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Abstract 

Deformities of the upper airways, including those of the nose and throat, are 

typically corrected by reconstructive surgery. The use of autologous somatic stem cells 

for repair of defects could improve quality and outcomes of such operations. We 

explored the ability of paediatric adipose-derived stem cells (pADSCs), a readily 

available source of autologous stem cells, to generate a cartilage construct with a 

functional epithelium. pADSCs seeded on the biodegradable nanocomposite polymer, 

POSS-PCL, proliferated and differentiated towards mesenchymal lineages. ADSCs 

infiltrated 3D POSS-PCL nanoscaffold and chondroid matrix was observed throughout 

chondrogenically-induced samples. In ovo chorioallantoic membrane-grafted ADSC-

nanoscaffold composites were enwrapped by host vessels indicating good compatibility 

in an in vivo system. Furthermore, pADSCs could be induced to transdifferentiate 

towards barrier-forming epithelial-like cells. By combining differentiation protocols, we 

were able to generate epithelial cell lined chondrogenic micromasses from the same 

pADSC line. This proof-of-concept study is the first to our knowledge to demonstrate 

that individual pADSC lines can differentiate towards two different germlines and be 

successfully co-cultured. This has important implications for bioengineering of 

paediatric airways and further confirms the plastic nature of ADSCs.  
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1. Introduction 

External ear and upper airway abnormalities, such as those affecting the nose or the 

trachea, maybe congenital or arise due to neoplasia, trauma, infection or inflammation. As 

spontaneous regeneration of cartilage and bone in the craniofacial region is limited, the current 

“gold standard” procedure for these facial reconstructions involves use of autologous 

costal cartilage (Fattah et al., 2010, Firmin, 2010, Fischer et al., 2014). While this 

surgical intervention can significantly improve paediatric patients’ appearance and 

function, hence their quality of life, it involves harvesting the rib cartilage, an invasive 

surgical procedure. Crucially, this creates a permanent defect at the donor site where the 

costal cartilage is removed, which itself often requires some form of defect repair 

(Fattah et al., 2010). Repair of the upper airways does not only require cartilage 

reconstruction, as in the case of the ear, but ideally also a functional epithelial lining to 

provide a barrier against inflammatory agents (Ganesan et al., 2013). To date, methods 

to form a fully functional epithelium from a readily accessible, abundant and easily 

expandable autologous cell source have been lacking. We propose that autologous stem 

cells for the repair of cartilage tissue defects may improve the outcomes of paediatric 

surgery of the ear and upper airways thereby reducing the need for repeated invasive 

operative interventions. 

Adipose tissue-derived stem cells (ADSCs) are an attractive cell source due in 

part to their relative ease of isolation using routine liposuction procedures. Autologous 

adipose cells may be retrieved and used therapeutically in the same operative procedure 

bypassing the needs for immunosuppression and storage and cutting costs. Many studies 

have investigated the potential therapeutic use of induced pluripotent stem cells (iPSCs). 
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iPSCs have been shown to differentiate towards cells of different germ layers, but 

concerns about tumorigenicity and the expense of reprogramming remain 

(Csobonyeiova et al., 2015, Zhang and Xu, 2012, Kimbrel and Lanza, 2015). By 

contrast, ADSCs have a high safety record and are inexpensive to retrieve (Gimble et 

al., 2010).  

ADSCs exhibit similar characteristics to the widely studied bone marrow-

derived mesenchymal stem cells (MSCs); however ADSCs have the added benefit that a 

greater quantity of stromal stem cells can be isolated from adipose tissue (Colazzo et al., 

2010). In addition, our past studies have established the plastic nature of pediatric 

ADSCs, pADSCs (Guasti et al., 2012, New et al., 2015). Their potential to differentiate 

towards a number of cell types from different germlines (Heneidi et al., 2013) offers a 

wide range of potential therapeutic applications. Previously, the ability of mesenchymal 

stem cells to transdifferentiate towards cells originating from endodermal and 

mesodermal germ layers has been met with some scepticism. Brzoska et al., were the 

first to show the transdifferentiation of ADSCs towards an epithelial cell phenotype in 

vitro, with the use of retinoic acid (Baer et al., 2011, Brzoska et al., 2005). Since then, 

in vivo studies with locally injected ADSCs, genetically modified labelled for easy 

detection and tracking, have suggested that these cells undergo transdifferentiation 

towards keratinocytes, contributing to wound healing (Morissette Martin et al., 2015, 

Shingyochi et al., 2015). Despite this, a functional epithelium has yet to be 

differentiated/ generated from ADSCs. 

Cells grown within a 3-dimensional (3D) environment adopt a morphology that 

is more representative of that observed in vivo (Cukierman et al., 2001), supporting the 

belief that the cells are experiencing a more physiological environment in such cultures. 
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The scaffold material in which the cells are seeded needs to act as a framework to keep 

the cell population in the correct spatial arrangement. It also needs to provide 

mechanical support until the cells have synthesised the appropriate levels of organised 

and structurally stable extracellular matrix (ECM), thus creating their “niche”. Thus, the 

use of a rigid synthetic polymeric scaffold is attractive for bioengineering of the upper 

airways, since constructs need to be structurally rigid upon implantation to prevent 

collapse during inspiration. Our group previously showed the ability of pADSCs to 

undergo chondrogenic differentiation when seeded in POSS-PCU nanoscaffold (Guasti 

et al., 2014), a non-biodegradable scaffold, which has already been used for the first-in-

man synthetic tracheobronchial transplantation (Jungebluth et al., 2011). However, for 

tissue engineering applications in paediatric patients a biodegradable scaffold, which 

has the potential to degrade over time, would be more beneficial. Hypothetically, the 

scaffold would degrade over time, leaving in its place only the conditioned cells and 

cell-generated matrix. A dynamic structure that grows and remodels may remove the 

need for repeated surgical interventions as the child grows. Therefore, we explored the 

feasibility of pADSCs and a biodegradable nanocomposite polymer, polyhedral 

oligomeric silsesquioxane poly(ϵ-caprolactone-urea) urea urethane (POSS-PCL) to act 

as the basis for bioengineered upper airway repair constructs.  

