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Abstract 
 

INTEGRATING NON-VIRAL GENE THERAPY AND 3D BIOPRINTING FOR 

BONE, CARTILAGE AND OSTEOCHONDRAL TISSUE ENGINEERING 

PhD thesis by 

Tomas Gonzalez Fernandez 

 

 The repair of osteochondral defects, affecting both the articular cartilage and the 

underlying subchondral bone, is key for the effective recovery of joint homeostasis and 

the prevention of further cartilage degeneration and the onset of osteoarthritis (OA).  

Although important advances have been made in the field of tissue engineering to 

regenerate these injuries, the traditional approaches based on the formation of 

homogenous tissues fail to recapitulate the spatial complexity of the osteochondral unit. 

The objective of this thesis was to engineer a multiphasic tissue suitable for 

osteochondral defect regeneration by combining 3D bioprinting and non-viral gene 

delivery to spatially regulate the differentiation of mesenchymal stem cells (MSCs). 

Realising this objective first required (1) optimisation of the non-viral gene delivery 

vector, (2) the identification of suitable therapeutic gene combinations to direct MSC 

differentiation and (3) the development of printable biomaterials, also known as bioinks, 

which were supportive of non-viral gene delivery both in vitro and in vivo.  These gene 

activated bioinks were capable of spatially directing MSC fate towards either the 

osteogenic or chondrogenic pathway. In turn, this enabled the printing of mechanically 

robust biphasic osteochondral constructs with zonally confined gene delivery and 

spatially defined stem cell differentiation and matrix deposition. In vivo, these printed 

constructs promoted the development of tissue mimicking key aspects of the 

osteochondral unit. In conclusion, this thesis highlights a promising and novel approach 

for the incorporation of gene delivery for 3D bioprinting ande engineering of 

therapeutically relevant and structurally complex musculoskeletal tissues. 
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Summary 
 

 Articular cartilage injuries can cause pain and disability and show poor capacity 

for self-repair. In addition, if not treated, they can predispose patients for osteoarthritis 

(OA). OA is a prevalent joint disease and affects both the articular cartilage and the 

underlying subchondral bone, and results in severe joint degradation, pain and loss of 

function. At present, there is no cure for OA and most current therapies for cartilage 

repair and regeneration, such as microfracture, osteochondral autografts and 

autologous chondrocyte implantation, are limited and only suitable for treating focal 

defects of the joint surface. This has motivated the field of cartilage and osteochondral 

tissue engineering (TE) to find new approaches to regenerate damaged joints and thus, 

prevent the onset of OA. Traditional tissue engineering approaches typically involve the 

homogenous distribution of cells (e.g. mesenchymal stem cells) and growth factors in 

mechanically weak biomaterials, in an attempt to produce uniform tissues that are not 

suitable for treating large osteochondral defects. It is evident that new strategies are 

required to recapitulate the complexity of interfacial tissues such as the osteochondral 

unit.  

Novel biofabrication techniques such as 3D bioprinting of cells and growth 

factors in hydrogel bioinks could be a potential solution, as this approach offers precise 

layer-by-layer spatial control and could allow for zonal phenotypic regulation of host 

and transplanted cells to guide tissue and organ regeneration. However, the spatial 

presentation of signalling molecules such as recombinant growth factors can be 

challenging, as such proteins can easily diffuse through the hydrogels that are commonly 

used as bioinks, thereby preventing the spatial confinement of such cues to required 

regions of the printed construct. Engineering cells to locally produce growth and 

transcription factors through the incorporation of non-viral gene delivery into a 3D 

printable material might offer a promising alternative for localised and sustained gene 

delivery of growth and transcription factors. This thesis aimed to investigate the 

combination of nanoparticle-based non-viral gene delivery and biofabrication 

techniques for the development of a new generation of 3D bioprinted gene activated 

constructs for osteochondral TE. 
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 Firstly, the capacity of nanohydroxyapatite (nHA) to deliver reporter and 

therapeutic genes to mesenchymal stem cells (MSCs) encapsulated in alginate hydrogels 

was explored. Successful sustained transfection and overexpression of therapeutic 

genes offered by this gene activated alginate hydrogels led to either chondrogenic or 

osteogenic differentiation of MSCs depending of the delivered gene combination. The 

osteogenic potential of this approach confirmed the relevance of nHA-mediated 

transfection in alginate gels for endochondral bone tissue engineering. However, the 

possible osteoinductivity of nHA could limit its use as gene carrier for stable cartilage 

tissue engineering.  

 The success of non-viral gene delivery ultimately depends on the choice of gene 

delivery vector. Recognizing the inherent osteogenicity of nHA, novel and stablished 

non-viral gene delivery vectors were compared for their capacity to support 

chondrogenesis and osteogenesis of MSCs. The differences found in cell viability, 

morphology, gene transcription and MSC fate between the use of polyethylenimine 

(PEI), nHA and the RALA amphipathic peptide (RALA) as nanoparticle-based gene carriers 

demonstrated that the differentiation of MSCs through the application of non-viral gene 

delivery strategies depends not only on the gene delivered, but also on the delivery 

vector itself. When delivering the same genetic cargo, nHA vectors promoted 

mineralization and MSC hypertrophy, while RALA transfected cells promoted a more 

stable cartilage phenotype. 

 After identifying nHA-mediated gene delivery for the osseous layer of a 

multiphasic osteochondral construct, MSC transfection using the RALA peptide was 

assessed for stable chondrogenic differentiation and the formation of de novo hyaline 

cartilage. Parameters for RALA-mediated gene delivery to MSCs were optimized and 

combinatorial gene delivery of chondrogenic growth and transcription factors was 

shown to promote chondrogenesis of MSCs and suppress their progression towards the 

endochondral route.  

 As this thesis progressed, and once the best combinations of non-viral gene 

delivery vectors and therapeutic genes for either chondrogenesis or osteogenesis of 

MSCs were identified, we sought to incorporate these nanoparticle-pDNA complexes 

into alginate-based bioinks to gain spatiotemporal control over gene delivery within 3D 



6 
 

printed constructs. nHA-plasmid DNA (pDNA) complexes entrapped into calcium 

chloride (CaCl2) pre-crosslinked alginate hydrogels were used to co-print 

polycaprolactone (PCL) fibre reinforced constructs able to drive bone formation in vivo. 

In addition, the incorporation of RALA-mediated gene delivery of chondrogenic factors 

in alginate-methylcellulose (ALG-MC) hybrid gels resulted in pore-forming bioinks 

capable of in vivo cartilage tissue formation.   

 Finally these developed gene activated bioinks were used to engineer 

mechanically robust, bi-phasic osteochondral constructs capable of zonal MSC 

differentiation and the recapitulation of certain key biochemical gradients found in the 

native osteochondral unit. 

 In conclusion, this thesis describes the development of a novel strategy for the 

engineering of multiphasic gene activated osteochondral constructs able to direct MSC 

phenotype to generate spatially complex tissues. This work highlights the synergies that 

can be achieved by combining 3D bioprinting and non-viral combinatorial gene delivery, 

particularly for the engineering of complex musculoskeletal interface tissues. 
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mm. Collagen type II (J, K and L) and Collagen type X (M, N and O) immunostaining at day 28. 

Scale bars = 0.1 mm and 1 mm. (P, Q and R) Cell viability at day 28; green fluorescence indicates 

viable cells, red fluorescence indicates dead cells. Scale bar = 1mm. ...................................... 112 

 

Fig.4.1. Graphical abstract (experimental design): MSCs were transfected using either ceramic 

(nHA), cationic polymer (PEI) or amphipathic peptide (RALA) non-viral gene delivery vectors, 

complexed to plasmid DNA (pDNA) encoding for either reporter or therapeutic genes. After 

transfection, the adipogenic, osteogenic and chondrogenic potential of the treated MSCs were 

assessed in 2D (monolayer culture in bi-potent media) and 3D (pellet culture) in order to 

elucidate the effects of the gene transfer nanomaterial on MSC fate. .................................... 119 

 

Fig.4.2. Size (A) and charge (B) of the nHA-pGFP, PEI-pGFP and RALA-pGFP complexes. (**) 
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comparison to the RALA-pGFP group. TEM images of the nHA-pGFP (D), PEI-pGFP (C) and RALA-
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Fig.4.3. (A) Percentage of GFP positive cells at days 3 and 7 post transfection with nHA-pGFP, 

PEI-pGFP and RALA-pGFP complexes. (B) Cell metabolic activity (% of non-transfected control) 

at days 1 and 3 post transfection. (C) Fluorescent inverted microscopy images of the transfected 
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MSCs and day 1 and 3 after transfection. Scale bar = 200 µm. (D) Cell surface area, (E) circularity 

and (F) cell aspect ratio of the transfected cells at days 1 and 3 post transfection. (*) denotes 

significance (n=4 for A and B, n=6 for D, E and F, p<0.05) in comparison to all groups at the same 

time point; (**) denotes significance (n=4 for A and B, n=6 for D, E and F, p<0.01) in comparison 

to all groups in the same time point; (***) denotes significance (n=4 for A and B, n=6 for D, E 

and F, p<0.001) in comparison to all groups at the same time point. ...................................... 131 

 

Fig.4.4. Immunofluorescent images of cells stained for vinculin (green), F-actin (red) and nuclei 

(blue) at day 1 (A-D) and 3 (E-H) after transfection with nHA-pLUC (B,F), PEI-pLUC (C,G) and 

RALA-pLUC (D,H) complexes and the untreated control (A,E). Scale bar = 50 µm. .................. 132 
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adipo media. (A) Alizarin red staining. Scale bar = 500µm (B) Oil-Red-O (ORO) staining. Scale bar 
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2D culture. Scale bar = 100 µm. (D) Quantification of alizarin red (AR) staining of the transfected 

monolayers. (E) Quantification of oil-red-o (ORO) staining of the transfected monolayers. (*) 

Denotes significance (n=3, p<0.05) in comparison to all groups in the same culture condition; (a) 

denotes significance (n=3, p<0.05) in comparison to PEI-pGFP in the same culture condition; (b) 

denotes significance (n=3, p<0.05) in comparison to the control group in the same culture 
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Fig.4.6. (A) TGF-β3 and (B) BMP2 protein expression after 3 and 7 days of MSC in vitro 2D 

transfection using nHA, PEI and RALA as gene delivery vectors. (C) Alizarin red staining. Scale bar 
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Fig.4.7. Relative expression levels of SOX9 (A), ACAN (B) and RUNX2 (C) in the nHA, PEI and RALA 

transfected pellets with either pGFP, pTGF-β3 (pTGF), pBMP2 (pBMP) or a combination of both 

(pTGF-pBMP) after 7 days of in vitro culture. (D) SOX9:RUNX2 relative expression levels ratio. 

Total GAG (E) and collagen (F) content in the nHA, PEI and RALA transfected pellets after 21 days 
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of in vitro culture. (c) Denotes significance (n=4, p<0.05) in comparison to the PEI-pTGF and PEI-

pTGF-pBMP groups. (d) Denotes significance (n=4, p<0.05) in comparison to all PEI transfected 

groups. (e) Denotes significance (n=4, p<0.05) in comparison to all the rest RALA-transfected 

groups. (***) denotes significance (n=4, p<0.001) in comparison to all the groups. The dotted 

line indicates the non-transfected control (fold change = 1). ................................................... 137 

 

Fig.4.8. Histological examination of the non-transfected MSC pellets (A) and transfected MSC 
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TGF-β3, BMP2 or a combination of both, after 21 days of in vitro culture. sGAG histological 
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Fig.5.1. Graphical abstract. (A) Optimisation of RALA-mediated delivery of reporter genes (pGFP 

and pLUC) to BMSCs. (B) Combinatorial gene delivery of pDNA encoding for the growth factors 

TGF-β3, BMP2 and BMP7 to induce BMSCs chondrogenesis at 5% pO2. (C) Gene delivery of the 

chondrogenesis regulatory factors CHM1, GREM1, HDAC4 and SOX9 to suppress endochondral 

ossification of BMSCs at 20% pO2. (D) Combinatorial gene delivery of the growth factors TGFβ3 

and BMP2, and the regulatory factors CHM1, GREM1, HDAC4 and SOX9 to promote 

chondrogenesis of BMSCs and supress endochondral ossification at 20% pO2. ...................... 150 

 

Fig.5.2. Optimisation of the RALA:pDNA n:p ratio for BMSC transfection. (A) % of GFP positive 

cells at day 1, 3 and 4 after transfection with RALA-pDNA complexes at n:p ratio of 4, 6, 8 and 

10. (B) Quantification of luciferase expression in culture media at day 1, 3 and 7 after 

transfection. (C) Quantification of DNA (ng) of the control and transfected cells at day 1, 3 and 7 

after transfection. (D) Cell metabolic activity as a % of the control at day 1, 3 and 7 after 

transfection. (**) Denotes significance (n=4, p<0.01) to all the groups at the same time point; 

(***) denotes significance (n= 4, p<0.001) to all the groups at the same time point; ($$) denotes 

significance (n=4, p<0.01) to all the transfected groups at the same time point. ($$$) denotes 
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Quantification of luciferase expression in culture media at day 1, 3 and 7 after transfection. (B) 

Quantification of DNA (ng) of the control and transfected cells at day 1, 3 and 7 after 

transfection. (C) Cell metabolic activity as a % of the control at day 1, 3 and 7 after transfection. 

