BM:100OM, P < .007) and lower 
concentrations in conditions 100BM:0OM (25BM:75OM, P < .05; 
0BM:100OM, P < .007) and 75BM:25OM (0BM:100OM, P < .007) 
(Figure 2A); whereas no significant differences were found for pre-
OBs between medium conditions.

Regarding ALP activity (Figure 2B), at 14 days, pre-OBs exhibited 
the highest activity in conditions 25BM:75OM and 0BM:100OM 
(P < .0001), followed by the intermediate condition 50BM:50OM 
(P < .02). Although hTDCs exhibited a significant increased ALP 
activity with higher ratios of OM (25BM:75OM; 0BM:100OM) be-
tween days 7 and 14, no significant changes were observed between 
conditions.

Additionally, AZ staining confirmed that mineralized calcium 
deposits increased with increasing OM ratios, which was more evi-
dent in pre-OBs, compared to hTDCs, as shown by staining intensity 
(Figure 2C,D).

3.1.2 | Effect on osteogenic and tenogenic 
phenotype of pre-OBs and hTDCs: expression of 
bone- and tendon-related markers

Maintenance of pre-OBs phenotype was confirmed by analys-
ing the expression of COL1A1, COL3A1 and bone-related genes 
(SPP1, ALPL, RUNX2) by real-time reverse transcription polymer-
ase chain reaction (RT-PCR) (Figure 3A). No significant changes in 

the expression of the studied markers were detected after 7 days. 
Nonetheless, SPP1 transcript levels (Figure 3A-i) increased signifi-
cantly from 7 to 14 days (P < .0002) in the highest concentration 
of OM and were significantly higher in cells cultured for 14 days 
in this condition (0BM:100OM), comparing to lower ratios of os-
teogenic supplementation (75BM:25OM, P < .004; 50BM:50OM, 
P < .004) and basal medium (100BM:0OM, P < .004). Similarly, a 
significant increase of ALPL transcript levels (Figure 3A-ii) was ob-
served from day 7 to 14 in 0BM:100OM, which were significantly 
higher in cells cultured for 14 days in this condition, compared to 
cells in basal medium (100BM:0OM, P < .004) and in the intermedi-
ate condition (50BM:50OM, P < .04). Also, RUNX2 transcript levels 
(Figure 3A-iii) were significantly increased between 7 and 14 days 
in cells cultured with higher amounts of osteogenic supplementa-
tion (50BM:50OM, P < .004; 25BM:75OM, P < .004; 0BM:100OM, 
P < .0002). Cells cultured for 14 days in 0BM:100OM showed an up-
regulation of RUNX2 in comparison with cells in BM (100BM:0OM, 
P < .004) and with lower osteogenic supplementation (75BM:25OM, 
P < .004; 50BM:50OM, P < .04) (Figure 3A-iii). Concerning COL1A1 
expression, no significant changes were observed in the transcrip-
tion levels between conditions (Figure 3A-iv). Similarly to SPP1, 
ALPL and RUNX2, from day 7 to day 14, cells cultured in conditions 
with the highest concentration of osteogenic supplementation 
presented significantly higher COL3A1 expression (75BM:25OM, 
P < .04; 0BM:100OM, P < .004, Figure 3A-v). After 14 days, COL3A1 
transcript levels in cells cultured in 0BM:100OM were significantly 
higher, compared to cells cultured in medium containing lower 

Ta b l e   2 . Primers used for quantitative RT-PCR analysis

Target gene
Gene 
abbreviation

Primer sequence

NBCI referenceForward Reverse

Glyceraldehyde 3-phosphate 
dehydrogenase

GAPDH AGCCTCAAGATCATCAGCAA GTCATGAGTCCTTCCAGGAT NM_002046.5

Collagen, type I, α1 COL1A1 GTCACAGATCACGTCATCGC CGAAGACCCACCAATCAC NM_000088.3

Collagen, type III, α1 COL3A1 TTGGCATGGTTCTGGCTTCC GCTGGCTACTTCTCGTG NM_000090.3

Osteogenic-related markers

Secreted phosphoprotein 1 
(Osteopontin)