 

 

2. Materials and Methods 

 

2.1. Materials 

All chemicals and reagents were purchased from Sigma-Aldrich, unless otherwise 

stated. 
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2.2. POSS-PCL Polymer Synthesis and Scaffold Preparation  

Two forms of POSS-PCL were fabricated, non-porous cast (“2-dimensional 

(2D)”) and coagulated porous scaffold (“3D”), for this study. The nanocomposite 

polymer solutions were prepared as described previously (Gupta et al., 2009). 3D 

POSS-PCL nanocomposite scaffolds, comprising 80 % polycaprolactone and 20 % 

polycarbonate with a urea hard segment, were fabricated by combining porogen 

leaching with coagulation techniques. Porogen particles, sodium bicarbonate 

(NaHCO3), were sieved to obtain particles between 50-150 µm in size and dissolved in 

an 18 weight % solution of POSS-PCL in DMAc containing Tween 20 surfactant. The 

slurry of NaHCO3/POSS-PCL was produced by dispersing and degassing of the mixture 

using a Thinky AER 250 mixer (Intertonics, Kidlington, UK). The slurry mixture was 

poured onto a mould, with a desired thickness of 1 mm, and immersed in deionised 

water for 24 hours − resulting in the formation of a coagulated porous 3D scaffold. To 

ensure complete removal of NaHCO3 and DMAc the scaffold was thoroughly washed 

for 72 hours in pure deionised water with frequent water changes to ensure the complete 

removal of NaHCO3 and DMAc. The resultant 3D nanoscaffolds have 87% porosity and 

an average pore size of 15 µm as previously reported.  The non-porous 2D nanoscaffold 

was produced by omitting the addition of NaHCO3 and cast onto a metal sheet in the 

oven for at 50 ºC for 20 hours followed by serial washes in deionized water for 72 

hours. 2D and 3D scaffolds were then cut to 15 mm discs with a metal die and sterilized 

by autoclaving. 

 

2.3. Adipose Tissue-Derived Stem Cells (ADSCs) 

Lipoaspirates were obtained in a minimally invasive manner using needle aspiration 

of the abdominal fat through a small stab incision to the abdominal skin (Strong et al., 
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2015) from consented paediatric patients under ethical approval from the Camden and 

Islington Community Local Research Ethics Committee (London, UK). Paediatric 

adipose tissue-derived stem cells (pADSCs) were isolated from the lipoaspirates as 

previously described (Guasti et al., 2012). In brief, the fat was washed extensively with 

phosphate-buffered saline (PBS, PAA Laboratories) and digested with 0.05% trypsin/1mM 

EDTA (Life Technologies) in a 37°C shacking incubator for 1 hr. Following centrifugation to 

remove floating mature adipocytes, cell pellets were incubated with red blood cell lysis buffer 

(Roche) and centrifuged again to obtain ‘stromal vascular fraction’ containing ASDCs. Chick 

ADSCs were isolated from fat deposit explants from GFP-chick embryos at E18.5 

following the same protocol (Guasti et al., 2012, McGrew et al., 2004). Both human and 

chick ADSCs were cultured in high glucose Dulbecco’s modified Eagle’s medium 

(DMEM) containing GlutaMAX™ and supplemented with 10% embryonic stem cell-

qualified foetal bovine serum (ES-FBS) and 1% penicillin/streptomycin (all Life 

Technologies), this media will be referred to as “complete medium” in this manuscript.  

 

2.4. Assessment of Cell Proliferation and Viability  

The proliferative capability and viability of the pADSCs were assessed as 

previously described (Guasti et al., 2014). The same amount of cells (10
4
 cells/ sample) 

was seeded on either non-porous POSS-PCL 2D disks or plastic, and 24 hours later they 

were assessed for either cell viability or proliferation. Cell viability was assessed using 

propidium iodide (PI, Invitrogen, 2 µg/ml) and Hoechst 33258 (5 µg/ml) live staining. 

The dyes were added directly to the cell culture medium and samples were incubated at 

37 °C for 2 hours prior to imaging. Cell proliferation was assessed using 

bromodeoxyuridine (BrdU) incorporation. After 16 hours incubation in cell culture 

medium spiked with BrdU (1 µM), the samples were fixed using ice cold 70% ethanol, 
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the DNA denatured with 2 M HCl at 37 °C for 30 minutes and then samples were 

neutralized with 0.1 M borate buffer (pH 9.0) for 2-3 minutes. After washing in PBS 

and an incubation in blocking solution composed of 2% goat serum in PBS with 0.1% 

Triton X-100, BrdU was detected using a monoclonal rat primary antibody (Serotec 

OBT0030, dilution 1:100 in blocking solution) and a secondary goat anti-rat Alexa594 

(Life Technologies, dilution 1:400). The nuclei were labelled using Hoechst 33258 (5 

µg/ml). For both analyses samples were imaged with an Olympus 1x71 inverted 

microscope with a Hamamatsu C10600 ORCA-R
2 

digital camera using HCImage 

software. The number of PI or BrdU positive cells were counted in at least 5 

representative fields/ sample and expressed as a percentage of the total number of cells. 

Experiments were performed at least in triplicates with cells obtained from three 

patients. 

 

2.5. ADSC Differentiation 

 ADSC differentiation along the adipogenic, chondrogenic and osteogenic 

lineages was induced as previously described (Guasti et al., 2012, New et al., 2015). 

Epithelial differentiation was induced in confluent pADSCs, seeded on plastic with or 

without Matrigel™, by the addition of complete medium containing 5µM retinoic acid 

(Brzoska et al., 2005) for 3 weeks unless otherwise stated. The mRNA expression was 

obtained from experiments performed without the Matrigel™ coating.  

In the POSS-PCL experiments, ADSCs, from chick or paediatric patients, were 

either seeded onto non-porous 100 µm thick discs of POSS-PCL (2D POSS-PCL) or 

porous 1mm thick pieces of POSS-PCL (3D POSS-PCL). Those seeded on the 2D 

POSS-PCL discs were differentiated for 3 weeks towards the adipogenic, chondrogenic 

and osteogenic lineages, using previously described differentiation protocols (Guasti et 
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al., 2012). Those ADSCs seeded onto the 3D POSS-PCL were allowed to proliferate 

and infiltrate the scaffold for 7 days prior to being chondrogenically differentiated for 4 

weeks. Epithelial differentiation of pADSCs seeded on POSS-PCL was carried out as 

on plastic. In the experiments establishing the effect of POSS-PCL on the epithelial 

differentiation of pADSCs, Matrigel™ was not used. Cells were differentiated for 3 

weeks. Each differentiation experiment was performed with cells from three different 

patients, with the exception of the data shown in Figure 3C in which one cell line was 

used in triplicate.  