(D) Fluorescent imaging of BMSCs one day after RALA-pGFP transfection prior pellet formation 

and after pellet formation at day 1, 7 and 14. Scale bar = 250 μm. (**) Denotes significance (n=4, 

p<0.01) to all the groups at the same time point; (***) denotes significance (n=4, p<0.001) to all 

the groups at the same time point; ($) denotes significance (n=4, p<0.05) to medium and high 

groups at the same time point; ($$) denotes significance (n=4, p<0.01) to medium and high 

groups at the same time point; (!) denotes significance (n=3, p<0.05) to control, and all low 

groups at the same time point; (!!) denotes significance (n=4, p<0.01) to control, and all low 

groups at the same time point; (!!!) denotes significance (n=4, p<0.001) to control, and all low 
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Fig.5.4. Gene overexpression of therapeutic genes and pellet formation after RALA-pGFP 

transfection. Relative expression (to non-transfected control, fold change = 1) levels of TGF-β3 

(A), BMP2 (B), BMP7 (C), CHM1 (D), GREM1 (E), HDAC4 (F) and SOX9 (G) at day 3 after monolayer 

RALA-mediated transfection of BMSCs. (***) Denotes significance (n=4, p<0.001) to the pGFP 
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Fig.5.5. Combinatorial gene delivery of growth factors for BMSCs chondrogenesis. Total DNA (A), 

GAG (B), collagen (C) and Calcium (D) deposition (μg/pellet) after 28 days of in vitro culture. (E) 

Histological (GAG, collagen and calcium) and immunohistochemical (collagen type I, II and X) of 

the pellets after 28 days of in vitro culture. Scale bar = 100 μm for the 20x images and 1 mm for 

the 4x images. (*) Denotes significance (n=4, p<0.05) to all the groups at the same time point; 

(**) denotes significance (n=3, p<0.01) to all the groups at the same time point; (***) denotes 
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Fig.5.6. RALA-mediated gene delivery of chondrogenesis regulatory factors to BMSCs. Total DNA 

(A), GAG (B), collagen (C) and Calcium (D) deposition (μg/pellet) after 28 days of in vitro culture. 

(E) Histological (GAG, collagen and calcium) and immunohistochemical (collagen type I, II and X) 
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of the pellets after 28 days of in vitro culture. Scale bar = 100 μm for the 20x images and 1 mm 

for the 4x images. (*) Denotes significance (n=4, p<0.05) to the CTRL- and pGFP groups; (***) 
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Total DNA (A), GAG (B), collagen (C) and Calcium (D) deposition (μg/pellet) after 28 days of in 

vitro culture. (E) Histological (GAG, collagen and calcium) and immunohistochemical (collagen 

type I, II and X) of the pellets after 28 days of in vitro culture. Scale bar = 100 μm for the 20x 

images and 1 mm for the 4x images. (**) Denotes significance (n=4, p<0.01) in comparison to all 

the groups; (***) denotes significance (n=4, p<0.001) to all the groups; (!!) denotes significance 

(n=4, p<0.01) in comparison to all the groups except pTGF-pBMP-pHDAC; (!!!) denotes 
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significance (n=4, p<0.05) in comparison to all the groups except CTRL-. (&&&) Denotes 
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Fig.6.3. (A) Positive expression of red fluorescent protein (RFP) was detected 24 hours post 

bioprinting. Scale bar = 200 μm. (B, C) Luciferase expression was quantified and imaged for 14 

days post bioprinting, demonstrating a sustained and increasing expression profile over time. 

Scale bar = 10 mm. (***p<0.001)  ............................................................................................. 182 

 

Fig.6.4. (A) Macroscopic appearance of bioprinted constructs immediately post bioprinting, and 
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analysis revealed significantly higher levels of DNA in addition to glycosaminoglycan (GAG) and 
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collagen deposition was achieved following pDNA incorporation vs. nHA-alone controls. 

(**p<0.01, ***p<0.001). ........................................................................................................... 183 
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Fig.7.1. Development and characterization of ALG-MC gels. (A) Schematic of the fabrication of 

the ALG-MC gels. (B) Macroscopic appearance of cylindrical gels fabricated with alginate and 

ALG-MC at 1:1 and 1:2 alginate-methylcellulose ratios (C) Histological analysis through H&E 

staining of the structure of the alginate and ALG-MC gels, scale bar = 1 mm in the lower 

magnification images and 0.2 mm in the higher magnification images. (D) CryoSEM analysis of 

the micro-porosity of alginate and ALG-MC gels, scale bar = 1 μm. (E) Percentage of wet weight 

loss in the alginate and ALG-MC gels after 7 days in aqueous solution. (F) Young´s modulus of 

the alginate and ALG-MC gels after 1 day of fabrication. (G) Pore diameter calculation based on 

the cryoSEM imaging of the alginate and alginate-MC gels. (*) Denotes significance (n=4, p<0.05) 

in comparison to the rest of the groups; (**) denotes significance (n=4, p<0.01) in comparison 

to the rest of the groups; (***) denotes significance (n=4, p<0.001) in comparison to the rest of 
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Fig.7.2. Printability of ALG-MC hybrid gels. (A) Viscosity of ALG-Ca and ALG-MC gels (ALG 1:1 MC 

and ALG 1:2 MC) as a function of shear rate. (B) Viscosity recovery test as a function of shear 

rate. (C) Spreading ratio of the alginate, ALG-Ca and ALG-MC gels. Images of printed patterns of 
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encapsulated MSCs 1 day after printing (living cells are stained in green, dead are red). Scale bar 
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Percentage of living cells in the printed gels 1 day after fabrication. Quantification of DNA/ww 

(D), GAG/ww (E), collagen/ww (F) and calcium/ww (G) in the 3D printed gels after 28 days of in 

vitro culture in chondrogenic media. (H) Histological and immunohistochemical analysis of the 

3D printed gels after 28 days of in vitro culture. (Scale bar = 0.5 mm). (*) Denotes significance 
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in the alginate and ALG-MC gels. (A) CryoSEM images of the encapsulated RALA-pDNA 
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day 1, 3, 7 and 11. (*) Denotes significance (n=4, p<0.05) in comparison to the rest of the groups 

at the same time point; (**) denotes significance (n=4, p<0.01) in comparison to the rest of the 

groups at the same time point; (ns) denotes no significance (n=4, p>0.05). ........................... 206 

 

Fig.7.5. In vitro RALA-mediated gene delivery in 3D printed ALG-CA and ALG-MC gels. (A) 

Schematic of the encapsulation of MSCs and RALA-pLUC complexes into the alginate-based 
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Fig.7.6. In vivo RALA-mediated gene delivery in 3D printed ALG-Ca and ALG-MC gels. (A) 

Schematic of alginate-based bioinks and 3D printing and mouse subcutaneous implantation to 

assess the in vivo luciferase expression. Macroscopic images of the nude mice during the 
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acellular), C (top RALA-pLUC in ALG-Ca and bottom nHA-pLUC in ALG-Ca) and D (top RALA-pLUC 

in ALG-Ca and bottom RALA-pLUC in ALG-MC)) and cell laden (E (top CTRL acellular, bottom CTRL 

cellular), F (top nHA-pLUC in ALG-Ca and bottom nHA-pLUC in ALG-MC) and G (top RALA-pLUC 

in ALG-Ca and bottom RALA-pLUC in ALG-MC) gene activated gels at day 3 after implantation. 

Bioluminescence quantification (ph/s/sr) of the acellular (H) and cell laden (I) gene activated 

gels. (!) Denotes significance (n=6, p<0.05) in comparison to the non-transfected control (CTRL) 

at the same time point; (***) denotes significance (n=>4, p<0.001) in comparison to the rest of 
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activated hydrogels. Young´s modulus (E) and Equilibrium modulus (F) of the control and gene 

activated gels after 28 days of in vitro culture. (G) Histological and immunohistochemical 

examination of the control and gene activated constructs after 28 days of in vitro culture. Scale 

bar = 0.5 mm. (*) Denotes significance (n=4, p<0.05) in comparison to the rest of the groups; 

(**) denotes significance (n=4, p<0.01) in comparison to the rest of the groups; (***) denotes 

significance (n=4, p<0.001) in comparison to the rest of the groups; (!) denotes significance (n=4, 
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implantation. (A) MicroCT images of the implanted groups after 4 weeks of in vivo implantation. 

(B) H&E histological examination of the implanted constructs, black arrows indicate areas of 

blood vessel activity. Histological examination of GAG (C) and collagen (D) deposition in the 

implanted gels. Immunohistochemical examination of collagen type II (E) and type X (E). Scale 
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Fig.7.9. Alginate-PCL mechanically reinforced constructs. (A) Macroscopic examination of the 

PCL constructs alone and cast with alginate (PCL ALG) and ALG-MC (1:1 and 1:2) gels. SEM images 
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Fluorescent imaging of MSC-laden PCL reinforced alginate (E), ALG-MC 1:1 (F) and ALG-MC 1:2 

(G) gels containing RALA-pGFP complexes at day 7 after fabrication. Scale bar = 500 μm for B 

and C and 250 μm for E, F and G. (***) Denotes significance (n=4, p<0.001). ......................... 216 
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Histological analysis of GAG, collagen and calcium of the control (A), nHA-pBMP/RALA-pTGF-

pBMP (B) and nHA-pBMP/RALA-pTGF-pBMP-pSOX (C) groups after 28 days of in vitro culture. 

Quantification of levels of DNA (D), GAG/DNA (E), collagen/DNA (F) and calcium/DNA (G) in the 
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of the images. (*) Denotes significance (n=4, p<0.05) in comparison to the rest of the groups; 
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CHAPTER 1 

Introduction  
 

1.1. Cartilage damage and osteoarthritis: pathology, treatment and 

social burden 

 

Focal articular cartilage defects are a common pathology of the knee joint. These 

lesions originate due to trauma and/or high physical activity, are associated with intense 

pain and disability and show poor capacity for self-repair due to the avascular nature of 

cartilage and the low mitotic activity of chondrocytes, the resident cell type within the 

tissue. Furthermore, chondral and osteochondral (defects that affect both the articular 

cartilage and the underlying subchondral bone) can predispose patients to osteoarthritis 

(Buckwalter and Mankin, 1998). 

Osteoarthritis (OA) is the most prevalent chronic joint disease and is associated 

with intense pain and loss of function in the affected joint (Bijlsma et al., 2011). It affects 

10% of men and 18% of women over 60 years of age (Woolf and Pfleger, 2003), 

generating a high socio-economic burden in developed countries (Reginster, 2002; 

Woolf and Pfleger, 2003). The medical care expenditures associated with OA patients in 

the United States exceeds $185 billion annually (Kotlarz et al., 2009), and as the 

population ages and gains weight, the costs and prevalence of OA are expected to 

exponentially increase in future years (Brooks, 2002; Jackson et al., 2001; Wallace et al., 

2017). By the year 2030 arthritis will affect the 25% of the US adult population (Hootman 

and Helmick, 2006).  

OA pathology involves a complex and multifactorial process which affects the 

whole joint, producing changes in the composition and structure of the articular 

cartilage and the subchondral bone which eventually result in severe degradation and 

inflammation. At present, there is no cure for OA and most current therapies for 

articular cartilage repair and regeneration show many limitations. 
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The treatment of knee OA has traditionally focused on symptom control and 

prevention strategies (Fibel et al., 2015). Current surgical therapies for the treatment of 

focal cartilage or osteochondral defects, such as bone marrow stimulation and 

mosaicplasty, aim to promote joint tissue regeneration and hence, limit the onset and 

progression of OA. These surgical techniques suffer from many limitations such as donor 

site morbidity and fibrocartilage tissue formation (Buckwalter and Martin, 2006). If joint 

damage progresses to end stage OA, the only clinical option is total joint arthroplasty, 

but this surgical procedure is constrained by a poor functional outcome in some patients 

and the lifespan of prostheses (Glyn-Jones et al., 2015), with ten year revision rates 

reported to be as high as 12% (Labek et al., 2011). 

This has led to a significant progress in the field of cartilage and osteochondral 

tissue engineering (TE), in order to find new approaches to regenerate damaged joints 

and prevent the onset of OA. 

 

1.2. Non-viral gene delivery in mesenchymal stem cell based TE 

strategies  

 

TE approaches, involving the combination of cells, carrier biomaterials and 

bioactive factors, have been investigated as a promising alternative that can provide a 

durable and stable repair without the problems and limitations associated with current 

therapies. Different cell sources, biomaterials and signals have been proposed for this 

purpose. Mesenchymal stem cells (MSCs) are a promising cell source for cartilage and 

bone regeneration due to their multipotent differentiation capacity and putative 

immunomodulatory properties (Tuan et al., 2003; Uccelli et al., 2008).  

MSC fate can be modulated through the introduction of exogenous genes for the 

cell-mediated synthesis of specific proteins, which might be preferable over the delivery 

of recombinant growth factors due to their short-half life, fast body clearance, lower 

therapeutic effect in comparison to natural proteins and the need of supraphysiological 

doses that might lead to unexpected side-effects (Evans, 2014; Santos et al., 2011; Zara 

et al., 2011). 
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 In this context, non-viral gene therapy offers a promising approach for the 

delivery of plasmid DNA (pDNA) encoding for growth and transcription factors for MSC 

based TE strategies. The transient over expression associated with these gene carriers, 

and the ease of fabrication and incorporation into 3D matrices for localised transfection, 

highlight the value of these vectors for TE. In comparison to their viral counterparts 

which due to their immunogenicity, risk of insertional mutagenesis that can result in 

oncogene transactivation, and high levels of expression that can cause adverse 

pathologies, might not be ideal for their application into regenerative medicine (RM) (Mi 

et al., 2003; Williams and Thrasher, 2014; Yin et al., 2014). 

The importance of the combination of 3D matrices or scaffolds with gene delivery 

for TE lies in a more prolonged and localised effect of the transgene overexpression, 

overcoming the limitations of 2D transfection (Dinser et al., 2001; Madry et al., 2003) 

and direct injection, which is not appropriate for targeting a specific tissue (Madry and 

Cucchiarini, 2014). Gene activated matrices (GAMs) are the result of this strategy, in 

which a gene and its carrier are contained in a biodegradable scaffold, which offers 

structural support, cell attachment, retention of new tissue formation, and confined 

gene delivery for an in situ effect. GAMs typically aim to deliver a single gene 

homogenously to cells within the scaffold. This approach is not suitable for engineering 

complex tissue interfaces such as the osteochondral unit, which consists of articular 

cartilage, calcified cartilage and the underlying subchondral bone. Another limitation of 

the current GAM approaches lies in the use of mechanically weak substrates that might 

not be able to withstand the high levels of compressive and shear loading that will be 

present in an articulating joint upon implantation.  