SPP1 CAGACCTGACATCCAGTACCC GGTCATCCAGCTGACTCGTT NM_001040058.1

Run- related transcription 
factor 2

RUNX2 TGTCTGTGCCTTCTGGGTTC CCGGCCTGCCTATGCTGTTA NM_001024630.3

Alkaline Phosphatase ALPL GAAGGAAAAGCCAAGCAGGC GGGGGCCAGACCAAAGATAG NM_000478.5

Tenogenic-related markers

Scleraxis SCX CGAGAACACCCAGCCCAAAC CTCCGAATCGCAGTCTTTCTGTC NM_001717912

Mohawk MKX TGTTAAGGCCATAGCTGCGT TCGCACAGACACCTGGAAAA NM_173576.5

Decorin DCN CAGCATTCCTCAAGGTCTTCCT GAGAGCCATTGTCAACAGCA NM_001920.3

Tenascin-c TNC ACTGCCAAGTTCACAACAGACC CCCACAATGACTTCCTTGACTG NM_002160.3

Chondrogenic-related markers

Cartilage oligomeric matrix 
protein

COMP AGGATGGAGACGGACATCAG TCTGCATCAAAGTCGTCCTG NM_000095.2

Aggrecan ACAN TGGTCTTGCAGCAGTTGATTC TAGAGTCCTCAAGCCTCCTGT NM_013227.3
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F i g u r e   2 . Evaluation of cell proliferation, alkaline phosphatase activity and matrix mineralization in single cultures of pre-OBs and hTDCs 
in the presence of increasing concentrations of osteogenic medium. (A) Cell proliferation, evaluated by dsDNA concentration. Results are 
presented as mean ± SEM and statistically significant differences are *, P < .05; **, P < .007; ***, P < .0008; μ, P < .02 where μ is statistically 
significant in comparison with the same conditions at day 7; α, P < .0001, α is statistically significant in comparison with the same conditions 
at day 7; δ, P < .0001, δ is statistically significant in comparison with the same conditions at day 1; Φ, P < .0001, Φ is statistically significant 
in comparison with the same conditions at day 7. (B) Quantification of alkaline phosphatase (ALP) activity by the colorimetric p-nitrophenol 
(pNP) assay. Results were normalized against the amount of dsDNA of the correspondent sample and are presented as mean ± SEM. 
Statistically significant differences are shown as *, P < .02; **, P < .003; ***, P < .0009; α, P < .02, α is statistically significant in comparison 
with the same condition at day 7; δ, P < .004, δ is statistically significant in comparison with the same conditions at day 1 and 7; θ, P < .003, 
θ is statistically significant in comparison with the same condition at day 1; χ, P < .0001, χ is statistically significant in comparison with the 
same conditions at days 1 and 7; σ, P < .0001 σ is statistically significant in comparison with the conditions 100 BM: 0 OM and 75 BM: 25 
OM. (C, D) Alizarin red staining, demonstrating matrix mineralization in both (C) pre-OBs and (D) hTDCs (scale bars, 100 μm). Legend: BM: 
basal medium; OM: osteogenic medium
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F i g u r e   3 . Maintenance of osteogenic phenotype of pre-osteoblasts through culture time in the presence of different osteogenic medium 
conditions. (A) Gene expression of osteogenic-related markers, (i) bone sialoprotein 1/osteopontin (SPP1), (ii) alkaline phosphatase (ALPL), (iii) 
runt-related transcription factor 2 (RUNX2), (iv) collagen type I (COL1A1) and (v) collagen type III (COL3A1) evaluated by RT-PCR. Expression 
of target genes was normalized against GAPDH housekeeping gene and gene expression in all conditions was normalized to the basal 
condition (100 BM: 0 OM) of the correspondent day. Results are presented as mean ± SEM and statistically significant differences are shown 
as *, P < .04; **, P < .004; ***, P < .0002; δ statistically significant differences in comparison to the basal condition of the correspondent day. 
(B) Fluorescence microscopy images of osteopontin (scale bars, 50 μm). (C) Fluorescence intensity quantification of osteopontin at days 7 
and 14

(A)

(B)

(C)
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osteogenic supplementation (25BM:75OM, P < .04; 50BM:50OM, 
P < .04) and in BM (100BM:0OM, P < .004) (Figure 3A-v). Overall, 
higher concentrations of OM resulted in increased transcript levels 
of the studied bone-related markers, supporting osteogenic differ-
entiation of pre-OBs. Furthermore, no significant differences were 
observed in OPN expression, an early osteogenic differentiation 
marker, in cells cultured in the presence of the different ratios of 
OM:BM at 7 and 14 days of culture (Figure 3B,C).