 

2.6. Trans-Epithelial Electrical Resistance (TEER) Measurement 

pADSCs were plated on 1 µm transwell® polyester membranes (Millipore) 

coated with Matrigel™ (BD Biosciences). Once confluent the media was changed to 

epithelial induction media. The trans-epithelial electrical resistance was measured at 

various time-points (1-, 2- and 3-weeks control and epithelial differentiated) using an 

epithelial voltmeter fitted with chopstick electrodes (EVOM, World Precision 

Instruments Ltd.). The experiment was performed in triplicate with cells from three 

different patients. 

 

2.7. Generation of Epithelial-Chondrogenic Micromasses 

 Micromasses were formed from 10
5
 pADSCs in complete media. After 

micromass formation the media was replaced by chondrogenic media for 4 weeks. Cells 

from the same paediatric ADSC line were pre-stimulated with epithelial differentiation 

medium for 1 week and added to Matrigel™-coated chondrogenically-induced 

micromasses, creating epith-chondro micromass samples. After 2 more weeks of 

epithelial induction (6 weeks differentiation in total) the micromasses were harvested 
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for analysis by immunofluorescence. Experiments were performed in two different 

patient lines. 

 

2.8. Histology, Immunohistochemistry and Immunofluorescence 

All samples were fixed in 4% paraformaldehyde and washed in phosphate-

buffered saline (PBS) prior to processing. After being fixed, ADSC-seeded POSS-PCL 

nanoscaffolds were embedded in OCT (Thermo Fisher Scientific) and sectioned for 

histological and immunohistochemical evaluation. Free-floating sections of POSS-PCL 

were stained with 1% Alcian Blue in HCl to analyse chondroid matrix content. For 

immunohistochemical analysis, POSS-PCL sections were incubated in blocking 

solution (10% foetal bovine serum (FBS), 3% bovine albumin serum (BSA) and 0.2% 

Triton-X100) and incubated in the primary mouse antibody to chicken monocytes and 

macrophages (Abcam, clone KUL01, 1:100 dilution in blocking solution) for 1 hour at 

room temperature (RT).  After washing with PBS, sections were incubated in 

biotinylated goat anti-mouse (Dako, 1:400 dilution) for 1 hour at RT. Vectorstain 

Avidin-Biotin Complex kit (Vector Laboratories) was used in conjunction with 3, 3’-

diaminobenzidine to detect the target antigen signal, a dark brown reaction product. Cell 

nuclei were counterstained with haematoxylin and images were acquired with an 

Axiovert 135 (Zeiss) with a ProgRes C14 digital camera using OpenLab software 

(PerkinElmer Life).  

For the immunofluorescence analysis of POSS-PCL, monolayer cells and 

micromasses, fixed samples were incubated in blocking solution and then incubated in 

primary antibody for 1 hour at RT (overnight at 4ºC for 3D structures). The following 

primary antibodies were used: rabbit anti-aggrecan (Santa Cruz, sc-25674, 1:100 

dilution in blocking solution), rabbit anti-collagen II (Abcam, 1:200 dilution), rabbit 
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anti-ZO-1 (Life Technologies, 1:100 dilution) and mouse anti-CK-18 (Millipore, 1:200 

dilution). After washing in PBS, samples were incubated for 1 hour at RT (5 hours at 

4ºC for 3D structures) in secondary antibodies, Alexa Fluor 594 donkey anti-rabbit or 

Alexa Fluor 488 donkey anti-mouse (both Invitrogen, 1:400 dilution), and Hoechst 

33258. Some micromasses were incubated with fluorescein phalloidin for 5 hours at 4ºC 

(Thermo Fisher Scientific, 1:400 dilution). Images were either obtained with a Zeiss 

LSM710 confocal using Zen software or an Olympus 1 × 71 inverted microscope 

equipped with a Hamamatsu C10600 ORCA-R2 digital camera using HCImage 

software. 

   

2.9. Reverse Transcription-Polymerase Chain Reaction and Quantitative Real-Time 

Polymerase Chain Reaction 

RNA was extracted from cells and tissue using Tri-Reagent (Life Technologies) 

according to the manufacturer’s protocol. RNA was retro-transcribed with Moloney 

murine leukaemia virus reverse transcriptase (Promega) and mRNA was quantified by 

real-time quantitative polymerase chain reaction with the 7500-sequence detection 

system (Applied Biosysytems) and the Quantitect SYBR Green PCR kit (Qiagen) 

following the manufacturer’s instructions. Primers for the epithelial marker, 

cytokeratin-18 (CK18) were: Forward (5’-3’) CACAGTCTGCTGAGGTTGGA and 

Reverse (5’-3’) CAAGCTGGCCTTCAGATTTC. Gene expression data were 

normalized using GAPDH housekeeping gene as a reference. Primers for GAPDH were: 

Forward (5’-3’) TGATGACATCAAGAAGGTGGTGAAG and Reverse (5’-3’) 

TCCTTGGAGGCCATGTGGGCCAT. Fold changes were calculated taking untreated 

ADSCs (controls) as a reference. 
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2.10 Chorioallantoic Membrane (CAM) Grafting 

Procedures were carried out under the Animals Scientific Procedures Act 1986 

and as previously described in (Guasti et al., 2014). Briefly, fertilized Brown Leghorn 

eggs (Needle Farm, Cambridge, UK) were incubated at 38°C in a humidified incubator. 

After 3 days of incubation, the eggs were windowed. After 7 days, the CAM was 

slightly scratched near bifurcations in the blood vessels to induce angiogenesis. Small 

pieces (approximately 1 x 2 mm) of POSS-PCL, unseeded and seeded with ADSC, were 

placed on the scratched region of the CAM. After an additional 8 days of incubation, the 

grafts were observed and imaged prior to processing for immunohistochemistry. 