Due to the aforementioned issues, biofabrication techniques involving a layer-

by-layer spatial patterning of genetic gradients in 3D might be a promising strategy for 

the recapitulation of the native organization of the osteochondral unit.  
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1.3. 3D printing to enable musculoskeletal TE 

 

3D bioprinting allows for the precise spatial positioning of biomaterials, cells and 

bioactive compounds to fabricate 3D constructs with biological properties suitable for 

clinical restauration of tissue and organ function (Murphy and Atala, 2014). However, 

the biomaterials used for this purpose, also known as bioinks, offer limited biological 

activity and poor control of cellular processes such as MSC differentiation and specific 

matrix production. To overcome these limitations, the use of growth factor presentation 

to promote lineage-specific differentiation of stem cells has been explored, but this 

approach can be challenging due to the diffusive transport characteristics of the 

hydrogels typically used as bioinks.  

A potential way to overcome this limitation could be through nucleic acid 

delivery, via genes encoding for key signaling factors. For example, the physical 

encapsulation of pDNA complexed with non-viral nanoparticulate carriers into printable 

cell-laden bioinks might allow for the zonal printing of different vectors and pDNAs with 

limited diffusion of gene products between layers. In addition, the printing of polymer 

reinforced hydrogel composites enable the fabrication of constructs with mechanical 

properties similar to those of native cartilage while maintaining their biological 

functionality (Daly et al., 2017). 

 

1.4. Objectives of this thesis 

 

The main aim of this thesis is to explore the combination of nanoparticle-based 

non-viral gene delivery and biofabrication techniques for the development of a new 

generation of 3D bioprinted gene activated constructs for osteochondral TE. Specifically, 

we sought to develop a range of gene activated hydrogel based bioinks (GAB) that were 

supportive of either cartilage or bone development. We then sought to use these GABs 

to 3D bioprint spatially defined and mechanically reinforced constructs suitable for 

osteochondral TE. To this end, the following specific objectives were defined: 
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1. Explore the capacity of nanohydroxyapatite to transfect MSCs encapsulated in 

alginate hydrogels for bone and cartilage TE. The success of a gene delivery strategy 

ultimately depends on the gene delivery mechanism to maximize nucleic acid uptake 

and, consequently, downstream protein production. Inorganic nanoparticles made 

of calcium phosphate (CaP), gold or silica, have been drawing attention in TE due to 

their biocompatibility, wider availability, long-term stability, ease of preparation and 

low toxicity (Wagner and Bhaduri, 2012). CaP in the form of nanohydroxyapatite 

(nHA), has been shown to allow sustained MSC transfection in 3D collagen scaffolds 

and promote bone formation in vivo (Curtin et al., 2015). Developing a bioink for 

osteochondral TE first requires identification of a hydrogel that can support both 

cartilage and bone development. Alginate is a naturally occurring anionic polymer 

that is ideally suited to cartilage and bone TE due to its biocompatibility, tailorable 

degradation kinetics, and low toxicity (Lee and Mooney, 2012). Encapsulation of 

MSCs in alginate hydrogels has demonstrated potential for both cartilage and bone 

regeneration in vitro and in vivo (Igarashi et al., 2010; Sheehy et al., 2014a; Simmons 

et al., 2004). Furthermore, alginate can be used as a bioink for the 3D printing of 

MSCs supporting robust chondrogenesis in comparison to other hydrogel-based 

bioinks such as gelatin methacryloyl (GelMa) and BioINKTM (Daly et al., 2016a). With 

the view towards using alginate as the biomaterial element of a gene-activated 

bioink (GAB) and nHA as gene carrier, the first objective of this thesis will explore the 

capacity of nHA to transfect MSCs encapsulated in alginate hydrogels for bone and 

cartilage TE. 

2. Compare novel and stablished non-viral vectors for chondrogenic and osteogenic 

differentiation of MSCs. Although nHA is highly biocompatible and has been shown 

to offer superior transfection efficiencies to other commercially available vectors 

(Curtin et al., 2012), it has also been shown to be inherently highly osteogenic and 

osteoinductive (Cunniffe et al., 2016a). A synergistic effect between the osteogenic 

stimulus provided by nHA and the overexpression of the delivered genes has been 

also reported, which translated in significantly higher bone repair in vivo in 

comparison to the use of polyethilenaimine (PEI) as vector, despite PEI supporting 

higher transgene expression (Curtin et al., 2015). Recognizing that nHA might not be 
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the optimal gene carrier for engineering stable hyaline cartilage engineering, the 

second objective of this thesis compares novel and stablished non-viral vectors for 

chondrogenic and osteogenic differentiation of MSCs.  

3. Determine the best gene combination and culture conditions for the promotion of 

a stable hyaline cartilage phenotype. As stated previously in this introduction, MSCs 

are a promising cell source for cartilage and bone regeneration due to their 

multipotent differentiation capacity. Engineering phenotypically stable articular 

cartilage using MSCs remains a significant challenge in the field. The intrinsic 

endochondral ossification potential of Bone marrow-derived MSCs (BMSCs) can 

result in a hypertrophic phenotype which is not ideal for articular cartilage repair 

(Somoza et al., 2014). In order to suppress hypertrophic differentiation of MSCs, 

delivery of genes encoding for a diverse range of growth and transcription factors 

has been explored (Gurusinghe and Strappe, 2014). In addition, MSC expansion and 

culture conditions such as oxygen tension play a key role in regulating MSC 

chondrogenic differentiation (Sheehy et al., 2012). Having identified the RALA 

amphipathic peptide as the suitable vector for MSC chondrogenesis, the third 

objective of this thesis sought to determine the best gene combination (chondrogenic 

and antihypertrophic factors) and culture conditions (hypoxia and normoxia) for the 

promotion of a stable hyaline cartilage phenotype.  

4. Investigate the use of the developed GABs for the 3D printing of mechanically 

robust constructs for bone TE. Previous research exploring the use of alginate 

hydrogels as a gene delivery system for bone applications have been limited by the 

mechanical weakness of the constructs and limited bone formation in vivo (Krebs et 

al., 2010; Loozen et al., 2013). Co-printing of hydrogel-based bioinks and 

Polycaprolactone (PCL) have been previously explored for enhancing the mechanical 

properties and integrity of the construct (Daly et al., 2016b). This approach might be 

clinically relevant for the treatment load bearing cartilage and bone defects. The 

inclusion of non-viral gene delivery into the hydrogel component of these 

composites might allow for the bioprinting of “off-the-shelf” mechanically robust 

constructs able of inducing therapeutic protein overexpression in vivo to accelerate 

tissue repair. Having developed nHA-gene activated alginate hydrogels capable of 
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osteogenesis of MSCs in vitro, the fourth objective of this thesis investigates the use 

of these hydrogels as gene activated bioinks (GABs) for the 3D printing of 

mechanically robust constructs for bone TE which can be relevant for the 

regeneration of the subchondral bone layer in an osteochondral defect.  

5. Explore the development of pore-forming GABs for enhanced gene delivery, and 

assess the capacity of these constructs to support cartilage and bone development. 

Hybrid multicomponent gels are a promising candidate for bioink development 

(Armstrong et al., 2016). Methylcellulose has previously been added to alginate to 

produce viscous bioinks suitable for 3D printing of high fidelity constructs (Schütz et 

al., 2015). Additionally, after ionic crosslinking of the printed constructs, the 

methylcellulose was released from the scaffold acting as a sacrificial material that 

enhanced the microporosity of the bulk alginate gel, with no negative effect on cell 

viability (Markstedt et al., 2015; Schütz et al., 2015). Alginate-methylcellulose bioinks 

have also been shown to support the chondrogenic potential of encapsulated 

chondrocytes (Müller et al., 2017). The modulation of alginate microporous 

structure through the incorporation of methylcellulose could not only be beneficial 

for the chondrogenic capacity of MSCs but also to increase gene transfection in a 

GAB approach. The opening of micro-pores in alginate hydrogels through the 

application of ultrasound pulses was shown to facilitate the on-demand release of 

encapsulated PEI-pDNA complexes (Huebsch et al., 2014). The fifth objective of this 

thesis explores the development of gene-activated pore-forming bionks for enhanced 

gene delivery, and assess the capacity of these constructs to support cartilage and 

bone development.  

6. Develop 3D printed biphasic gene activated constructs for zonal differentiation of 

MSCs in which both layers are mechanically interlocked and possess mechanical 

properties similar to those in native cartilage. Osteochondral defects affect both 

the articular cartilage and the underlying subchondral bone. A successful tissue 

engineering strategy must regenerate both tissue types and ensure integration of 

both layers to avoid delamination of the construct in vivo when joint forces are 

applied (Nooeaid et al., 2012). Having identified the optimal combination of vector, 

genes and printable material for the bone and the cartilage layers, the final objective 
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of this thesis is to develop a 3D printed biphasic gene activated construct for zonal 

differentiation of MSCs in which both layers are mechanically interlocked and possess 

mechanical properties similar to those in native cartilage.  

In summary, the objectives of this thesis are: 

1. To incorporate non-viral gene delivery to alginate hydrogels for cartilage 

and bone TE strategies. 

2. To compare the effects of different non-viral nanoparticle-based gene 

delivery vectors on MSC fate. 

3. To assess the optimal culture conditions and gene combination for the 

chondrogenic differentiation of MSCs.  

4. To 3D print mechanically reinforced gene activated constructs for bone 

TE. 

5. To explore the modulation of alginate-based bioink microporosity for 

enhanced gene delivery and promotion of chondrogenesis of MSCs.  

6. To 3D print a mechanically reinforced, bi-phasic gene activated construct 

for osteochondral TE.  
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CHAPTER 2 

Literature review 

 

Controlled Non-viral Gene Delivery in Cartilage and Bone Orthopaedic 

Tissue Engineering: Current Strategies and Future Directions 

 

Abstract 
 

 Non-viral gene delivery for orthopaedic tissue engineering might offer a superior 

option to recombinant protein administration and viral gene transduction approaches, 

due to a more physiological and controlled expression of growth and transcription 

factors that could effectively enhance tissue repair. The ease of incorporation of this 

approach into 3D materials for the generation of gene-activated matrices, highlights the 

importance of non-viral gene therapy for in situ transfection and the regeneration of 

damaged organs. This review aims to analyse the different modalities of non-viral gene 

delivery used for the repair of bone and cartilage, and explore the current challenges for 

the recapitulation of tissue development, repair and architecture, that still exist for the 

engineering of functional orthopaedic tissues.  
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2.1. Introduction 
 

In 2011, more than 102 million of US inhabitants reported musculoskeletal 

conditions, meaning 21 million hospital admission, 2.1 billion drug prescriptions, and an 

aggregate economic impact of $796.3 (Yelin et al., 2016). Since the 1990’s the treatment 

of orthopaedic conditions has experienced a great refinement fostered by the close 

collaborative efforts of surgeons, biologists and engineers. Due to the limitations of 

mechanical stabilization and biomechanical analysis of operative techniques for the 

treatment of orthopaedic lesions, processes inspired in the native healing and organ 

development have been investigated to enhance regeneration (Huard and Fu, 2000). 

Cytokines, growth factors, inflammatory reactions and protein interactions have been 

widely investigated for this purpose showing promising results for the healing of soft 

and hard tissues into the clinics (Fisher et al., 2013; Huard and Fu, 2000; Huard et al., 

2003).  

Although this promising scenario, the delivery of morphogens in the form of 

recombinant growth factors for tissue regeneration remains challenging. Due to their 

short half-life, fast body clearance and lower therapeutic effect in comparison with 

natural proteins (Evans, 2014; Heyde et al., 2007; Santos et al., 2011), supra-

physiological concentrations of these proteins are required to exert a biological effect, 

which might impair tissue repair and cause off-target effects (Baldo, 2014; Carragee et 

al., 2011; Zara et al., 2011) such as ectopic bone formation seen with Medtronic’s 

INFUSE bone graft (Carragee et al., 2011). Due to these limitations, controlled release 

systems based in non-covalent (surface adsorption, physical entrapment, affinity 

binding and ionic complexation) or covalent (chemical conjugation) immobilization 

(Schliephake, 2010; Vo et al., 2012) of proteins into carrier materials have been 

investigated. Despite the research efforts devoted to this end, many of the pre-existing 

challenges remain when using these systems. In addition, quick release kinetics, low 

loading efficiencies and difficulty for spatiotemporal control of simultaneous and 

sequential presentation of different factors hamper the successful of these approaches 

that have resulted in low regenerative outputs in vivo. In comparison to the controlled 

release of proteins, gene therapy is a more elegant approach for inducing the cell-
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mediated expression of the desired factor in a physiological, localised and sustained 

manner (Fig.2.1).  

 

Fig.2.1. Protein and gene delivery for TE and RM of orthopaedic tissues. The DNA is 

transcribed into RNA and then translated into a protein that can be delivered in vivo 

suing a 3D matrix or direct injection to enhance tissue repair. The DNA sequence 

encoding for a gene of interest can also be cloned into a pDNA which can be delivered to 

MSCs in an ex vivo approach by viral and non-viral approaches. Either the pDNA or the 

transfected MSCs can also be delivered in vivo through 3D biomaterials and direct 

injection to produce a therapeutic effect.  