Maintenance of the tenogenic phenotype of hTDCs was also eval-
uated. The expression of tenogenic genes (MKX, SCX, DCN, TNC), as 
well as COL1A1 and COL3A1 and the bone-related marker RUNX2 
was assessed by RT-PCR (Figure 4). Strikingly, MKX was down-
regulated in cells cultured with the highest concentration of OM after 
7 days (0BM:100OM, P < .05, compared to control) and at 14 days, 
conditions 25BM:75OM and 0BM:100OM resulted in a significant 
decrease of MKX transcript levels, compared to control (P < .01; 
P < .05, respectively, Figure 4A-i). The highest MKX expression was 
found for cells cultured with the lowest concentration of OM tested 
(75BM:25OM, P < .01 comparing to 25BM:75OM; P < .05 comparing 
to 0BM:100OM), with no differences compared to BM condition. 
Nonetheless, no differences were observed for SCX transcript lev-
els between conditions (Figure 4A-ii). Cells cultured in the presence 
of only OM (0BM:100OM) presented significantly higher DCN and 
TNC transcript levels from days 7 to 14 (Figure 4Aiii-iv). At 14 days, 
TNC was up-regulated in cells cultured in 0BM:100OM, compared 
to basal condition (P < .01) and TNC transcript levels in cells cultured 
in condition 0BM:100OM were significantly higher in comparison to 
those in lower ratios of osteogenic supplementation (75BM:25OM, 
P < .01; 50BM:50OM, P < .01; 25BM:75OM, P < .05, Figure 4A-iv). 
Additionally, COL1A1 was up-regulated in cells cultured in the highest 
concentration of osteogenic supplementation, as soon as 7 days of 
culture (0BM:100OM, P < .0005, compared to basal condition) and 
in comparison with cells cultured in the presence of lower OM ratios 
(50BM:50OM, P < .05; 25BM:75OM, P < .01, Figure 4A-v). COL3A1 
was up-regulated in cells cultured with 50BM:50OM (P < .05) and 
25BM:75OM (P < .0001) in comparison with cells cultured in basal 
condition (100 BM:0OM, Figure 4A-vi). For both COL1A1 and COL3A1, 
a significant decrease in the transcription levels of cells cultured in 
different conditions was noticed from day 7 to 14 (Figure 4Av-vi). 
RUNX2 was up-regulated in cells cultured in 50BM:50OM (P < .05), 
25BM:75OM (P < .05) and 0BM:100OM (P < .01) after 14 days, in 
comparison to basal condition (Figure 4A-vii).

Tendon-related ECM markers DCN, TNC, COL1 and COL3 were 
further studied at the protein level (Figure 4B,C). Interestingly, DCN 
was highly expressed at 14 days in cells cultured in the presence of 
lower OM concentrations, namely 100BM:0OM, 75BM:25OM and 
50BM:50OM, in comparison with cells cultured for 7 days. TNC was 
detected at 7 days, but strongly expressed after 14 days by cells 
cultured in the presence of 100BM:0OM (P < .0001), 75BM:25OM 
(P < .0001) and 50BM:50OM (P < .0005) (Figure 4B,C). Furthermore, 
at both 7 and 14 days of culture, cells expressed COL1 intracellularly 
and were able to synthesize and produce COL3, being only observed 
a significant increase in the expression of COL1 in cells cultured in 

the presence of 50BM:50OM (P < .0001) for a period of 14 days. 
Overall, increasing concentrations of osteogenic supplementation 
affected the expression of tendon-related markers.