 

 

2.11 Statistical Analysis 

Data are presented as mean ± SEM. The statistical analysis was performed using 

GraphPad Prism version 5.00 for Windows. Statistical significance was evaluated by 

Student’s t-test or ANOVA followed by a Bonferroni post-test. A p value equal to or 

less than 0.05 was considered as statistically significant.  

 

3. Results 

 

3.1. Transdifferentiation of pADSCs towards an Epithelial-like Cell 

 In order to establish whether pADSCs have potential for engineering an 

epithelium-lined cartilage, it was necessary to first assess the potential of ADSCs to 

generate epithelial-like cells. Matrigel™ substrate was found to enhance the epithelial 

differentiation of pADSCs (Suppl. Fig. 1) and was used to coat the cell culture vessels 

for optimum results. Expression of specific epithelial differentiation markers was 

determined by immunofluorescence and RT-qPCR (Fig. 1A-D).  Cytokeratin-18 (CK-
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18), a columnar epithelial marker, was significantly up-regulated on both a protein and 

gene level after 3 weeks of epithelial induction in a retinoic acid-supplemented medium. 

Whereas no keratin staining was detected in control cells grown on plastic, that also up-

regulated keratin expression in response to epithelial induction with retinoic acid 

(Suppl. Fig. 2 and 3), control cells on laminin were very occasionally found to contain a 

few positive cells in confluent regions. The tight-junction marker, zonula occludens-1 

(ZO-1), was expressed in the cytoplasm of control pADSCs and translocated from the 

cytoplasm to the cell-cell contacts after epithelial induction indicating formation of tight 

junctions. In order to assess whether the epithelially induced pADSC displayed other 

typical features of a tight epithelium, we monitored changes in trans-epithelial electrical 

resistance (TEER) over time in confluent epithelialized pADSC as compared to 

confluent, non-induced controls. There was an increase in the TEER in pADSCs grown 

in epithelial induction media, consistent with increased tight junction formation, that 

plateaued after 2 weeks (Fig. 1E). As pADSCs do not express endothelial markers as 

shown in previous studies (Guasti et al., 2012, New et al., 2015) and in Suppl. Fig. 2, 

these data are consistent with their ability to undergo epithelial differentiation.    

 

3.2.  3D cultures of pADSC-derived Cartilage and Epithelial Cells  

In order to assess the potential to generate an epithelium-lined cartilage 

construct from pADSCs from the same patient, we employed micromasses as our model 

system. Chondrogenically-induced micromasses expressed collagen II, but little to no 

CK-18 (Fig. 2A). The chondrogenic marker, collagen 2 and the epithelial marker, CK-

18, were both expressed in those chondrogenically-induced micromasses with the 

additional epithelial-differentiated ADSC coating (termed “epith-chondro”). 

Importantly, no cell within these micromasses was noted to express both markers: cells 
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were either positive for collagen II or CK-18 (Fig. 2B, negative controls can be seen in 

Fig. 2C). Control micromasses expressed both collagen II and CK-18, but to a lesser 

extent than in the experimental conditions and in a less organised fashion (data not 

shown). Chondrogenically-induced micromasses possessed tight bundles of F-actin 

(Fig. 2D), whereas F-actin in association with cell-cell adhesions were seen in those 

micromasses with an epithelial element (epith-chondro micromasses) (Fig. 2E-F).  

 

3.3. Adipose derived-stem cell (ADSC) behaviour on POSS-PCL 

 In order to engineer a safe and effective upper airways replacement for children, 

a scaffold that allows scaling up for the production of large grafts would be highly 

beneficial. We first compared the behaviour of ADSCs seeded onto 2D POSS-PCL, a 

bioabsorbable nanoscaffold and plastic in terms of attachment, survival, proliferation 

and differentiation. Both human paediatric and chick-derived ADSCs adhered onto 2D 

POSS-PCL discs (Fig. 3A). Cell viability and proliferative capacity of ADSC seeded 

onto on POSS-PCL nanoscaffold was analysed. Cell death of pADSCs was observed to 

be low both when the cells were seeded on POSS-PCL and plastic (Fig.3B). DNA 

synthesis analysis by BrdU incorporation demonstrated that pADSCs proliferate on 

POSS-PCL (Fig 3C).  

We then investigated the potential of pADSCs seeded on 2D POSS-PCL discs to 

differentiate towards the mesenchymal tissues: adipose tissue, bone and cartilage. When 

seeded on 2D POSS-PCL discs, pADSCs were still capable of differentiating along the 

adipogenic lineage – as noted by the appearance of oil droplet-laden cells (Fig. 4A), 

osteogenic lineage – as noted by the appearance of mineralized nodules (Fig. 4B), 

which stained positive for Alizarin Red (not shown), and chondrogenic – as noted by a 

change in morphology and an increase in extracellular matrix when compared to the 
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control (Fig. 4C and 4D respectively). The ability of pADSC to differentiate towards the 

epithelial-like phenotype when seeded on 2D POSS-PCL discs (Fig. 5A-B) was also 

assessed. A change in morphology as well as up-regulation in CK-18 gene expression 

was observed when the cells were differentiated on POSS-PCL comparable to that 

observed on plastic (Fig. 5C).  

Finally, we investigated whether the ADSCs were able to migrate throughout the 

1 mm porous 3D POSS-PCL scaffold, undergo chondrogenic differentiation and secrete 

chondroid matrix. 3D POSS-PCL contains irregular shaped pores in a range of sizes, 

from small pores to large cavities (Fig. 6A). Pediatric ADSC and EGFP-expressing 

chick ADSC were observed to adhere and migrate through the 3D POSS-PCL 

nanoscaffold without the need for additional adhesion molecules, populating the whole 

depth indicating efficient migration throughout the scaffold (Fig. 6B). Chick ADSC-

seeded in POSS-PCL nanoscaffold were able to differentiate towards the chondrogenic 

lineage and deposit Alcian Blue-positive chondroid matrix (Fig. 6C). This was not 

observed in controls (Fig. 6c’). In addition, staining for the chondrogenic marker, 

aggrecan, was detected in scaffolds containing differentiated chick ADSCs, but not in 

scaffolds seeded with undifferentiated cells or unseeded (Fig. 6D-F). POSS-PCL also 

supported chondrogenic differentiation of human cells as indicated by collagen-II 

expression in pADSC (Fig. 6G). Finally, pADSCs were induced to differentiate along 

the epithelial lineage on the POSS-PCL scaffolds for 3 weeks. Tight junction formation 

could be observed by ZO-1 staining both on POSS-PCL alone and POSS-PCL 

previously cellularised with chondrogenically induced-pADSCs (Fig. 6H-J), although 

high quality imaging of these cells was difficult because of the lack of transparency, 

background fluorescence and uneven surface of the scaffold (Fig. 6G-H). Attempts to 
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section the epithelialized scaffold to achieve better quality imaging was not successful 

because the differentiated epithelium detached during sectioning.   