 

Gene transfer allows for the sustained synthesis of native proteins in the site of 

injury. It is also superior in comparison to traditional approaches for the delivery of 

transcription factors, and receptor proteins which are localised in specific cellular 

compartments (Evans and Huard, 2015). It also could target the treatment of 

orthopaedic genetic diseases such as Ducheme muscular dystrophy and osteogenesis 

imperfecta which current treatments are only symptomatic and a curative approaches 

are needed (Huard and Fu, 2000). But most importantly, gene therapy could be a more 
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physiological and compatible approach with wound healing and tissue regeneration 

processes (Bonadio et al., 1999)  

Since the 1980’s the field of gene therapy has matured with more than 35,000 

papers, 16,000 US patents and 1,800 clinical trials (Ledley et al., 2014) and Glybera, the 

first human gene therapy product approved for use in Europe by the European 

Commission in 2012 (Ylä-Herttuala, 2012). But despite these encouraging 

developments, no FDA-approved product exists in orthopedic gene therapy and only a 

few products have been moved into clinical trials and completed Phase II (Elmallah et 

al., 2015; Mease et al., 2010). More recently, a cell-mediated gene therapy for 

degenerative arthritis, Invossa, has been approved by south Korean regulators for the 

treatment of osteoarthritis by a single intra-articular injection of chondrocytes 

overexpressing transforming growth factor β1 (TGFβ-1) (Cho et al., 2016).  

This review summarises the past and current efforts in the use of non-viral gene 

therapy for the regeneration of orthopaedic tissues, focusing in its application to tissue 

engineering strategies and its potential for the translation into the clinics to broaden the 

field of gene therapy from the treatment of rare genetic diseases to its presence in the 

daily life of millions of people suffering from degenerative diseases such as osteoarthritis 

(OA). 

2.2. Gene therapy in orthopaedic tissue engineering 
 

2.2.3. Types of gene delivery 

 

Gene delivery faces many cellular barriers that need to be overcome for the 

efficient expression of the gene of interest. Nucleic acids require its uptake by the cells 

and, passing through the cell membrane and its transport inside the cell cytoplasm, 

avoiding degradation, arrive to the nucleus where the transcription takes place (Wang 

et al., 2013). A key component of gene therapy is the choice of the gene delivery vector, 

i.e. the vehicle that can effectively deliver the DNA molecule, also called plasmid DNA 

(pDNA), encoding for the gene of interest to the target tissue or cell type ensuring a 

suitable expression profile of the transgene. The principal division between gene 

delivery vectors is whether they are viral or non-viral (Table 2.1).  
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Non-viral gene delivery can be divided in physical (or vector free) and chemical. 

While physical transfection methods rely on the delivery of the pDNA through the 

temporal disruption of the cell membrane, chemical methods consist of the 

complexation of the pDNA to different types of macromolecules which protect the pDNA 

from degradation and facilitate its transport to the cell nucleus. Viral vectors are often 

classified according to their viral family and their delivery mechanism is based in their 

inherent ability to translocate their own genetic material into the host’s genome in a 

process known as transduction. 

 

2.2.4. Viral gene therapy vs non-viral gene therapy in the tissue 

engineering context 

Viral vectors are preferred generally in gene therapies (Saraf and Mikos, 2006) 

due to their high cell transfection efficiencies of around 80-90%. More than 70% of gene 

therapy clinical trials carried out so far have used viral vectors (Yin et al., 2014). Also, the 

three gene delivery therapies in the field of orthopedic/musculoskeletal medicine that 

have successfully completed phase II clinical trials utilized viral gene delivery approaches 

(Cho et al., 2016; Elmallah et al., 2015; Mease et al., 2010). The main concerns associated 

with viral vectors relate to their potential immunogenicity, the risk of insertional 

mutagenesis that can result in oncogene transactivation and leukemia, and difficulties 

in their production (Williams and Thrasher, 2014; Yin et al., 2014) (Table 2.1). Despite 

the huge amount of work focused on the development of safer viral vectors over the 

last decade, safety concerns still prevail. Lentiviral (based on viruses of the family 

Retroviridae) and adenoviral (based on viruses of the family Adenoviridae) approaches 

have been developed for cartilage and bone regeneration, but their use in orthopedic 

tissue engineering is hindered by the difficulties of linking the viruses to 3D matrices for 

localised transfection (Brunger et al., 2014; Cao et al., 2011; Feeley et al., 2006; Gelse et 

al., 2008; Glass et al., 2014; Pascher et al., 2004; Ueblacker et al., 2007). One approach 

to address this issue is to use the poly-L-lysine-mediated immobilization of lentiviruses 

in polycaprolactone (PCL) 3D matrices (Brunger et al., 2014; Glass et al., 2014), which 

can provide spatial control of gene transfection in a mechanically functional scaffold. 
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Another alternative is to adsorb adenoviruses into natural polymeric scaffolds such as 

collagen–glycosaminoglycan (GAG), however this approach can lead to the leakage of 

the viral vector to the surrounding tissue (Pascher et al., 2004). Also, recently, 

recombinant adeno-associated viruses (rAAV) have been investigated for regenerative 

medicine as a promising viral vector to overcome the limitations associated with 

retroviruses and adenoviral vectors. These show reduced host immune response due to 

the removal of the immunogenic sequences in the viral genome and no risk of insertional 

mutagenesis as their genetic material is kept as an episome, similar to non-viral pDNA 

delivery (Frisch et al., 2017; Venkatesan et al., 2012). In addition, rAAV vectors have 

been combined with hydrogels for temporally sustained gene transfection of MSCs, 

highlighting their potential for tissue engineering (Rey-Rico et al., 2017). 

Ex vivo viral gene transduction and posterior seeding of transfected cells in 3D 

constructs has been shown to be an easier and more successful approach, but it depends 

on cell survival upon implantation. The use of adenoviruses for the delivery of sex 

determining region Y box 9 (SOX9) (Cao et al., 2011) and bone morphogenic protein 2 

(BMP2) (Gelse et al., 2008) genes and subsequent incorporation of the transfected cells 

into polyglycolic acid (PGA) matrices has been shown to enhance the regeneration of 

large partial-thickness and full thickness cartilage defects. 

While viral vectors offer more stable and higher levels of expression than non-

viral approaches, non-viral gene carriers might be more suitable for tissue engineering 

strategies where the final goal is enhanced matrix formation and cell differentiation. 

This is due to do their ease of production, safety, low immunogenicity (Yin et al., 2014) 

and potential to be incorporated into 3D matrices (Table 2.1).  

One of the main concerns of the use of viral vectors in orthopedic tissue 

engineering applications is the effect of the long-term overexpression of high levels of 

growth factors which might impair the regenerative and tissue repair processes 

(Fig.2.2.A). The adenoviral delivery of TGF-β1 through intra-articular administration into 

arthritic rabbit knee joints resulted in successful transgene overexpression that caused 

pathological changes in the knee and the surrounding muscle tissue stimulating cartilage 

degradation, muscle edema and fibrogenesis instead of repair (Mi et al., 2003) 
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(Fig.2.2.B). These results suggest that high levels of expression can cause adverse 

pathologies and a more controlled transfection and transgene expression is preferable 

(Bonadio et al., 1999; Mi et al., 2003). Also, in a study comparing ex vivo bone marrow-

derived MSCs (BMSCs) liposomal and adenoviral BMP2 gene delivery in a rat mandibular 

defect, the adenoviral infected BMSCs promoted the formation of excessive and 

abnormal bone, while the liposome-mediated gene transfer resulted in the desired 

repaired tissue, more similar to the native bone in thickness and shape (Park et al., 2003) 

(Fig.2.2.C). This direct comparison between viral and non-viral gene delivery in a critical 

size bone defect highlights the potential of non-viral gene delivery as a more 

physiological approach for successful repair.  
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 Fig.2.2. (A) Schematic representation of the usual protein levels obtained by loading the 

protein into 3D matrices, viral gene delivery and non-viral gene delivery over time. Protein 

release kinetics from 3D constructs is limited by a quick release that occurs during the first few 

days of loading. Gene delivery offers a more sustained and durable release. The adenoviral 

delivery of TGF-β1 through intra-articular administration into arthritic rabbit knee joints resulted 

in successful transgene overexpression that caused pathological changes in the knee and the 

surrounding muscle tissue stimulating cartilage degradation, muscle edema and fibrogenesis 

instead of repair (Mi et al., 2003). Adenoviral infected BMSCs promoted the formation of 

excessive and abnormal bone, while the liposome-mediated gene transfer resulted in the desired 

repaired tissue, more similar to the native bone in thickness and shape (Park et al., 2003). 
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Table 2.1. Characteristics of viral and non-viral gene delivery vectors for their use in 

combination with 3D matrices. 

 

 
Types of gene delivery vectors 

Characteristics Viral Non-viral 

Transfection efficiency High Low/moderate 

Transgene expression levels High Moderate 

Durability of expression Persistent Transient 

Ease of production Low High 

Ease of incorporation to 3D matrices Low High 

Infectivity Adenoviruses and 
lentiviruses infect dividing 

and non-dividing cells, 
retroviruses only infect 

dividing cells 

Infect dividing and non-
dividing cells 

Safety Insertional mutagenesis 
risk, immunogenicity 

Cytotoxicity at high 
doses, 

non-infectious 

Compatibility with regenerative 
processes 

High expression of 
growth factors for long 
time periods can impair 

tissue healing and 
aggravate previous tissue 

pathologies 

Low expression for 
shorter periods of time 
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2.3. Non-viral gene therapy 
 

 

Fig.2.3. Schematic of the different non-viral gene delivery methods. 

 

2.3.1. Vector free 

 

Vector free methods include the techniques based on the physical introduction 

of the nucleic acid material into the cell in order to overcome the problems of targeting, 

endocytic processing and immune response (Mellott et al., 2013) (Fig.2.3). These include 

different types of injection such as microinjection, needle injection and jet injection, 

pressurised DNA bombardment, high-voltage electrical currents like electroporation, 

sonoporation through ultrasound-mediated gene transfer, and hydrodynamic gene 

transfer using hydrostatic pressure. 

While some of these techniques such as microinjection, DNA bombardment and 

hydrodynamic gene transfer show limitations in orthopaedic applications due to the 

high quantity of nucleic acid needed , lack of specificity, tissue and cell damage, and the 

need to transfect large cell populations (Mellott et al., 2013), others have shown 
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promise to deliver therapeutic genes to the musculoskeletal system in vivo (Bez et al., 

2017; DiFranco et al., 2009; Kawai et al., 2005; Mir et al., 1999; Zelenin et al., 1997) and 

to progenitor cells in vitro for their use in ex vivo therapies (Im and Kim, 2011; Lee et al., 

2011; Rizk and Rabie, 2013; Wang et al., 2005) (Table 2.2). Electroporation has been 

successfully used for the introduction of therapeutic genes into MSCs to enhance their 

differentiation into the tenogenic (Wang et al., 2005), osteogenic (Lee et al., 2011) and 

chondrogenic (Im and Kim, 2011; Rizk and Rabie, 2013) phenotype. Adipose stem cells 

(ASCs) transfected through electroporation with runt related transcription factor 2 

(RUNX2) and osterix genes were able to promote bone formation subcutaneously in a 

nude mice model after 6 weeks in a PLGA scaffold (Lee et al., 2011). The same approach 

was used to promote in vivo cartilage formation by the electroporation of the SOX trio 

genes into adipose-derived stem cells (ASCs) (Im and Kim, 2011). Dental pulp stem cells 

were also electroporated with the TGF-β3 genes showing superior levels of transfection 

in comparison to chemical vectors and enhanced chondrogenesis (Rizk and Rabie, 2013). 

Recently, sonoporation, or the use of ultrasounds for gene delivery, have been 

shown capable to transfect cells in vivo and in vitro with pDNA that was previously 

loaded into a collagen scaffold in a model known as matrix-assisted sonoporation (Bez 

et al., 2017), allowing for very fine temporal control of the transfection. Two weeks after 

construct implantation on a mini-pig cranial and tibial defect, the application of 

ultrasounds allowed for the transfection of 40% of the cells that colonized the construct 

and the expression of the BMP6 transgene which led to complete fracture healing (Bez 

et al., 2017; Nomikou et al., 2017). Sonoporation has also been shown effective for in 

vivo transfection of reporter genes inside the rat intervertebral disc and a sustained 

gene expression up to 24 weeks (Nishida et al., 2006). 

 

2.3.2. Inorganic vectors 

 

Different inorganic materials including CaPs, gold nanoparticles (Au-NPs), silica, 

magnesium phosphates, carbon nanotubes (CNTs) and magnetic nanomaterials such as 

iron oxides have been shown to successfully deliver nucleic acids into cells (Dizaj et al., 
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2014; Riley et al., 2017; Wagner and Bhaduri, 2012) (Fig.2.3). Inorganic vectors show 

many advantages such as their ease of production and functionalization, low 

immunogenicity, high biocompatibility, resistance to microbial attack and stability (Dizaj 

et al., 2014; Riley et al., 2017; Wagner and Bhaduri, 2012) (Table 2.2). The most popular 

vector for orthopaedic gene delivery in this category is CaP. Others like Au-NPs, silica, 

CNTs and magnetic nanoparticles (MNPs) remain relatively unexplored in tissue 

engineering and regenerative medicine.  