3.2 | Influence of direct pre-Obs-hTDCs crosstalk in 
co-culture systems

Based on obtained results, 3 medium conditions were chosen, maxi-
mizing cell growth and balancing tendon- and bone-related mark-
ers expression and matrix mineralization. Condition 50BM:50OM 
seemed to better maintain the osteogenic phenotype of pre-OBs 
without inducing rapid cell maturation and the tenogenic pheno-
type of hTDCs, without triggering phenotypic drift towards osteo-
genesis. Conditions 100BM:0OM and 0BM:100OM were used for 
comparison.

3.2.1 | Effects of direct contact co-culture: cell 
proliferation, ALP activity and matrix mineralization

DNA content, ALP activity and mineralization were analysed in co-
cultures to evaluate the combined influence of direct contact and 
medium (Figure 5). Condition 50BM:50OM resulted in a significant 
increase in DNA content, in comparison with the basal condition 
(P < .03) at 14 days, while no differences were observed for condi-
tion 0BM:100OM (Figure 5A). A significantly higher proliferation 
was observed in co-cultures compared to hTDCs in BM (P < .0002) 
and condition 50BM:50OM (P < .0001, Figure S2). At day 14, cells 
cultured with 0BM:100OM exhibited significantly higher ALP ac-
tivity, compared to 50BM:50OM (P < .0001) and 100BM:0OM 
(P < .0006, Figure 5B). Strikingly, after 14 days, ALP activity was 
significantly higher in co-cultures, when compared to single cul-
tures (pre-OBs and hTDCs) in all conditions (Figure S3). Moreover, 
increasing OM ratios increased mineral deposition (Figures 5C, S4). 
After 7 days, higher concentrations were observed for pre-OBs and 
co-cultures in comparison with hTDCs in all conditions (Figure 5Di). 
Interestingly, cells co-cultured for 14 days in the presence of 100% 
OM exhibited significantly increased mineralization, in comparison 
to pre-OBs and hTDCs alone (P < .0001, Figure 5Dii), suggesting a 
synergistic effect between osteogenic supplementation and direct 
cell-cell interactions.

3.2.2 | Effects of direct contact co-culture: 
expression of bone-, tendon- and interface-
related markers

The expression of bone- (ALPL, RUNX2 and SPP1), tendon- (SCX, 
MKX and TNC) and interface-related markers (ACAN, COMP), as 
well as COL1A1 and COL3A1 was analysed by RT-PCR after 7 and 
14 days of culture (Figure 6). Although no differences were found for 
ALPL transcript levels (Figure 6A), after 7 days, co-cultured cells in 
50BM:50OM presented significantly higher RUNX2 transcript levels 
(P < .0007, vs pre-OBs; P < .009 vs hTDCs, Figure 6B), but without 
differences comparing to basal condition. Interestingly, co-cultured 
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cells expressed significantly higher SPP1 transcript levels as soon as 
7 days in 0BM:100OM comparing with pre-OBs in the same con-
dition (P < .0007, Figure 6C). From day 7 to 14, SPP1 expression 

significantly decreased in co-cultures in condition 0BM:100OM 
(P < .0007), but no differences were found comparing to basal 
condition.

F i g u r e   4 . Assessment of the expression of tenogenic and osteogenic markers by hTDCs through culture time in different osteogenic 
medium conditions after 7 and 14 days. (A) Gene expression analysis of (i) mohawk (MKX), (ii) scleraxis (SCX), (iii) decorin (DCN), (iv) tenascin C 
(TNC), (v) collagen type I (COL1A1), (vi) collagen type III (COL3A1) and (vii) runt-related transcription factor 2 (RUNX2) by RT-PCR. Expression of 
target genes was normalized against GAPDH housekeeping gene and gene expression in all conditions was normalized to basal condition (100 
BM: 0 OM) of the correspondent day. Results are presented as mean ± SEM and statistically significant differences are shown as *, P < .05; **, 
P < .01; ***, P < .0005; ****, P < .0001; δ statistically significant differences in comparison to the basal condition of the correspondent day. (B) 
Fluorescence microscopy of tenogenic-related markers, decorin, tenascin-C, collagen type I and collagen type III (scale bars, 50 μm). Nuclei were 
counterstained with DAPI. (C) Fluorescence intensity quantification of decorin, tenascin-C, collagen type I and collagen type III at days 7 and 14. 
Results are presented as mean ± SEM and statistically significant differences are shown as *, P < .04; **, P < .006; ***, P < .0006; ****, P < .0001; σ, 
P < .0001, is statistically significant in correspondence to the same condition at day 7; α, P < .0005, is statistically significant in correspondence 
to the same condition at day 7; μ, P < .009, is statistically significant correspondence to the same condition at day 7
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(IV) (V) (VI)