 

3.4. Biocompatibility of ADSC-seeded POSS-PCL 

CAM-grafting was used to monitor the response of the host vasculature and cells to the 

3D POSS-PCL nanoscaffold in vivo. After 8 days implantation on the CAM, blood 

vessels were observed to penetrate the unseeded POSS-PCL nanoscaffold (Fig. 7A). 

The attachment of the CAM to the unseeded POSS-PCL nanoscaffold could be seen ex 

ovo (Fig. 7B) and nuclear staining identified the presence of host cells throughout the 

scaffold (Fig. 7C). In ovo CAM-grafting of ADSC-POSS-PCL nanoscaffold composites 

suggested vascularization by host tissue without apparent negative consequences: both 

control and chondrogenically-induced ADSC-POSS-PCL nanoscaffolds were encased 

by vessels (Fig. 7D-F). ADSC-POSS-PCL nanoscaffolds induced chondrogenically 

were also readily encapsulated by host tissue (Fig. 7E-F) and maintained the 

differentiated phenotype (Fig. 6D). No aggrecan reactivity was observed in the 

noncellularized CAM-grafted scaffolds indicating that although some host cell migrated 

into the scaffold, they did not contribute to cartilage formation (Fig. 6F). 

Immunohistochemical analysis of the infiltrated host cells showed expression of a 

marker specific for chick monocytes and macrophages (Fig. 7G). Such expression was 

not observed in the non-grafted ADSC-seeded POSS-PCL nanoscaffolds (Suppl. Fig. 

4). ADSC-POSS-PCL nanoscaffolds induced chondrogenically and then lined with 

epithelial-differentiated ADSCs, termed epith-chondro ADSC-POSS-PCL, were also 

readily encased by vessels, and this was found to be the case (Fig. 7H).    
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4. Discussion 

This study shows the robust nature of pADSCs to maintain their viability and 

differentiated phenotype when challenged with different environments, supporting the 

therapeutic potential of these somatic stem cells. Generation of novel 3D structures 

containing two different cell types, epithelial and chondrogenic cells, from pADSCs 

demonstrates, for the first time to our knowledge, that in addition to the mesenchymal-

differentiation potential, pADSCs have the potential to transdifferentiate towards an 

epithelial phenotype, that is usually associated with another germ line. Taking together 

the negligible expression of hematopoietic progenitor and endothelial cell markers in 

pADSCs (e.g. % of CD31=0.49 ± 0.30; see New et al., 2015), the rare keratin 

expressing cells observed only in control cells grown on laminin, and in regions of high 

cell density, and the fact that treatment with retinoic acid blocks cell proliferation, it is 

most unlikely that induction of epithelial markers observed in most cells in the cultures 

is due to subset of non-mesenchymal cells present in the pADSC cultures.  Furthermore, 

we have observed that clonal cell populations maintain the same ability to differentiate 

along mesenchymal and neuroectodermal lineages (New et al, in preparation). 

Engineering an upper airway cellularised construct suitable for paediatric 

reconstruction requires the addition of a scaffold capable of supporting cells 

differentiation and matrix production in a dynamic in vivo environment.  Here we have 

tested a biodegradable nanoscaffold incorporating POSS nanoparticles and 

polycaprolactone (POSS-PCL) for its ability to support both chondrogenic and epithelial 

differentiation. We demonstrate the differentiation potential of human somatic stem 

cells, specifically pADSCs, on POSS-PCL potentially unlocking their application in 

future studies in mammals prior to clinical trials. 
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4.1. Towards the Generation of an Epithelium and Cartilage Construct 

The ability to engineer a structure that contains both stable cartilage and 

epithelium is important for engineering of the airways, in which a functional epithelium 

is widely considered essential for achieving a favourable clinical outcome following 

airway replacement or repair.  Some spontaneous re-epithelialization of airway cartilage 

has been reported in small animal models particularly when cellularised scaffolds are 

used, but in patients the process appears slow and generates variable quality epithelium 

(Hamilton et al., 2014). Generation of a 3D epithelium-lined cartilage construct is 

challenging, but achieving this from a single autologous source would simplify the 

tissue engineering process, potentially cutting costs and the need for multiple surgical 

procedures. We propose that pADSCs hold great promise for this purpose.  

In our study, all the human pADSC lines tested were able to reproducibly 

differentiate towards an epithelial-like cell upon induction in a retinoic acid-

supplemented medium, as shown by morphology and the modulation of specific 

epithelial markers at the mRNA and protein level. Retinoic acid plays an essential role 

in cell differentiation, development and regeneration; furthermore the pluripotent stem 

cell field have established this small molecule as a known agent that affects 

transcription factors and regulates gene expression (Wu et al., 2014, Zhang et al., 2015, 

Metallo et al., 2008). The group of Baer demonstrated that retinoic acid-induced human 

adult ADSCs can transdifferentiate towards an epithelial-like cell, demonstrating a 

change in morphology and increase in CK-18 protein expression, a type I cytokeratin 

typical of simple columnar epithelial cells, (Brzoska et al., 2005). This report is 

consistent with our findings that CK-18 is up-regulated in pADSCs, both at the mRNA 

and protein level, upon induction of epithelial differentiation. Tight junction formation 

is a key indicator of epithelial differentiation and can be visualized by the classically 
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accepted tight junction marker ZO-1. Our study shows that ZO-1 is expressed in 

pADSCs and upon epithelial differentiation induction is translocated from the 

cytoplasm to the plasma membrane as it could clearly be seen encircling the 

epithelially-differentiated pADSCs. Hence, pADSCs like adult ADSCs (Brzoska et al., 

2005, Griesche et al., 2012), can display epithelial characteristics.  