CaP have been used extensively for in vitro transfection due to the cationic 

charge of calcium which allows formation of ionic complexes with the anionic DNA 

molecule (Dizaj et al., 2014), protecting the DNA from the degradative action of 

nucleases (Brundin et al., 2013; Zuo et al., 2011). CaP offers many advantages as gene 

delivery vector in orthopaedic bone tissue engineering due to their biocompatibility, 

biodegradability (Habraken et al., 2016), the predominance of hydroxyapatite in bone 

composition (Boskey, 2013), and the efficient delivery in both serum and serum-free 

conditions (Curtin et al., 2012; Fu et al., 2005). The delivery method is based on the 

internalisation of the complexes through ion channel-mediated endocytosis (Dizaj et al., 

2014) and, once inside the cell cytoplasm, on the endosomal scape of the undamaged 

DNA due to the buffer effect of the CaP on endosomal PH (Nabiev et al., 2007; Wagner 

and Bhaduri, 2012). Due to the increase of the calcium concentration in the cytoplasm 

upon delivery, the released DNA is able to migrate into the nucleus through the nuclear 

pore complex thanks to the blocking of IP3 (Dizaj et al., 2014). Incorporation of CaP 

nanoparticles into different 3D matrices have been shown to promote successful 

transfection and bone formation in vivo in different animal models (Curtin et al., 2015; 

Keeney et al., 2010) and the in vitro transfection of progenitor cells to enhance their 

osteogenic differentiation (Castaño et al., 2014; Chernousova et al., 2013; Krebs et al., 

2010). Recently, nHA-mediated gene delivery was shown to successfully repair a rat 

cranial defect through the delivery of the BMP2 and VEGF genes in comparison to the 

empty defect and the use of PEI as vector, although lower levels of expression were 

detected when nHA was used as gene carrier in comparison to PEI, suggesting a 

synergistic effect between the vector and the delivered genes for bone formation (Curtin 

et al., 2015). The BMP7 and vascular endothelial growth factor (VEGF) genes were also 
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incorporated into an injectable nano-CaP paste for bone substitution showing succesful 

transfection of MSCs and expression of the genes of interest, highlighting the potential 

of this approach for the minimally invasive repair of bone defects (Chernousova et al., 

2013). CaP-mediated gene delivery has also been reported to enhance chondrogenic 

differentiation of stem cells upon gene delivery of TGB-β1 (Cao et al., 2012b). 

Gold nanoparticles (Au-NPs) are promising non-viral vector for tissue engineering 

strategies due to ease of preparation, high surface area and the possibility of surface 

functionalisation with nucleic acids (Riley et al., 2017; Vial et al., 2017). Although Au-NPs 

have been previously used for the delivery of different bioactive molecules in 3D such 

as BMP2 (Kearney et al., 2015) and micro RNA (miRNA) to enhance osteogenic 

differentiation of MSCs (Yu et al., 2017), their use as gene delivery vectors in 

orthopaedics remains limited. Importantly, the functionalization of Au-NPs with 

peptides can enhance their MSC uptake which is critical as MSCs show a restricted 

cellular uptake (Peng et al., 2014). Au-NPs have also been used to promote 

differentiation of stem cells towards the osteogenic lineage (Heo et al., 2014; Yi et al., 

2010). 

Silica nanoparticles, which can be functionalised with amino groups (Dizaj et al., 

2014) to bind to DNA molecules, have been reported to efficiently deliver DNA in vivo 

to the mouse brain and could be a powerful delivery strategy for the musculoskeletal 

system (Bharali et al., 2005). DNA-PEI-silica nanocomposites have also being used for 

fibroblast transfection in 3D collagen hydrogels (Wang et al., 2015). 

Magnetic nanoparticles (MNPs), which include the iron oxide nanoparticles, are 

attractive for drug and gene delivery in orthopaedics due to their small sizes and 

magnetic properties allowing directional targeting when a magnetic field is applied (Gao 

et al., 2015). MNPs have been shown to successfully delivery nucleic acid cargos in a 

process known as magnetofection in which a magnetic field is used for the MNPs-DNA 

sedimentation onto target cells (Plank et al., 2011). Another approach for this technique 

is the combination of MNPs with other transfection agents such as viral particles, 

liposomes, or cationic polymers and combined with nucleic acids to enhance 

transfection (Mellott et al., 2013).   
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2.3.3. Lipid-based vectors 

 

Cationic lipids are positively charged amphiphilic small molecules which 

structure allows for the formation of self-assembled vesicles and membranes in an 

aqueous solution (Fig.2.3). This is possible due to their structure, divided into three 

components: (1) a polar head group that interacts with the DNA and the negatively 

charged cell membrane for internalisation, (2) a hydrophobic fatty acid tail that will 

allow the formation of the lipid bilayer, and (3) a glycerol backbone to link the 

hydrophilic and hydrophobic domains (Bangham et al., 1965; Dizaj et al., 2014; Monteiro 

et al., 2014a; Yin et al., 2014). Liposomes are lipid bilayers which can encapsulate 

hydrophobic compounds such as pDNA, forming a cationic complex which is able to 

interact with the anionic cell membrane allowing entrance into the cell via endocytosis. 

Once inside the cell, the destabilisation of the endosomal membrane allows the release 

of the nucleic acid into the cytoplasm for its transport into the cell nucleus (Xu and Szoka, 

1996). Lipid-based vectors show many advantages such as the versatile structure that 

can be easily tailored and functionalised for targeted delivery, their wide size range, high 

DNA loading capacity, and storage stability (Table 2.2). But due to their cytotoxicity due 

to membrane destabilisation, low stability, low solubility, low half-life, rapid clearance 

and interaction with serum, their use for orthopaedic applications is limited (Lv et al., 

2006) (Table 2.2). 

The most used lipid-based vector is the commercially available lipofectamine 

which has been shown to successfully transfect primary stem cells from diverse origins 

(Elsler et al., 2012; Guo et al., 2007, 2002; Kayabaşi et al., 2013; Li et al., 2014; Locatelli 

et al., 2013; Monteiro et al., 2014b; Zheng et al., 2005) with different therapeutic genes 

of orthopaedic relevance such as VEGF (Locatelli et al., 2013; Michlits et al., 2007), TGF-

β1 (Guo et al., 2007, 2002; Li et al., 2014), mothers against DPP homolog 3 (SMAD3) 

(Zheng et al., 2005), BMP6 (Kayabaşi et al., 2013), BMP2 (Wegman et al., 2011), SOX9 

(Yao et al., 2014), RUNX2 (Monteiro et al., 2014b), osterix (Lai et al., 2011), fibromodulin 

(Delalande et al., 2015) and nerve growth factor (NGF) (Whittlesey and Shea, 2006) 

between others for cartilage, bone, tendon, nerve and skin repair. Lipofectamine has 

also been incorporated into different 3D matrices to allow an in situ sustained 
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transfection. The incorporation of liposomes-pDNA complexes into PLG scaffolds for 

nerve regeneration (Whittlesey and Shea, 2006), electrospun PCL nanofiber constructs 

(Monteiro et al., 2014b) and porous hydroxyapatite scaffolds (Ono et al., 2004) for 

osteogenic differentiation are good examples of the promising results of this approach. 

 

2.3.4. Polymeric vectors 

 

Cationic polymeric vectors are, together with lipid-based vectors, one of the 

most relevant and widely used non-viral gene carriers and they have been considered 

as the gold standard for non-viral gene transfection (Fortune et al., 2010; Patnaik and 

Gupta, 2013). They can interact with anionic DNA and RNA molecules thanks to the 

cationic groups, mainly amines, present in their structure, forming nanoparticulate 

complexes known as polyplexes (Fig.2.3). Polymeric vectors are chemically diverse and 

they can be easily functionalised (Yin et al., 2014) and show other advantages for 

orthopaedic gene delivery such as their small size, protection against enzymatic 

degradation and ease of incorporation into 3D matrices (Table 2.2). Polymeric vectors 

can be divided in natural and synthetic polymers depending on their origin. A common 

limitation of polymeric vectors, especially from synthetic origin, is their cytotoxicity and 

immunogenicity in vivo (Zhao et al., 2017).  

One of the most popular synthetic polymeric vector for gene delivery in 

regenerative medicine is polyethylenimine (PEI). PEI was firstly used by Boussif et al. in 

1995 (Boussif et al., 1995), and it has been shown successful for localised gene 

transfection in vivo into the skeletal muscle (Hong et al., 2004; Türk et al., 2007), cranial 

and long bone defects (Cheong et al., 2007; Curtin et al., 2015; Qiao et al., 2013), 

cartilage defects (Im et al., 2011; Pi et al., 2011) and arthritis anti-inflammatory 

treatment (Xiang et al., 2012). PEI has been also used in vitro for the transfection of adult 

somatic and progenitor cells (Ahn et al., 2008; Florea et al., 2002; Park et al., 2010, 2017, 

Wang et al., 2017, 2011) for osteogenic (Cheong et al., 2007; Tierney et al., 2013; Wang 

et al., 2017), tenogenic (Delalande et al., 2015), adipogenic (Joydeep et al., 2016) and 

chondrogenic (Im et al., 2011; Park et al., 2012, 2017) applications. Although PEI-
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mediated gene delivery for orthopedic applications has been widely reported in 

literature, PEI has been shown to be cytotoxic due to cell membrane and cytoskeletal 

alterations (Moghimi et al., 2005). Additionally, the entrance of the PEI-pDNA complexes 

into the cell nucleus might lead to PEI-chromosomal DNA interactions which could affect 

the cell viability and differentiation (Akhtar, 2006; Godbey et al., 2001; Larsen et al., 

2010). Recently, PEI-mediated gene delivery of pDNA encoding for platelet-derived 

growth factor-BB (PDF-BB) on a collagen scaffold promoted inflammation and delayed 

healing when implanted in a rodent periodontal defect model in comparison to the 

loading of the recombinant protein suggesting the immunogenicity of PEI could impair 

tissue repair (Plonka et al., 2017). PEI can be also modified to increase its transfection 

efficiency, decrease cytotoxicity (Thomas and Klibanov, 2002; Thomas et al., 2007), ease 

PEI-mediated temporal controlled delivery (Türk et al., 2007), and facilitate targeting of 

a specific cell type or population (Pi et al., 2011). For example, covalently modified PEI 

with a chondrocyte-affinity peptide to specifically target the knee chondrocytes, 

demonstrated the feasibility of this approach for the treatment cartilage disorders (Pi et 

al., 2011).  

Other synthetic polymers such as polyethyleneglycol (PEG), poly(L-lysine)-

palmitic acid (PLL-PA), activated polyamidoamine dendrimer, copolymer-protean and 

branched triacrylate/amine polycationic polymers (TAPPs), have also been reported to 

be promising options for gene delivery for bone repair in comparison to PEI and lipid-

based vectors (Chew et al., 2011; Clements et al., 2007; Itaka et al., 2007; Schwabe et 

al., 2012; Walsh et al., 2017). The use of cationic polysaccharides, such as pullulan-

spermine, has also been explored for tissue repair in a cartilage defect (He et al., 2012). 

Natural polymers such as Collagen, chitosan and gelatin are also a promising 

option for gene delivery in regenerative medicine due to their biocompatibility, 

cytocompatibility and ease of incorporation to 3D scaffolds (Dang and Leong, 2006). 

Collagen and modified derivatives have been studied for gene delivery. Type I collagen-

mediated gene delivery of parathyroid hormone (PTH) in a collagen matrix was shown 

to promote regeneration in a tibia critical defect in vivo canine model (Bonadio et al., 

1999), atelocollagen was also promising for the intramuscular administration of the 

therapeutic genes and their sustained delivery (Sano, 2003). Chitosan is one of the most 
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relevant natural polymers for non-viral gene delivery due to its biodegradability, 

biocompatibility and low cytotoxicity (Raftery et al., 2013). The chitosan molecule 

possesses positively charge amine groups in its backbone that can interact with the 

anionic DNA molecule to form positively charged nanoparticulate complexes. Chitosan 

has been successfully reported to transfect stem cells from human (Corsi et al., 2003) 

and animal (Kayabaşi et al., 2013; Raftery et al., 2015; Wang et al., 2010; Xu et al., 2017) 

origin, to enhance their chondrogenic and osteogenic differentiation, showing less 

cytotoxicity and comparable transfection efficiencies to lipofectamine and PEI. Chitosan 

has also been shown to transfect MSCs loaded into collagen scaffolds in a temporally 

sustained manner as a promising approach for the use of this vector in tissue 

engineering applications (Raftery et al., 2015). A cationized chitosan derivative N,N,N-

trimethyl chitosan chloride (TMC) has also been used in a gene activated matrix 

approach for the delivery of the TGF-β1 gene showing successful tissue repair when 

implanted in a rabbit cartilage defect (Wang et al., 2010). Chitosan-pDNA complexes 

were also injected in vivo into the anterior tibialis muscle showing successful gene 

delivery in the site of injection in comparison to lipofectamine (Mansouri et al., 2004).  

 

2.3.5. Protein and peptide vectors 

 

Protein-based nanocarriers are naturally-derived polymers characterised for 

their biodegradability, low toxicity, and high stability and binding capacity. Cationic 

peptides can have basic aminoacid residues such as lysine or arginine in their structure 

which allow to bind nucleic acids forming nanoparticulate complexes (Martin and Rice, 

2007; McCarthy et al., 2014) (Fig.2.3). The main advantages of the use of these 

molecules for nucleic acid delivery, apart from the low cytotoxicity and their stability in 

serum supplemented conditions, are the possibility to use specific peptide sequences to 

target the membrane receptors of specific cell types, modulate the release of the nucleic 

acids to the cell cytoplasm by selectively lysing the endosome, and the use of nuclear 

localisation sequences from viral origin that can facilitate the delivery of the carrier into 

the cell nucleus (Gupta et al., 2005; Martin and Rice, 2007; McCarthy et al., 2014; Nigg, 

1997) (Table 2.2). There are different bio-inspired peptides designed for peptide-guided 
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gene delivery such as the MPG peptide derived from the human immunodeficiency virus 

(HIV) which facilitates cellular entry, or the nuclear entry sequence of the simian virus 

40 (SV40) T antigen which facilitates nuclear delivery (Morris et al., 1997). In order to 

complex the peptide and the pDNA the presence of cationic aminoacids in their 

structure such as lysine and arginine is necessary. Synthetic peptides such as the KALA 

peptide which has multiple lysine residues, and the RALA amphipathic peptide with 

multiple arginine resiudes in its structure, are examples of this approach (McCarthy et 

al., 2014; Wyman et al., 1997).  