(II) (III) (VII)
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Additionally, no significant differences were observed for SCX ex-
pression in co-cultures when comparing to pre-OBs and hTDCs sin-
gle cultures, nor between medium conditions (Figure 6D). Strikingly, 
similarly to hTDCs alone, MKX transcript levels were significantly 

lower in co-cultures in 0BM:100OM after 14 days comparing to BM 
(P < .05, Figure 6E). TNC was up-regulated in co-cultures after 7 days 
in 50BM:50OM (P < .05, vs BM), decreasing significantly from day 7 
to 14 (P < .009, Figure 6F). Interestingly, at day 14, the presence of 

F i g u r e   5 . Evaluation of cell proliferation, alkaline phosphatase activity and matrix mineralization in direct co-culture. (A) Cell proliferation 
was quantified by a fluorimetric dsDNA quantification kit. Results are presented as mean ± SEM and statistically significant differences 
are shown as *, P < .03; **, P < .004; ***, P < .0009; Φ, P < .0001, Φ is statistically significant in correspondence to all the conditions at day 1 
and 7. (B) Alkaline phosphatase (ALP) activity was quantified by the colorimetric p-nitrophenol (pNP). Results are presented as mean ± SEM 
and statistically significant differences are shown as **, P < .0001; ***, P < .0006; ****, P < .0001; α, P < .0002, α is statistically significant 
in correspondence to the same condition at day 1; δ, P < .0001, δ is statistically significant in correspondence to the same condition at day 
1. (C) Alizarin red (AZ) staining was performed for both pre-OBs and direct co-cultures after 7 and 14 days of culture (scale bars, 100 μm). 
(D) Quantification of AZ staining was performed using cetylpyridinium chloride solution at 7 and 14 days of culture. Results are presented 
as mean ± SEM and statistically significant differences are shown as *, P < .05; **, P < .009; ***, P < .0003; ****, P < .0001; δ, P < .0001, δ is 
statistically significant in correspondence to pre-OBs and hTDCs in the same condition
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F i g u r e   6 . Evaluation of the gene expression of bone-, tendon- and interface-related markers in single cultures and direct co-cultures 
up to 14 days in culture. Gene expression of (A) alkaline phosphatase (ALPL), (B) runt-related transcription factor 2 (RUNX2), (C) bone 
sialoprotein 1/ osteopontin (SPP1), (D) scleraxis (SCX), (E) homeobox mohawk (MKX), (F) tenascin C (TNC), (G) aggrecan (ACAN), (H) cartilage 
oligomeric matrix protein (COMP), (I) collagen type I (COL1A1) and (J) collagen type III (COL3A1) was analysed by RT-PCR. Target genes were 
normalized against GAPDH housekeeping gene. The gene expression in all conditions was normalized to basal condition (100 BM: 0 OM) of 
the correspondent day. Results are presented as mean ± SEM and statistically significant differences are shown as *, P < .05; **, P < .009; ***, 
P < .0007; ****, P < .0001; δ statistically significant differences in comparison to the basal condition of the correspondent day; # statistically 
significant differences in comparison with hTDCs in the same condition; σ statistically significant differences in comparison pre-OBs and 
hTDCs in the same conditions
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only OM significantly decreased TNC transcript levels in co-cultures, 
comparing with hTDCs in the same medium condition (P < .0007).