Here, we provide additional evidence of the epithelial-like nature of these 

ADSC-derived cells.  The epithelial-like cells we have produced from the pADSC can 

form a barrier, a vital feature of the epithelium lining, as indicated by the increase in 

TEER upon their epithelial induction; this further confirms the formation of tight-

junctions between cells indicated by ZO-1. While the decrease in TEER observed at 3 

weeks may be due to the epithelium becoming over-confluent and peeling off in places, 

it also suggests that an optimisation of the protocol is required for maintenance and full 

maturation of the epithelium. Notwithstanding these limitations, our results suggest 

pADSC transdifferentiation towards a cell that not only resembles an epithelial cell in 

terms of phenotype, but also in terms of function. An air liquid interface system, 

classically used to differentiate primary bronchial epithelial cells into a functional 

ciliated barrier-forming epithelium (Lin et al., 2007), may need to be employed to fully 

mature epithelium generated from pADSCs and this will be subject of further research.  

The use of the micromass in vitro system has allowed us to explore the ability of 

the pADSCs to generate an epithelium-lined cartilage construct. CK-18-positive cells 

were apparent on the cartilaginous matrix, further investigation of the epith-chondro 

micromasses revealed a remodelling of the F-actin in some cells consistent with a 

mesenchymal-epithelial transition (Haynes et al., 2011). This is first proof-of-principle 

study to demonstrate that a 3D structure can be created from one type of somatic stem 

Page 19 of 37

http://mc.manuscriptcentral.com/term

Journal of Tissue Engineering and Regenerative Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 20

cell that harbours two phenotypically-different cell types from two different germ 

layers. Importantly, the potential for pADSCs to successfully generate both of the two 

different cell types appears to be a general feature of these cells, as it was observed in 

lines generated from several different patients in this study as well as in the course of 

our ongoing related work.  

 

4.2. pADSCs can differentiate in POSS-PCL and form biocompatible constructs 

Previously, tissue engineered constructs based on decellularised “biologic” 

scaffolds and seeded with MSC and respiratory epithelial cells have been used clinically 

with some success (Elliott et al., 2012, Gonfiotti et al., 2014, Hamilton et al., 2015, 

Macchiarini et al., 2008). Although such biologic matrices have important theoretical 

advantages, the decellularisation process is often very harsh and biomechanical and 

biochemical deterioration is often noted (Haykal et al., 2012, Sun et al., 2015). Others 

continue work to establish the optimal decellularisation protocols (Jungebluth et al., 

2009, Zang et al., 2012, Kiselevsky et al., 2011, Bijonowski et al., 2013, Baiguera et al., 

2014, Weymann et al., 2015). However, tissue engineering approaches reliant on 

cadaveric tissue are limited by the shortage of donors, potential infection and suitability 

of available tissue. 

 Here, we used a biodegradable synthetic polymer, POSS-PCL which has 

already shown promise for applications including trachea replacement wherein it was 

shown to support the proliferation of bone marrow mesenchymal stem cells and 

bronchial epithelial cells for up to 14 days (Teoh et al., 2015). However, to our 

knowledge no other study has shown that this scaffold material supports the 

differentiation of stem cells. An optimal interaction between scaffold and cells is vital: 

the scaffold is required to not only act as a framework for the cells, but also promote 
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their growth and differentiation. Our results show that POSS-PCL nanoscaffolds not 

only support the survival of pADSCs, but also maintain their differentiation potential. 

Both human paediatric and chick ADSCs colonised the POSS-PCL nanoscaffolds and 

deposited Alcian blue-positive chondroid matrix. Importantly, the POSS-PCL 

nanoscaffold was able to retain the chondroid matrix deposited by the ADSCs. 

Chondrogenically-induced samples expressed high levels of aggrecan on a protein level, 

similar to that shown for pADSCs seeded in the non-biodegradable POSS-PCU 

nanoscaffold in our previous study (Guasti et al., 2014). POSS-PCL nanoscaffold was 

also conducive for the differentiation of pADSCs towards an epithelial-like cell, 

although it is envisaged that derivitisation of scaffold or coating with a basement 

membrane protein will be required to support differentiation towards a more mature 

epithelial phenotype.  

Biocompatibility of tissue engineered constructs is critical and vascularisation is 

considered a major determinant of the success of any implanted engineered construct 

(Auger et al., 2013). Cartilage is an avascular tissue, with nutrients supplied by 

diffusion. Nonetheless, encasing of a tissue-engineered cartilage construct by host 

vessels is important for its anchorage in situ, to prevent extrusion and maintain its 

homeostasis. This study demonstrates the biocompatibility of acellular and cellularised 

POSS-PCL nanoscaffolds seeded with either control or chondrogenically-induced 

pADSCs. Not only were the chondrogenically-induced ADSC-seeded POSS-PCL 

samples enwrapped by host vessels, suggesting that risk of extrusion would be low, but 

also an infiltration of immunologically active host cells was noted. The presence of 

immune cells has been shown to be required for optimal regeneration, degradation of 
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scaffold and overall implant success (Jones, 2008, Bartaula-Brevik et al., 2014, Brown 

et al., 2012). 

The ability of the POSS-PCL nanoscaffolds to support differentiation of 

pADSCs towards both desired cell phenotypes, and the biocompatibility of pADSC-

nanoscaffolds in short term in ovo studies provides a strong basis for progressing to 

studies in larger animals. Long term in vivo studies for the repair of critical size defects 

are required to measure immune response, ensure integration of the ADSC-seeded 

POSS-PCL nanoscaffold, and assess the ability of the engineered composite to maintain 

structure and differentiated phenotype.  