Although cell penetrating peptides have shown better transfection efficiencies 

and less cytotoxicity than lipofectamine (McCarthy et al., 2014), PEI (McCarthy et al., 

2014) and viral vectors (Ho et al., 2001; Wadia and Dowdy, 2002) in vitro, and they have 

been used to deliver proteins (Jo et al., 2014) and calcium phosphates (Sathy et al., 2017) 

to direct the differentiation of MSCs, their use for gene delivery in orthopaedic tissue 

engineering remains relatively unexplored. The peptide transduction domain (PTD) in 

combination with the GAL4 DNA binding domain was used as gene carrier for the 

delivery of hypoxia inducible factor 1 alpha (HIF-1α) gene into human umbilical vein 

endothelial cells (HUVECs) to enhance angiogenesis in vitro (Jeon et al., 2017). The HIF-

1α gene was also delivered by a cysteine-flanked lysine hexamer peptide to promote 

angiogenesis in a mouse model of dermal wounds in vivo (Trentin et al., 2006). PTD in 

combination with GAG-binding domains have also shown successful transfection of 

MSCs from human origin at levels comparable to lipofectamine (Dixon et al., 2016).  

Table 2.2. Different types of non-viral gene delivery for orthopaedic TE 

Types Advantages Disadvantages TE relevant 
Subtypes 

Application 
for TE in vivo 

References 

Vector 
free 

Simpler, not 
viral or chemical 
carriers needed. 

Difficult to 
incorporate to 
biomaterial-

guided 
approaches. 

Can cause cell 
and tissue 
damage. 

Electroporation Bone and 
cartilage 

(Im and Kim, 
2011; Lee et 

al., 2011) 

Sonoporation Bone, 
intervertebral 

disc 

(Bez et al., 
2017; Nishida 
et al., 2006; 
Nomikou et 

al., 2017) 

Inorganic 
vectors 

High 
biocompatibility. 

Possibility of 
delivery in 
serum and 

Low transfection 
efficiencies 

CaP Bone (Chernousova 
et al., 2013; 
Curtin et al., 

2015; Endo et 
al., 2006; 
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serum free 
conditions 

Keeney et al., 
2010; Krebs 
et al., 2010) 

Lipid-
based 

vectors 

High DNA 
loading capacity. 

Moderate 
transfection 
efficiencies. 

Cytotoxicity. 
Low stability 
Low half-life. 

Interaction with 
serum. 

 

Lipofectamine Bone, 
cartilage 

(Goomer et 
al., 2001; Guo 
et al., 2006; 
Ono et al., 

2004; Park et 
al., 2003, 

2007; 
Wehrhan et 

al., 2012; 
Zhang et al., 

2015b) 

Polymeric 
vectors 

Very diverse 
(natural and 
synthetic). 
Moderate 

transfection 
efficiencies. 

Easy to 
incorporate into 

biomaterials. 

Cytotoxicity. 
Immunogenicity. 

PEI Muscle, bone, 
cartilage 

(Cheong et 
al., 2007; 

Curtin et al., 
2015; D’Mello 

et al., 2015; 
Elangovan et 

al., 2014; 
Hong et al., 

2004; Huang 
et al., 2005a; 

Im et al., 
2011; 

Needham et 
al., 2014; Pi 
et al., 2011; 

Plonka et al., 
2017; Qiao et 

al., 2013; 
Schillinger et 

al., 2008; 
Türk et al., 

2007) 

PLGA Cartilage (Jeon et al., 
2012) 

Chitosan Cartilage (Wang et al., 
2010) 

Protein 
and 

peptide 
vectors 

Biodegradability. 
Low toxicity. 
High stability. 
Specificity for 

delivery. 
Moderate 

transfection 
efficiencies. 

Unexplored for 
gene delivery in 

orthopaedic 
applications. 
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2.4. Incorporation of gene therapy into tissue engineering 

strategies: Gene activated matrices  

 

TE aims to regenerate damaged tissues by developing biological substitutes to 

restore, maintain or improve tissue function. This approach is summarized in the tissue 

engineering triad which includes the combination of cells, scaffolds and bioactive factors 

in order to engineer a desired tissue type (O’Brien, 2011; Smith and Grande, 2015) 

(Fig.2.4.A). The combination of gene therapy and tissue engineering can offer a 

promising alternative for enhancing tissue repair strategies and offering temporal and 

spatial control of the delivery of genes encoding for relevant therapeutic growth and 

transcription factors (W. Mark Saltzman, 1999).  

 

Fig.2.4. (A) TE triad. (B) The incorporation of pDNA into a 3D matrix to form a GAM can 

be done through physical entrapment, non-covalent interactions and covalent 

interaction of the pDNA or pDNA-vector complexes and the selected material. 
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2.4.1. Principles of GAM technology 

 

The importance of the combination of 3D matrices or scaffolds with gene therapy 

for tissue engineering lies in a more prolonged delivery of the transgene and in a more 

confined and localized effect of its overexpression, overcoming the limitations of 2D 

transfection (Dinser et al., 2001; Madry et al., 2003) and direct intra-articular injection 

which is not appropriate for targeting a specific tissue (Madry and Cucchiarini, 2014). It 

is also hypothesized to be superior to ex vivo approaches in which the therapeutic effect 

is dependent on the survival of the transfected cells. The sustained cell-mediated 

production of the desired factors also might be a way to increase their therapeutic 

potential through increasing the residence time and the bioactivity of the secreted 

proteins. GAMs are the result of this strategy in which a gene and its delivery vector are 

contained in a biodegradable scaffold which offers structural support, cell attachment, 

retention of new tissue formation and confined gene delivery for an in situ effect. 

GAMs offer a promising platform for localised and sustained gene delivery for the 

repair of orthopaedic tissues. Initially they were developed by Fang et al. and Bonadio 

et al. in the 1990’s as an inexpensive off-the shelf alternative to protein and viral gene 

delivery for the repair of in vivo long bone defects (Bonadio et al., 1999; Fang et al., 

1996). In these two studies, once implanted in the defect area, the pDNA loaded 

collagen sponges were colonised by the host cells showing for the first time that repair 

cells could be transfected in vivo (Fang et al., 1996) and continuously express the genes 

of interest resulting in a faster and reproducible healing of the damaged bone (Bonadio 

et al., 1999; Fang et al., 1996). Since these early innovative attempts, GAMs have been 

researched to improve their DNA binding capacities, their capacity to deliver the genes 

of interest and cell transfection, and their healing outcome. 

2.4.2. DNA-GAM interactions 

 

The scaffold requirements for use as a GAM do not differ from the requirements of 

traditional tissue engineering applications. They should be biocompatible, 

biodegradable, non-toxic, able to support cell growth and proliferation, and, in addition, 

they must facilitate and enhance gene transfection. To facilitate gene delivery, the 
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interaction between the nucleic acid and the matrix is a critical factor. For this purpose, 

technologies to maximize DNA presentation, release and subsequent transfection have 

been developed. DNA can be incorporated with scaffolds by three mechanism: (A) 

physical entrapment, (B) non-covalent interactions and (C) covalent interaction 

(Fig.2.4.B).  

 

2.4.2.1. Physical entrapment  

 

For the physical entrapment method, the pDNA or vector-pDNA complexes are 

confined within the 3D matrices during the gelation or crosslinking process (Fig.2.4.B). 

DNA release depends on the degradation of the matrix (De Laporte and Shea, 2007). 

Different techniques for the entrapment of pDNA and vector-pDNA complexes have 

been explored but they are limited to the use of high temperatures, organic solvents 

and shear stresses that might result in DNA damage (Jang and Shea, 2003). Nucleic acid 

entrapment in poly(lactade-co-glycolide) (PLG) microspheres through a gas foaming 

method was shown to sustain temporal pDNA delivery while maintaining the integrity 

of the DNA molecule during the microsphere fabrication (Mooney et al., 1999). PEI-

pDNA complexes were also encapsulated in PLG porous scaffolds using this method, 

showing long-term in vivo transfection (Huang et al., 2005b) and regeneration of a 

cranial defect model when the BMP4 gene was delivered (Huang et al., 2005a). A 

different strategy consisting in the in situ crosslinking of PEG networks was shown to 

entrap pDNA encoding for secreted embryonic alkaline phosphatase (pSEAP) which 

upon intramuscular injection was able to produce high levels of expression in 

comparison to repeated DNA injections (Roy et al., 2003). One of the most tunable and 

explored hydrogel materials for cartilage and bone TE is alginate. The biocompatibility 

of the gelation method and its pore size, which has been reported to be on the order of 

5-6 nm, makes alginate also a good candidate for sustained release of vector-pDNA 

therapeutics (Boontheekul et al., 2005). CaP-pDNA complexes of around 100nm have 

been encapsulated in alginate showing a slow pDNA release profile due to the 

degradation of the hydrogels (Krebs et al., 2010). When pDNA encoding for BMP2 

encapsulated in this alginate system was injected in the back of mice, the gene activated 
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hydrogels were able to form bony tissue in two weeks (Krebs et al., 2010). Alginate gene 

activated hydrogels have also been shown to promote in vivo bone formation in a goat 

iliac crest model (Loozen et al., 2015).  

 

2.4.2.2. Non-covalent interactions 

 

Nucleic acid adsorption into a material is based on the non-specific interactions of 

the pDNA or the pDNA-vector complexes with the material substrate due to their affinity 

(Fig.2.4.B). This method, together with chemical conjugation, allows for the 

immobilization of the pDNA after the scaffold fabrication process (De Laporte and Shea, 

2007), avoiding any DNA damage that can result from the material preparation. The 

nucleic acid release is determined by the molecular interactions between the vector and 

the scaffold as a result of their molecular composition and the scaffold degradation. 

Both, free negatively charged DNA and positively charged DNA-vector complexes, can 

interact with polymeric scaffolds through hydrophobic, electrostatic and Van der Waals 

interactions (Segura et al., 2005). Examples of these interactions are the loading of free 

DNA or DNA complexed to polymeric, lipid-based and inorganic vectors into natural and 

synthetic polymeric materials such as collagen, ceramics, extracellular matrix (ECM) 

components, PLG and PCL between others (Jang et al., 2006; Peng et al., 2009; Raftery 

et al., 2015; Tierney et al., 2012). To promote adsorption, the electrostatic properties of 

the bulk biomaterial can be tailored. The inclusion of charged moieties or ECM 

components such as negatively charged sulfated glycosaminoglycans (GAGs) and 

heparin binding peptides, to promote an optimal electrostatic environment for gene 

delivery, have shown to increase the amount of retained cationic PEI-DNA complexes 

and hence increase transfection (Hortensius et al., 2015). The modification of collagen 

matrices with poly-L-lysine has also been shown to enhance pDNA retention (Cohen-

Sacks et al., 2004). Alternatively, the vector-pDNA complexes can be also modified to 

improve their affinity with the carrier material. Collagen-mimetic peptides have been 

linked to DNA polyplexes in order to tune the polyplex retention and release in collagen 

scaffolds (Urello et al., 2014). Also to increase the positive charge of the vector has been 
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shown to enhance PEI-pDNA polyplexes adsorption into PLG scaffolds allowing for two-

fold higher transfection efficiencies than bolus delivery (Jang et al., 2006).  

 

2.4.2.3. Covalent interaction 

 

The adsorption of the nucleic acid material into a 3D matrix might be limited in TE 

by the use of conditioned media which might contain serum proteins and other cellular 

products that could induce release of the adsorbed pDNA through enzymatic reactions 

or competitive protein adsorption. Chemical immobilization (Fig.2.4.B) could overcome 

these limitations, help reduce the amount of genetic material needed and also gain fine 

control of the release kinetics. Incorporation of PEI-pDNA complexes by non-specific 

adsorption, or using covalent biotin/neutravidin conjugation into hyaluronic acid (HyA) 

hydrogels, showed increased transfection and overexpression in the biotinylated 

complexes (Segura et al., 2005). PEI-pDNA complexes covalently attached to 

deprotected amino groups in poly(ε-CBZ-l-lysine) films was shown to promote gene 

delivery in comparison to the adsorbed complexes (Zheng et al., 2000). Covalent 

immobilization of liposome-pDNA complexes into thiol-functionalized PCL nanofiber 

meshes facilitated the gene delivery of RUNX2 to human MSCs and enhanced their 

osteogenic potential (Monteiro et al., 2014b). 

 

2.4.3. Biomaterials for GAMs 

 

When applying GAMs to TE we should consider that the matrix should not only be 

biocompatible and allow for gene transfection, but also to promote and maintain the 

desired phenotype and guide the formation of new tissue, approaching its native 

mechanical and biochemical properties. The choice of material for a GAM must be 

specific for the desired tissue type and be optimized to promote the final goal of 

orthopedic tissue repair. Based on these cocepts, the ideal characteristics required for a 

GAM in tissue engineering are: 

1. Cell compatible to allow for cell survival, growth and differentiation. 
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2. Facilitate nucleic acid-matrix interaction, through the mechanisms defined in the 

previous section, to retain the gene of interest in the site of action and avoiding its 

uncontrolled diffusion to the surrounding tissues. 

3. The material and its production mechanism should be chemically and physically 

compatible with the nucleic acid and its delivery vector to avoid damage of the genetic 

material and undesired interactions that might hinder transfection. 

4. Adaptability of the material to be easily modified to allow for the desired 

release/up take kinetics and to be customized for different applications depending on 

the characteristics of the target tissue and injury type.  

Taking these observations into account, different natural and synthetic materials 

in different conformations have been explored for material-guided gene delivery in 

orthopaedic tissues. 