Furthermore, ACAN was up-regulated in co-cultures as soon 
as 7 days in 0BM:100OM (P < .05, compared to pre-OBs and 
hTDCs, Figure 6G) and COMP was up-regulated in co-cultures in 
0BM:100OM after 14 days (P < .05, compared to 100BM:0OM 
Figure 6H). Strikingly, co-cultured cells expressed significantly 
higher COMP transcript levels after 14 days compared with pre-OBs 
and hTDCs cultured in the same conditions (50BM:50OM, P < .009; 
0BM:100OM, P < .0001, Figure 6H). In pre-OBs, no differences were 
observed for ACAN and COMP expression; whereas OM led to a sig-
nificant decrease of COMP expression in conditions 50BM:50OM 
(P < .05) and 0BM:100OM (P < .009) in hTDCs from day 7 to 14.

Higher COL1A1 (Figure 6I) and COL3A1 (Figure 6J) transcript lev-
els were noticed at 7 days in hTDCs in comparison with co-cultures 
in both medium conditions (COL1A1: 50BM:50OM, P < .009; 
0BM:100OM, P < .0001; COL3A1: 50BM:50OM, P < .0001; 
0BM:100OM, P < .0001). Nevertheless, after 14 days, co-cultured 
cells in 0BM:100OM expressed significantly higher COL1A1 tran-
script levels (P < .009, comparing to pre-OBs and hTDCs Figure 6I) 
and both medium conditions led to significantly higher COL3A1 ex-
pression levels in co-cultures (P < .05, comparing to pre-OBs and 
hTDCs Figure 6J). No differences were observed in comparison to 
basal condition.

Immunocytochemistry analysis was also performed against 
OCN, TNC, ACAN and COL2 (Figure 7). A higher OCN deposition 
was observed in co-cultures after both 7 and 14 days, whereas in 
pre-OBs, OCN was highly detected after 7 days in comparison with 
14 days of culture (100BM:0OM, P < .006; 50BM:50OM, P < .0001; 
and 0BM:100OM, P < .006) (Figure 7A). After 14 days, OM present 
in conditions 50BM:50OM and 0BM:100OM affected TNC ex-
pression, which was observed in hTDCs in all medium conditions, 
but only observed in basal condition (100BM:0OM) in co-cultures 
(P < .0001) (Figure 7B). No ACAN expression was found in pre-OBs 
and hTDCs, while, in co-cultures, an abundant deposition was ob-
served in conditions containing OM as soon as 7 days and main-
tained up to 14 days (P < .0001) (Figure 7C). COL2 was deposited at 
a higher extent in co-cultures as soon as after 7 days in all condi-
tions, whereas hTDCs expressed COL2 at 7 days mainly in the pres-
ence of OM and at 14 days in all medium conditions, being highly 
expressed in condition 50BM:50OM in comparison with conditions 
100BM:0OM (P < .006) and 0BM:100OM (P < .04). COL2 expression 
was observed in pre-OBs at 14 days in condition 50BM:50OM and 
0BM:100OM (Figure 7D), even though COL2 expression was signifi-
cantly lower in comparison with co-cultures (P < .0001). Altogether, 
these results support the influence of direct contact occurring be-
tween 2 types of cells in the modulation of cellular phenotype.

4  | DISCUSSION

The success of ITE depends on optimal cell source selection and 
on the understanding of cellular interactions within native tissues. 

Strategies for enthesis tissue engineering and regeneration fre-
quently disregard the existence of different cellular phenotypes and, 
thus, the need to establish adequate culture conditions to balance 
cellular behaviour. Co-culture systems constitute platforms to study 
cellular communication through direct or indirect interactions be-
tween different cell types.30,31,36,37 Herein, we explored an in vitro 
strategy to modulate cellular phenotype for tissue engineering ap-
proaches, envisioning the combination of different cell types with 
medium supplementation. We first studied the effect of different 
OM concentrations on the modulation of hASCs (pre-OBs) and 
hTDCs cellular responses and, afterwards, the influence of establish-
ing a direct contact co-culture model on the expression of interface-
relevant markers. Human ASCs constitute a promising cell source 
for tissue regeneration38 and their osteogenic commitment has been 
well described.39 Hence, this cell population was herein precom-
mitted towards the osteogenic lineage to obtain pre-OBs, aiming at 
mimicking, as close as possible, the cellular environment found in 
bone. Additionally, to mimic the cellular environment found in ten-
don counterpart of enthesis and given the lack of well-established 
protocols for tenogenic differentiation, hTDCs were used, which are 
composed by tenocytes/tenoblasts and stem/progenitor cells40,41 
and hold potential for musculoskeletal tissue engineering.41,42 Both 
cell populations were chosen based on evidences that in vitro in-
teractions between different cell types may modulate cellular trans-
differentiation and lead to an eventual fibrocartilage formation,15 
suggesting that heterotypic cellular interactions occurring between 
tendon and bone cells may initiate important events leading to inter-
facial regeneration.