This study has important implications for bioengineering of the airways and 

confirms the plastic-nature of paediatric ADSC, specifically their ability to generate a 

tight barrier-forming epithelium. Further work to establish the mechanical strength of 

the composites and rate of degradation is necessary to verify the suitability of their 

clinical long-term use. Clinical application of this technology in upper airways 

reconstruction appears feasible.  
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Figure Legends 

Figure 1. Paediatric ADSCs (pADSCs) transdifferentiate towards an epithelial-like 

phenotype. (A-C) Immunostaining of pADSCs maintained on Matrigel™-coated plastic 

for 3 weeks for the epithelial markers, zonula occludens-1 (ZO-1, red) and cytokeratin-

18 (CK-18, green). (A) control medium; low cytoplasmic expression of ZO-1 and 

occasional CK-18 is observed. (B-C) epithelial induction medium; most cells express 

CK-18 and ZO-1 is localized at the tight junctions. (D) CK-18 and ZO-1 mRNA 

expression detected by RT-qPCR; there is a significant increase in CK-18 transcript (*: 

p<0.05) whilst ZO-1 mRNA expression remains unchanged. (E) Trans-epithelial 

electrical resistance (TEER); TEER, a measurement of tight-junction function, increases 

in epithelially-induced pADSCs. Experiments were performed on ADSCs isolated from 

at least four paediatric patients, with the exception of the TEER experiments that were 

performed in triplicate on two pADSC lines. Mean ± SEM. 

Figure 2. Generation of an epithelium-lined cartilage from pADSCs. Timeline 

outlines the experimental strategy for co-culture experiments. (A) Chondrogenically-

differentiated pADSC-micromasses (chon) express collagen-II (col-II, red). (B) pADSC 

epithelial and chondrogenically-differentiated micromasses (epi-chon) express CK-18-

positive epithelial differentiated ADSCs and collagen-II-positive chondrogenic ADSCs 

(col-II, red; CK-18, green). (C) Negative control with secondary antibody alone. (D) 

Chondrogenically-differentiated pADSC-micromasses display F-actin (green) organized 

into thick parallel bundles. (E-F) pADSC epithelial and chondrogenically-differentiated 

micromasses (epi-chon) exhibit lower levels of F-actin expression, some of which 

associated with cell-cell adhesions.   
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Figure 3. Viability and proliferation of ADSCs on monolayer POSS-PCL 

nanoscaffold. (A) GFP- expressing chick ADSCs seeded on 2D POSS-PCL. (B) 

Percentage of dead cells detected by PI staining in pADSCs seeded onto either plastic or 

nanoscaffold. (C) Percentage of BrdU positive nuclei in pADSCs seeded onto either 

plastic or nanoscaffold. (B & C) The experiments were performed on ADSCs isolated 

from three paediatric patients, Mean ± SEM. 

Figure 4. Differentiation potential of ADSCs on monolayer 2D POSS-PCL 

nanoscaffold. Representative brightfield images depicting morphology of pADSCs 

differentiated towards either adipogenic (A), osteogenic (B), or chondrogenic lineages 

(C), compared to pADSCs maintained under control conditions (D). (A-D) Scale bars 

equal to 100 µm. 

Figure 5. Epithelial differentiation of pADSCs on monolayer 2D POSS-PCL 

nanoscaffold. Representative brightfield images depicting the similar morphology of 

pADSCs differentiated towards the epithelial lineage seeded onto plastic (A) and POSS-

PCL nanoscaffold (B). (C) CK-18 mRNA expression is upregulated in pADSCs seeded 

on both plastic and POSS-PCL. 

Figure 6. Migration and chondrogenic differentiation of GFP-expressing chick 

ADSC and pADSCs and epithelial differentiation of pADSCs in 3D POSS-PCL 

nanoscaffolds. Sections of unseeded and cellularized nanoscaffolds after 3 weeks in 

culture are shown in (A-F) whereas (G-J) show cells on the top surface of the 

nanoscaffold following epithelial differentiation induction. (A) Microstructure of 

unseeded nanoscaffold (blue), (B) GFP-expressing chick ADSC (green) seeded within 

the nanoscaffold (blue). (C) Alcian blue-stained chick ADSC-nanoscaffold composites 
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incubated in chondrogenic media; positive chondroid matrix is apparent (arrow); (c') 

this is in contrast to composites incubated under control conditions. (D) The 

chondrogenic marker, aggrecan, is expressed in the GFP-expressing chick ADSC-

nanoscaffold composites incubated in chondrogenic medium. (D-F) Aggrecan staining 

of CAM-grafted scaffolds seeded with: chondrogenically differentiated cADSC (E), 

undifferentiated cADSCs (E) and unseeded scaffolds (F). Note that aggrecan deposition 

(red) is observed only upon chondrogenic differentiation. Images are at the same 

magnification. (G) Collagen-II staining following chondrogenic differentiation of 

pADSC seeded on POSS-PCL; g’: no primary antibody control. (H-J) Surface images of 

ZO-1(tight junction marker)  staining of pADSCs following epithelial differentiation on 

3D porous POSS-PCL. Low (H) and high (I) magnification of epithelially differentiated 

pADSC; in (H) reflection is used to visualise the scaffold surface  (grey). (I) Surface 

image of epithelially differentiated pADSC co-cultured with chondrogenic 

differentiated pADSC on POSS-PCL. (K) Control staining (secondary antibody only) of 

epithelially differentiated pADSC. Scale bars in H-K= 20 µm.  

Figure 7. Biocompatibility of POSS-PCL nanoscaffolds in vivo. (A-C) 

Characterization of unseeded POSS-PCL by chorioallantoic membrane (CAM) grafting: 

(A) Vascularization of unseeded POSS-PCL nanoscaffolds (arrows point to host 

vessels). (B) Attachment of unseeded nanoscaffold to the CAM (scale bar 500 µm). (C) 

Hoechst 33258 nucleiar staining of unseeded nanoscaffold;  note host cell infiltration. 

(D-H) In vivo characterization of chick ADSC-seeded nanoscaffold:  (D-E) 

Vascularization of control, (D) and chondrogenically-induced (E) chick ADSC-

nanoscaffold. (F) Vascularization of chondrogenically-induced pADSC-nanoscaffold. 

(G) Stain of CAM-grafted pADSC-nanoscaffold with an antibody specific for chicken 
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monocytes and macrophages; positive host cells (brown) are observed; nuclei are 

counterstained with haematoxylin (blue). (H) Vascularisation of epithelium-lined 

chondrogenically-induced pADSC-nanoscaffold. (A-H) Scale bars equal to 500 µm, 

unless otherwise stated. 