 

2.4.3.1. Natural polymers 

 

Polymers of natural origin are a promising biomaterial for TE due to their 

biocompatibility, biodegradability and their biomimetic signaling that promotes cell 

migration, proliferation and differentiation. Biopolymers can also be processed in a 

variety of ways to form different types of scaffolds, from porous solid constructs to 

hydrogels. Natural materials such as collagen, chitosan, CaP, fibrin, hyaluronic acid (HyA) 

and alginate between others have been used as GAMs for non-viral gene delivery in the 

context of bone and cartilage TE. As the major component of ECM, collagen was the 

initial material used for GAM technology. Collagen has been extensively studied and 

optimized for gene delivery in cartilage and bone TE. Furthermore, porous collagen 

scaffolds have been tailored in terms of mechanical properties and chemical 

composition to direct MSC differentiation towards either the osteogenic or 

chondrogenic phenotype. While, the incorporation of CaP to a collagen matrix have 

been shown to increase the material mechanics and osteogenic potential of MSCs, the 

addition of GAGs to the material has been shown to act as a successful cartilaginous 

template (O’Brien et al., 2005). Additionally, the gene activation of CaP modified 
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collagen matrices have shown to be superior for bone regeneration than when collagen-

GAG matrices were used (Capito and Spector, 2007). Also, the natural interactions 

between cells and collagen has been hypothesized to facilitate the cellular uptake of 

adsorbed pDNA and vector-pDNA complexes (Browne et al., 2012), and collagen natural 

capacity to bind to cytokines might increase the retention of the overexpressed factors 

and their therapeutic outcome. These studies highlight the importance of coupling both 

the matrix material and the gene delivery strategy to leverage the possible synergistic 

therapeutic effects. 

 

2.4.3.2. Synthetic polymers 

 

Natural polymers face challenges such as batch-to-batch variability, 

immunogenicity, difficulty of sterilization, low mechanical properties and poor control 

of the degradation rate and release kinetics (Vo et al., 2012). Synthetic polymers are an 

alternative to natural materials due to their great versatility which allows for tailoring of 

their physical, chemical and mechanical properties for different tissue engineering and 

regenerative medicine (TERM) applications. Additionally, they provide fine control of 

pore size, geometry and connectivity for tunable controlled release of bioactive factors 

(Vo et al., 2012). Different synthetic polymers such as PCL, PLG, PEG and PLGA have been 

explored as substrate for non-viral gene delivery in orthopedic TE (Jeon et al., 2011; 

Monteiro et al., 2014b; Roy et al., 2003; Whittlesey and Shea, 2006). The major 

limitation of synthetic polymers is their cellular interaction. Functionalization of these 

materials with cell adhesion ligands or with ECM-derived materials have been 

investigated to increase cell interaction, differentiation and specific tissue formation.  

 

2.4.3.3. Material configuration 

 

Not only the choice of material, but its configuration is also important for their use 

as tissue engineered GAMs. Porous solid GAMs are the main material configuration used 

as platform for gene delivery. They are preferred due to the ease of pDNA loading and 
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high cell motility which allows continuous gene uptake. Gene activated hydrogels have 

also been developed due to their potential delivery via minimally invasive 

administration, high permeability for oxygen and nutrients, homogeneous cell and 

nucleic acid distribution, and their suitability for the treatment of irregular shaped 

defects (Madry and Cucchiarini, 2014). In addition, they are suitable for their use as cell 

and gene carriers in biofabrication techniques such as 3D bioprinting. Two widely used 

hydrogels for cartilage and bone tissue engineering are agarose (Benya and Shaffer, 

1982) and alginate (Goren et al., 2010; Häuselmann et al., 1996; Heiligenstein et al., 

2011). Additionally, the incorporation of ECM molecules to different types of hydrogels 

such as hyaluronic acid or collagen (Benoit et al., 2008) have been studied in order to 

mimic the biochemical composition of native tissues. 

 

2.5. Non-viral gene therapy for the repair of Bone and Cartilage 
 

The application of non-viral GAMs in orthopaedics is mainly limited to the 

regeneration of bone and cartilage. Although non-viral gene delivery has been explored 

for the repair of tendon (Delalande et al., 2015; Gerich et al., 1997; Goomer et al., 2000), 

skeletal muscle (DiFranco et al., 2009; Hong et al., 2004; Mansouri et al., 2004; Mir et 

al., 1999; Türk et al., 2007; Zelenin et al., 1997), meniscus (Lee et al., 2014; Zhang et al., 

2009), ligament (Gerich et al., 1997) and intervertebral disc (Nishida et al., 2006), to the 

author’s knowledge there are no reports on the use of non-viral biomaterial-guided 

gene delivery for the repair of the aforementioned tissues.    

 

2.5.1. Bone 

 

 The osseous tissue is a supporting connective tissue which comprises specialised 

cells and a solid matrix formed mainly by mineral salts (HA and calcium carbonate) and 

collagen type I (Ateshian and Mow, 2005; Martini et al., 2009). Osteocytes are the main 

cell population in bone tissue, they maintain the protein and mineral content of bone 

through a constant turnover of its component and also participate in the repair of 
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damaged bone through its conversion into osteoblasts or osteoprogenitor cells (Martini 

et al., 2009). In addition to osteocytes, bone also contains other cell types such as 

mesenchymal stem cells located mainly in the marrow tissue and osteoclast which are 

in charge of bone resorption (Martini et al., 2009). Bone tissue is also highly vascularised 

to allow bone growth and maintenance.  

 To develop a successful gene delivery-based bone regeneration strategy special 

focus has been performed not only on the matrix and cellular composition of bone but 

also in the areas of bone developmental and repair processes. Endochondral and 

intramembranous ossification, bone vascularisation and hormonal factors have been 

explored to this end (Table 2.3).  

Table 2.3. Non-viral gene delivery approaches for bone regeneration in vivo. 

Strategy Genes Transfection 

approach 

Delivery method Model Refs 

Endochondral / 

intramembranous 

ossification 

BMP2 In vivo, 

electroporesis 

Injection Rat skeletal muscle 

injection 

(Kawai et 

al., 2003, 

2005) 

BMP2 Ex vivo, 

liposome 

Periosteal 

explants, GAM 

Rat mandible defect (Park et 

al., 2003) 

BMP2 In vivo, CaP Atelocollagen, 

GAM 

Rat tibia defect (Endo et 

al., 2006) 

BMP2 In vivo, liposome Hydroxyapatite, 

GAM 

Rabbit cranial defect (Ono et 

al., 2004) 

BMP2 Ex vivo, 

liposome 

PEG, scaffold Porcine cranial defect (Wehrhan 

et al., 

2012) 

BMP2 In vivo, liposome Injection Porcine cranial defect (Park et 

al., 2007) 

BMP2 In vivo, 

entrapment in 

alginate 

hydrogels 

Alginate, GAM Goat iliac crest (Loozen et 

al., 2015) 

BMP2 In vivo, 

entrapment in 

Alginate, GAM Subcutaneous, mouse (Wegman 

et al., 

2013) 
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alginate 

hydrogels 

BMP2 In vivo, CaP Alginate, GAM Subcutaneous mouse (Krebs et 

al., 2010) 

BMP4 In vivo, PEI PLGA, GAM Rat cranial defect (Huang et 

al., 2005a) 

BMP6 In vivo, 

sonoporation 

Collagen, GAM Porcine tibia defect (Bez et al., 

2017) 

TGF-β3 In vivo, 

entrapment in 

collagen 

hydrogel 

Collagen, GAM Rat cranial defect (Premaraj 

et al., 

2005) 

Vascularisation and 

angiogenesis 

VEGF Ex vivo, 

dendrimer 

Gelatin, scaffold Rabbit tibia defect (Li et al., 

2009) 

VEGF In vivo, pDNA 

adsorption into 

collagen scaffold 

Collagen, GAM Rabbit radius defect (Geiger et 

al., 2005) 

FGF2 Ex vivo, 

liposome 

β-TCP, scaffold Rabbit radius defect (Guo et 

al., 2006) 

PDGF In vivo, PEI Collagen, GAM Periodontal rat defect (Plonka et 

al., 2017) 

PDGF In vivo, PEI Collagen, GAM Rat cranial defect (Elangovan 

et al., 

2014) 

Hormonal process PTH 1-

34 

In vivo, pDNA 

adsorption into 

collagen scaffold 

Collagen, GAM Canine femoral defect (Bonadio 

et al., 

1999) 

Combinatorial 

gene delivery 

PDG 

VEGF 

In vivo, PEI Collagen, GAM Rat cranial defect (D’Mello 

et al., 

2015) 

BMP2 

BMP7 

In vivo, 

sonoporation 

Collagen/fibrin, 

GAM 

Mouse intramuscular (Nomikou 

et al., 

2017) 

BMP2 

BMP7 

In vivo, 

electroporation 

Injection Rat intramuscular (Kawai et 

al., 2005) 

BMP2 

VEGF 

In vivo, nHA/PEI Collagen, GAM Rat cranial defect (Curtin et 

al., 2015) 
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2.5.1.1. Bone development strategies 

 

 Endochondral ossification is the process by which bones are originated from a 

cartilage template. The cartilage resident cells, chondrocytes, start increasing in size and 

become hypertrophic, these hypertrophic chondrocytes calcify the cartilage template 

and disintegrate leaving cavities in the cartilaginous tissue that allow the penetration of 

blood vessels and osteoblasts as a result of the fibroblast differentiation (Martini et al., 

2009). Following these events, the osteoblasts begin producing spongy bone and 

creating a primary ossification centre from which bone formation spreads (Yu et al., 

2010). The other developmental process of bone formation is called intramembranous 

ossification which starts with MSCs condensation and alkaline phosphatase mediated 

mineralisation of the secreted tissue, and differentiation of the MSCs into osteoblasts 

to form an ossification centre that is subsequently vascularised (Martini et al., 2009). 

Members of the transforming growth factor-β superfamily are important regulators of 

these ossification processes.  

 Of special importance is BMP2 which has shown to initiate the cascade of 

biological events of endochondral ossification (Kawai et al., 2005; Yu et al., 2010). BMP2 

has also been identified as a therapeutic target for intramembranous ossification. 

Collagen type I scaffolds loaded with recombinant BMP2 have been shown to promote 

both, intramembranous and endochondral ossification, suggesting that the BMP2-

mediated ossification process might be dependent on the BMP2 application method, 

concentration, tissue environment and in vivo model (Kawai et al., 2005; Stoeger et al., 

2002). Also, the electroporation of pDNA encoding for BMP2 into the rat 

musculoskeletal muscle showed the development of both hypertrophic cartilage regions 

and intramembranous bone formation 10 days post transfection (Kawai et al., 2005). 

Injection of liposomes-pBMP2 complexes into porcine cranial defects was able to 

transfect the host cells that were migrating into the tissue and maintaining the gene 

overexpression for 4 weeks, but not complete osseointegration in the centre of the 

defect was achieved (Park et al., 2007). Liposome-mediated BMP2 ex vivo transfection 

of BMSCs transplanted into a rat critical size mandible resulted in the differentiation of 

the BMSCs into osteogenic progenitors and successful repair of the defect by 6 weeks 
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(Park et al., 2003). Collagen scaffolds loaded with CaP complexed to pDNA encoding for 

BMP2 has also been reported to enhance bone repair and bridge rat tibia defects after 

4 weeks of implantation following a GAM approach (Endo et al., 2006). This same GAM 

approach was explored with liposome-pBMP2 complexes loaded into hydroxyapatite 

porous scaffolds showing healing of a rabbit cranial defect in 9 weeks (Ono et al., 2004). 

BMP2 ex vivo transfection of human foetal osteoblast using liposomal vectors and 

posterior seeding in PEG scaffolds and implantation in a porcine cranial defect model 

enhanced bone formation (Wehrhan et al., 2012). BMP2 gene delivery in MSC-laden 

alginate hydrogels was shown to promote ossification and mineralisation in vivo when 

implanted subcutaneously (Wegman et al., 2013) and in when implanted in a goat iliac 

crest model (Loozen et al., 2015). BMP2 gene has also been delivered using a gene-

activated injectable alginate gel system capable of promoting bone formatin 

subcutaneously (Krebs et al., 2010). 

 Additionally, gene delivery of other factors from the TGF-β superfamily have 

been explored for bone formation. BMP4 encoding pDNA complexed to PEI and loaded 

into a PLGA scaffold was tested in a cranial defect resulting in enhanced mineralisation 

in comparison to the controls (Huang et al., 2005a). BMP6 gene material-guided 

sonoporation was shown to transfect 40% of the cells that colonized the construct and 

the overexpression of BMP6 transgene led to complete fracture healing after 6 weeks 

(Bez et al., 2017). TGF-β3 pDNA was entrapped in a collagen hydrogel and implanted in 

vivo in a rat cranial defect showing successful gene transfection after 14 days, but the 

potential of this approach for bone regeneration was not reported (Premaraj et al., 

2005). 

 

2.5.1.2. Vascularization 

 

 Common to both, endochondral and intramembranous ossification, 

vascularisation is a key process to provide the new bone with enough oxygen and 

nutrients. Vascular endothelial growth factor (VEGF) has been identified as one of the 

most potent promoters of vascularisation during endochondral ossification and fracture 

repair (Street et al., 2002). Non-viral Ex vivo transfection of fibroblasts with the VEGF 
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gene and posterior implantation in a rabbit bone defect was shown to promote blood 

vessel formation, callus maturation and defect bridging (Li et al., 2009). The delivery of 

the VEGF gene in a non-viral collagen GAM approach also showed successful bone repair 

in a rabbit radius model (Geiger et al., 2005). Another target in order to promote 

angiogenesis for bone repair is fibroblast growth factor 2 (FGF2), which has been shown 

to promote the regeneration of capillary vasculature (Radomsky et al., 1998). Non-virally 

FGF2 ex vivo transfected BMSCs were seeded on tricalcium phosphate (β-TCP) scaffolds 

and implanted into rabbit radial defects; increased vascularisation of the constructs and 

bone formation were observed (Guo et al., 2006). Another target for this approach is 

the use of platelet derived growth factor (PDGF) which is involved in the stimulation of 

local angiogenesis and osteoblast migration during bone fracture (Caplan and Correa, 

2011). A collagen-based GAM containing PEI-pPDGF complexes was shown to enhance 

bone production and repair in a rat cranial defect (Elangovan et al., 2014). In a follow up 

study using the same system, the sustained delivery of PEI-PDGF was shown to prolong 

inflammation and delayed bone healing in a rat periodontal defect, in comparison to the 

empty collagen scaffold and the PDGF recombinant protein loading (Plonka et al., 2017), 

suggesting that optimisation of the system is needed in order to couple gene 

transfection and physiological repair processes.  