Previous studies have addressed the formulation of optimal me-
dium conditions in co-culture models, reporting that 1 mmol/L β-GP 
maximized cell growth and osteoblast mineralization, while mini-
mizing ectopic fibroblast mineralization,15 whereas 3 mmol/L β-GP 
concentration promoted low fibroblast-osteoblast mineralization.16 
Therefore, co-culture medium should be tuned to each unique cul-
ture system towards improving tissue engineering strategies cur-
rently explored.

Our results clearly showed an osteogenic commitment of hASCs 
and the phenotype maintenance of pre-OBs during culture time, 
by an up-regulation of SPP1, RUNX2 and ALPL. During osteoblast-
lineage differentiation and maturation, RUNX2 expression is es-
sential, as an important osteogenic master switch and regulator 
of ECM-related genes expression, like SPP1, and even ALPL.43,44 
Increasing concentrations of OM promoted the expression of bone-
related markers at the gene and protein level, simultaneously induc-
ing matrix mineralization.

Additionally, maintenance of hTDCs tenogenic phenotype was 
also assessed. The intermediate condition (50BM:50OM) demon-
strated a possible phenotypic modulation of hTDCs towards teno-
genesis. Remarkably, increasing concentrations of OM clearly 
down-regulated MKX and SCX, transcription factors essential during 
tendon differentiation,45,46 as well as COL1A1 and COL3A1, while 
up-regulating DCN and TNC expression after 14 days of culture. 
Collagen types I and III are the most abundant collagens found in 
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tendon tissue; decorin and tenascin-C are known to be the major 
non-collageneous components of tendon ECM, and several au-
thors reported their expression in bone cells.47-50 At protein level, 
DCN and TNC were highly expressed in the presence of medium 
conditions containing lower ratios of OM. Furthermore, RUNX2 
up-regulation in hTDCs may be strongly associated with the iso-
lated mixed population of cells that could undergo osteogenic dif-
ferentiation.41 Thus, increasing concentrations of OM may lead to a 
phenotypic drift of this population towards the osteogenic lineage. 
Nonetheless, condition 50BM:50OM seemed to modulate pre-OBs 
osteogenic commitment, while maintaining hTDCs tenogenic phe-
notype, without significant osteogenic drift. Thus, this intermediate 
medium condition was selected for further studies.

Subsequently, a direct co-culture system was established using 
3 predetermined medium conditions. The co-culture system with 

different medium conditions offered a specific environment for the 
2 cell types, not affecting cell proliferation, increasing matrix miner-
alization and ALP activity. The expression of bone-related markers 
was higher in co-cultures in the presence of OM, as early as 7 days of 
culture. Particularly, the highest concentration of OM (0BM:100OM) 
induced an up-regulation of SPP1 at 7 days. Strikingly, the higher 
expression of RUNX2 in condition 50BM:50OM may indicate the 
dynamic and evolving osteogenic process that is still occurring and 
explain higher ECM matrix mineralization observed in co-cultures 
after 14 days in the presence of OM.51 Higher SPP1 and RUNX2 
transcript levels found in co-cultures after 7 days in comparison to 
pre-OBs alone suggest the existence of bi-directional cellular com-
munication events orchestrating osteogenesis.