Page 30 of 37

http://mc.manuscriptcentral.com/term

Journal of Tissue Engineering and Regenerative Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

Figure 1. Paediatric ADSCs (pADSCs) transdifferentiate towards an epithelial-like phenotype. (A) pADSCs 
seeded on Matrigel™-coated plastic and cultured under control conditions express cytoplasmic zonula 

occludens-1 (ZO-1, red) and little-to-nil epithelial marker cytokeratin-18 (CK-18, green), (B & C) pADSCs 

cultured with retinoic acid express ZO-1 along the tight junctions and CK-18 in abundance. (D) CK-18 mRNA 
expression increases when the pADSCs are cultured towards an epithelial phenotype using a retinoic acid-

supplemented media, whilst ZO-1 mRNA expression remains unchanged. (E) Trans-epithelial electrical 
resistance (TEER) ─ a measurement of tight-junction function ─ increases in pADSCs induced towards an 

epithelial phenotype. Experiments were performed on ADSCs isolated from at least four paediatric patients, 
with the exception of the TEER experiments that were performed in triplicate on two pADSC lines. Mean ± 

SEM.  
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Figure 2. Generation of an epithelium-lined cartilage. Timeline outlining the experimental strategy for co-
culture experiments. (A) Chondrogenically-differentiated pADSC-micromasses (chon) express collagen-II 
(col-II, red). (B) pADSC epithelial and chondrogenically-differentiated micromasses (epi-chon) express CK-
18-positive epithelial differentiated ADSCs and collagen-II-positive chondrogenic ADSCs (col-II, red; CK-18, 
green). (C) Negative control with secondary antibody alone. (D) Chondrogenically-differentiated pADSC-
micromasses display F-actin (green) organized into thick parallel bundles. (E-F) pADSC epithelial and 

chondrogenically-differentiated micromasses (epi-chon) exhibit lower levels of F-actin expression, some of 
which associated with cell-cell adhesions.    

162x153mm (150 x 150 DPI)  

 

 

Page 32 of 37

http://mc.manuscriptcentral.com/term

Journal of Tissue Engineering and Regenerative Medicine

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

Figure 3. Viability and proliferation of ADSCs on monolayer POSS-PCL nanoscaffold. (A) GFP- expressing 
chick ADSCs seeded on monolayer nanoscaffold. (B) Percentage of dead cells detected by PI staining in 

pADSCs seeded onto either plastic or nanoscaffold. (C) Percentage of BrdU positive nuclei in pADSCs seeded 

onto either plastic or nanoscaffold. (B & C) The experiments were performed on ADSCs isolated from three 
paediatric patients, Mean ± SEM.  
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Figure 4. Differentiation potential of ADSCs on monolayer 2D POSS-PCL nanoscaffold. Representative 
brightfield images depicting morphology of pADSCs differentiated towards either adipogenic (A), osteogenic 

(B), or chondrogenic lineages (C), compared to pADSCs maintained under control conditions (D). (A-D) 
Scale bars equal to 100 µm.  
164x128mm (150 x 150 DPI)  
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Figure 5. Epithelial differentiation of pADSCs on monolayer 2D POSS-PCL nanoscaffold. Representative 
brightfield images depicting the similar morphology of pADSCs differentiated towards the epithelial lineage 

seeded onto plastic (A) and POSS-PCL nanoscaffold (B). (C) CK-18 mRNA expression is upregulated in 
pADSCs seeded on both plastic and POSS-PCL.  
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Figure 6. Migration and chondrogenic differentiation of GFP-expressing chick ADSC and pADSCs and 
epithelial differentiation of pADSCs in 3D POSS-PCL nanoscaffolds. Sections of unseeded and cellularized 

nanoscaffolds after 3 weeks in culture are shown in (A-F) whereas (G-J) show cells on the top surface of the 

nanoscaffold following epithelial differentiation induction. (A) Microstructure of unseeded nanoscaffold 
(blue), (B) GFP-expressing chick ADSC (green) seeded within the nanoscaffold (blue). (C) Alcian blue-

stained chick ADSC-nanoscaffold composites incubated in chondrogenic media; positive chondroid matrix is 
apparent (arrow); (c') this is in contrast to composites incubated under control conditions. (D) The 

chondrogenic marker, aggrecan, is expressed in the GFP-expressing chick ADSC-nanoscaffold composites 
incubated in chondrogenic medium. (D-F) Aggrecan staining of CAM-grafted scaffolds seeded with: 

chondrogenically differentiated cADSC (E), undifferentiated cADSCs (E) and unseeded scaffolds (F). Note 
that aggrecan deposition (red) is observed only upon chondrogenic differentiation. Images are at the same 
magnification. (G) Collagen-II staining following chondrogenic differentiation of pADSC seeded on POSS-
PCL; g’: no primary antibody control. (H-J) Surface images of ZO-1(tight junction marker)  staining of 
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pADSCs following epithelial differentiation on 3D porous POSS-PCL. Low (H) and high (I) magnification of 
epithelially differentiated pADSC; in (H) reflection is used to visualise the scaffold surface  (grey). (I) 

Surface image of epithelially differentiated pADSC co-cultured with chondrogenic differentiated pADSC on 
POSS-PCL. (K) Control staining (secondary antibody only) of epithelially differentiated pADSC. Scale bars in 

H-K= 20 µm.  
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Figure 7. Biocompatibility of POSS-PCL nanoscaffolds. (A-C) In vivo characterization of unseeded POSS-PCL 
by chorioallantoic membrane (CAM) grafting: (A) Vascularization of unseeded POSS-PCL nanoscaffolds 

(arrows point to host vessels), (B) attachment of unseeded nanoscaffold to the CAM (scale bar 500 µm), (C) 

host cell infiltration of unseeded nanoscaffold as demonstrated by nuclei staining using Hoechst 33258. (D-
H) In vivo characterization of ADSC-seeded nanoscaffold:  (D) Vascularization of control chick ADSC-

nanoscaffold, and (E) chondrogenically-induced chick ADSC-nanoscaffold, (F) vascularization of 
chondrogenically-induced pADSC-nanoscaffold. (G) Host cells labelled with an antibody specific for 

monocytes and macrophages are evident in the CAM-grafted pADSC-nanoscaffolds, brown expression is 
positive for mono/mac antibody; haematoxylin was used to counterstain nuclei blue. (H) Vascularisation of 
epithelium-lined chondrogenically-induced pADSC-nanoscaffold. (A-H) Scale bars equal to 500 µm, unless 

otherwise stated.  
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