In turn, SCX and MKX expression in co-culture conditions exhib-
ited no significant differences over time in the intermediate medium 

F i g u r e   7. Expression of bone, tendon- and interface-related proteins in single cultures of pre-OBs and hTDCs and in direct contact 
co-cultures. Fluorescence microscopy images of (A) osteocalcin, (B) tenascin C, (C) aggrecan and (D) collagen type II after 7 and 14 days 
of culture (scale bars, 50 μm). Nuclei were counterstained with DAPI (blue). Fluorescence intensity quantification was performed. Results 
are presented as mean ± SEM and statistically significant differences are shown as *, P < .05; **, P < .006; ***, P < .0007; ****, P < .0001; 
δ, P < .0001, δ is statistically significant in comparison with hTDCs in the same day; α, P < .0001, is statistically significant in comparison 
with pre-OBs and hTDCs in the same day; β, P < .0001, is statistically significant in comparison with pre-OBs in the same day; σ, P < .0001, 
is statistically significant in comparison with hTDCs in the same day; χ, P < .0003, is statistically significant in comparison with pre-OBs 
in the same day; θ, P < .0006, is statistically significant in comparison with hTDCs in the same day; μ, P < .04, is statistically significant in 
comparison with pre-OBs in the same day; ε, P < .05, is statistically significant in comparison with pre-OBs in the same day
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condition (50BM:50OM), when compared to BM, suggesting that a 
tenogenic phenotype may still be rescued in the presence of OM, 
possibly as a result of heterotypic cellular interactions.

Interestingly, the presence of OM significantly increased the 
expression of interface-relevant markers, ACAN and COMP, in co-
cultures, in comparison with pre-OBs and hTDCs single cultures. The 
production of extracellular molecules, such as tenascin and cartilage 
oligomeric matrix protein (COMP), activates intracellular signalling 
pathways of kinase and paxilin (focal adhesion enzymes) leading to 
the initiation of a transition step from chondroprogenitor cells to 
fully committed chondrocytes.52 Moreover, the presence of OM 
also influenced the deposition of ACAN and COL2. ACAN produc-
tion was influenced by pre-OBs and hTDCs direct cell contact, given 
that it was only observed in co-culture conditions. Increasing ACAN 
expression in the matrix is normally observed in early differentia-
tion periods where chondrocytes start to become hypertrophic.53 
Moreover, high levels of COL2 and ACAN are expressed by chon-
droprogenitor cells and chondrocytes in the extracellular matrix,53 
being their deposition governed by the nuclear transcription factor 
Sox9,53,54 being an important transcription factor to be considered 
in future studies. Interestingly, in co-cultures, Runx2 is significantly 
increased as soon as 7 days of culture in comparison with hTDCs and 
Pre-OBs. Runx2 is expressed during the differentiation of chondro-
cytes to hypertrophic chondrocytes, being the BMP-induced Smad1 
and Smad1 and Runx2/Cbfa1 interactions important for the hy-
pertrophy.52,55,56 Nevertheless, more studies at the molecular level 
will be useful to help clarifying the role of each cell type within the 
proposed system of heterotypic cell interactions. Altogether, these 
results suggest a possible targeting towards an osteochondral lin-
eage, where the expression of both bone and chondrogenic-related 
markers is increased. Furthermore, since the expression of COL2 was 
observed in all medium conditions and the expression of ACAN was 
only observed after 14 days in basal condition, OM ratios and cell-
cell interactions occurring in co-culture seem to play an important 
role in the maintenance of a chondrogenic-like ECM in longer culture 
periods.57

Overall, our work suggests that a balanced process of osteo-
genic and tenogenic commitment of distinct cell populations may 
be achieved through the use of intermediate concentrations of 
osteogenic supplementation. Furthermore, interactions occurring 
in co-cultures play an important role in the expression of tendon-, 
bone- and interface-related markers. These findings serve as basis 
for understanding the effect of medium conditions on the modula-
tion of cell phenotype along with the importance of cell-cell contact 
on the regulation of the biological environment with future applica-
tion in studies involving more complex 3D systems in combination 
with dynamic platforms, such as bioreactors, to promote the forma-
tion of a new engineered enthesis-like tissue.
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