 

2.5.1.3. Hormonal processes 

 

 In order to maintain normal bone growth and homeostasis, the hormonal 

processes are essential for calcium and phosphate absorption, osteoblast activity, 

matrix production and bone repair. Different repair strategies have been inspired in 

these processes. Parathyroid hormone 1-34 (PTH 1-34) has been shown to stimulate 

osteoblasts to produce new bone matrix resulting in an increase of the bone density, 

mass and mechanical strength (Vahle et al., 2002). Gene delivery of PTH 1-34 in a 

collagen scaffold was shown to promote fracture repair in a canine critical femoral 

defect (Bonadio et al., 1999). 
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2.5.2. Cartilage 

 

Cartilage is a soft connective tissue formed by a highly specialised ECM and 

chondrocytes, as the single cell type in this tissue (Ateshian and Mow, 2005). Hyaline 

cartilage, the most common type of cartilage, is present in the articulating surfaces of 

long bones to lubricate movement and provide protection against friction and wear 

(Ateshian and Mow, 2005). The main components of cartilage are interstitial water (60-

85%), collagen type II (15-22%) and GAGs (4-7%) (Ateshian and Mow, 2005).Due to its 

avascular nature and the low mitotic activity of chondrocytes, cartilage shows a low 

capacity for self-repair upon damage.  

Cartilage development starts, similarly to the endochondral ossification process, 

with MSC condensation and differentiation into chondrocytes which secrete the 

cartilage matrix components such as proteoglycans and collagen type II. Unlike the 

endochondral ossification process, stable cartilage is characterized by the suppression 

of chondrocyte hypertrophy, vascularization and calcification of the matrix. This process 

is highly regulated by different types of growth and transcription factors that have been 

identified as targets for their use in gene therapy approaches. 

 Gene therapy strategies for cartilage regeneration are based not only in the 

developmental processes of cell differentiation and cartilaginous matrix synthesis, but 

also in the degradative processes experiment by cartilage during pathological processes 

such as OA. Gene therapy for the treatment of cartilage and osteochondral defects has 

traditionally focused on the use of anabolic cytokines and transcription factors and co-

factors involved in chondrogenic differentiation and cartilage matrix production, the 

suppression of chondrocyte hypertrophy and endochondral ossification, and the 

inhibition of catabolic processes that take place during cartilage pathologies. 
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Table 2.4. Non-viral gene delivery approaches for cartilage regeneration in vivo.  

Strategy Genes Transfection 

approach 

Delivery 

method 

Model Refs 

Cell 

differentiation 

/ matrix 

production 

TGF-β1  In vivo, PLL PLGA, GAM Rabbit 

osteochondral 

defect 

(Li et al., 

2013) 

 

TGF-β1 In vivo, 

chitosan 

PLGA, GAM Rabbit full-

thickness 

cartilage 

defect 

(Wang et al., 

2010) 

TGF-β1 Ex vivo, 

pullulan-

spermine 

Gelatin Rat full-

thickness 

cartilage 

defect 

(He et al., 

2012) 

TGF-β1 In vivo, pDNA 

adsorption 

into chitosan-

gelatin 

scaffold 

chitosan-

gelatin, GAM 

Rabbit full-

thickness 

cartilage 

defect 

(Diao et al., 

2009) 

IGF1 Ex vivo, 

lipoplex 

Alginate Rabbit full-

thickness 

cartilage 

defect 

(Madry et al., 

2005) 

FGF2 Ex vivo, 

lipoplex 

Alginate Rabbit 

osteochondral 

defect 

(Kaul et al., 

2006) 

SOX9 Ex vivo,  

PLGA 

Injection Mouse 

subcutaneous 

(Jeon et al., 

2012) 

CDMP1 Ex vivo, 

lipoplex 

Collagen gel Rabbit 

osteochondral 

defect 

(Katayama et 

al., 2004) 

BMP2 In vivo, 

PEI 

Fibrin gel Rabbit 

osteochondral 

defect 

(Schillinger et 

al., 2008) 

IL-10 In vivo, 

electroporesis 

Intra-articular 

injection 

Mouse 

collagen 

(Khoury et 

al., 2006) 
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2.5.2.1. Chondrogenic differentiation and cartilage matrix 

production strategies 

 

  To promote cell differentiation and cartilage matrix production, the anabolic 

cytokines are a group of genes of major interest for cartilage gene therapy approaches. 

Over-expression of genes encoding for secreted extracellular growth factors is 

hypothesized to enhance matrix production in the area defined by the construct, and 

also on the adjacent tissue facilitating the integration of the newly formed cartilage 

following in vivo implantation (Madry et al., 2012). Between these, the members of the 

TGF-β superfamily, TGF-β1 and 3, are recognized as two of the most important growth 

Inhibition of 

catabolic 

processes 

induced 

arthritis model 

IL-1RA In vivo, 

liposome 

Intra-articular 

injection 

Rabbit OA 

model  

(Zhang et al., 

2015b) 

Combinatorial 

gene delivery 

IGF1  

FGF2 

Ex vivo,  

lipoplex 

Alginate Rabbit 

osteochondral 

defect 

(Madry et al., 

2010; Orth et 

al., 2011) 

TGF-β1 

PTHrP 

Ex vivo, 

liposome 

PLA Rabbit full-

thickness 

cartilage 

defect 

(Goomer et 

al., 2001) 

IL-1RA 

TGF-β1 

In vivo, 

liposome 

Intra-articular 

injection 

Rabbit OA 

model 

(Zhang et al., 

2015b) 

Zonal gene 

delivery 

TGF-β1 

(cartilage) / 

BMP2 (bone) 

In vivo, pDNA 

adsorption 

into the 

scaffold 

Chitosan-
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factors for cartilage tissue engineering (Kock et al., 2012), as they promote chondrocyte 

proliferation, ECM synthesis (van der Kraan et al., 1992; Morales, 1991; Roman-Blas et 

al., 2007), and chondrogenic differentiation of MSCs (Almeida et al., 2014; Johnstone et 

al., 1998; Mackay et al., 1998; Schulz et al., 2008). For these reasons, gene delivery of 

TGF-β1 and 3 has been widely investigated, offering a promising alternative to growth 

factor supplementation for cartilage tissue engineering (Elmallah et al., 2015; Hao et al., 

2008; Ivkovic et al., 2010; Pagnotto et al., 2007; Zhang et al., 2015a). Moreover, intra-

articular injection of genetically modified human chondrocytes overexpressing TGF-β1 

has overcome clinical phases I and II providing beneficial effects for OA treatment 

(Elmallah et al., 2015; Ha et al., 2012). Regarding non-viral gene delivery of these factors 

in vivo, pDNA encoding for TGF-β1 was complexed to a chitosan derivative and loaded 

into fibrin-PLGA scaffolds which promoted cartilage repair in a rabbit full thickness 

cartilage defect when BMSCs were included in the GAM system (Wang et al., 2010). In a 

follow up study, pTGF-β1 complexed to poly(ethylene oxide)-b-poly(L-lysine) (PEO-b-

PLL) was loaded into the same PLGA GAM system and implanted in a rabbit 

osteochondral defect, resulting in cartilage tissue production containing levels of type II 

collagen and GAGs similar to the native tissue (Li et al., 2013). The adsorption of pTGF-

β1 into a chitosan-gelatin scaffold and its implantation in a rabbit full thickness cartilage 

defect promoted the chondrogenic differentiation of MSCs loaded in the scaffold, the 

secretion of hyaline cartilage matrix and improved cartilage repair after 10 weeks (Diao 

et al., 2009). Ex vivo approaches have also been studied. Non-viral ex vivo transfection 

of MSCs with TGF-β1 and posterior implantation using a gelatin sponge into a rat full-

thickness cartilage defect resulted in the development of a thick repaired cartilage layer 

but not complete repair of the defect (He et al., 2012). Other targets that remain 

unexplored for non-viral gene therapy approaches in vivo for cartilage regeneration, are 

TGF-β3 and TGF-β2. Lentiviral gene delivery of TGF-β3 in a PCL scaffold has proven as 

effective as TGF-β3 medium supplementation for chondrogenic differentiation of 

human MSCs in terms of ECM formation in vitro (Brunger et al., 2014). The application 

of viral delivery of the TGF-β2 gene in a GAM, has been shown to limit collagen 

resorption and chondrocyte hypertrophy in an in vitro culture of OA patient’s explants 

(Tchetina et al., 2006).  
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Therapeutic targets from the TGF-β superfamily also include the BMPs and the 

cartilage-derived morphogenic proteins (CDMP). BMP factors play an important role in 

MSCs and chondrocyte proliferation and differentiation through the crosstalk with the 

TGF-β isotypes in the SMAD signaling pathway (Keller et al., 2011; Yoon et al., 2005). For 

these reasons, different BMPs such as BMP2 (Gelse et al., 2008), BMP4 (Shi et al., 2013), 

BMP6 (Kayabaşi et al., 2013), and BMP7 (Grande et al., 2003) have been investigated in 

viral gene delivery approaches to enhance cartilage repair. The delivery of pDNA 

encoding for BMP2 using gene-activated fibrin glue offered no significant improvement 

in rabbit osteochondral defects (Schillinger et al., 2008). CDMPs have been shown to 

promote MSC aggregation and chondrogenic differentiation. Over-expression of CDMP1 

in non-virally transfected MSCS and posterior implantation in a collagen gel into a rabbit 

osteochondral defect, showed better cartilage surface repair and deeper zone 

remodeling than the controls (Katayama et al., 2004). 

 Other important anabolic cytokine genes used in GAMs to induce 

chondrogenesis and cartilage repair are insulin growth factor 1 (IGF1) and FGF2. 

Chondrocytes non-virally transfected with IGF1 and seeded in alginate hydrogels, 

showed improved articular cartilage repair and subchondral bone formation in 

comparison to the reporter gene controls when implanted in a rabbit osteochondral 

defect (Madry et al., 2005). Ex vivo lipid-mediated transfection of chondrocytes with the 

FGF2 gene was shown to enhance collage type II deposition, and improved cartilage 

repair in a rabbit osteochondral defect model (Kaul et al., 2006).  

The overexpression of transcription factors is another way to induce 

chondrogenesis and cartilage matrix production. Unlike cytokines, transcription factors 

are proteins that directly bind to specific DNA sequences promoting or blocking the 

transcription of a gene (Latchman, 1997). Even though the use of genes encoding for 

growth factors and other secreted cytokines is preferred to transcription factors when 

using non-viral gene therapy approaches due to low transfection efficiencies, the 

delivery of transcription factor genes for tissue engineering is of special interest. Gene 

delivery of transcription factors also shows a determinant advantage as these factors 

can’t be applied as soluble factors and their localization inside the cell confines their 

effects to only the transfected cells, preventing any undesired accumulation or side-
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effects in a non-targeted tissue. The most common transcription factors used for gene 

therapy in cartilage tissue engineering are the sex- determining region Y–type high 

mobility group box (SOX) family, specifically the SOX trio formed by SOX9, SOX5 and 

SOX6. SOX9 transfection of MSCs using PLGA microspheres and subcutaneous in vivo 

implantation of the genetically modified cells, enhanced their expression of 

chondrogenic genes such as collagen type II and agreccan and the secretion of a 

cartilaginous matrix (Jeon et al., 2012). SOX9 has also been shown to be an important 

factor for the inhibition of endochondral ossification and chondrocyte hypertrophy 

down-regulating RUNX2 and cartilage vascularization (Chen et al., 2015; Hattori et al., 

2010a). 

2.5.2.2. Inhibition of endochondral ossification  

 

 To suppress endochondral ossification different genes targeting different 

processes involved in the conversion of cartilage into bone have been studied. The 

identification of endochondral ossification and chondrocyte hypertrophy inhibitors is 

also important for the treatment of OA related pathologies which might result in 

calcification and vascularization of the damaged cartilage. Between these targets, we 

can highlight the parathyroid hormone receptor protein (PTHrP), antagonist of BMP like 

gremlin 1 (GREM1), inhibitors of angiogenesis like chondromodulin 1 (CHM1) and 

endostatins, and histone deacetylases (HDACs) such as HDAC4 which targets the 

osteogenic gene RUNX2. 

 PTHrP has been shown to enhance chondrogenic differentiation of MSCs and 

down-regulate the expression of markers of chondrocyte hypertrophy such as collagen 

type X, RUNX2 and alkaline phosphatase (ALP) (Chen et al., 2015). Non-viral co-delivery 

of TGF-β1 and PTHrP was hypothesized to promote cartilage matrix production by 

chondrocytes and to suppress chondrocyte hypertrophy (Goomer et al., 2001). The 

therapeutic outcome of this strategy was not tested in an in vivo cartilage defect 

(Goomer et al., 2001).  

 Antagonists of the BMPs such as GREM1, frizzled related protein (FRZB) and 

dickkopf 1 homolog (DKK1) have been identified as one of the most upregulated genes 
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in articular cartilage in comparison to growth plate (Leijten et al., 2012a). GREM1 has 

been shown to inhibit chondrocyte hypertrophy and matrix mineralization when 

supplemented into the culture media in vitro (Leijten et al., 2012a). Although promising 

results, the overexpression of these factors remains unexplored for cartilage TE. 

 Inhibitors of vascularization such as CHM1 and endostatins are a promising 

option to inhibit endochondral ossification. Furthermore, vascular invasion into the 

cartilage surface is a hallmark of OA and numerous angiogenic factors such as VEGF have 

been detected in the OA affected tissues (Suri and Walsh, 2012). Decrease of CHM1 

expression in OA degenerated cartilage was shown to correlate with angiogenesis 

progression (Deng et al., 2017). Viral-mediated transfection of the CHM1 gene into 

cartilage lesions in miniature pigs stimulated chondrogenic differentiation of the host 

progenitor cells and inhibited chondrocyte hypertrophy and vascularization (Klinger et 

al., 2011). Endostatin is a proteolytic fragment of collagen type XVII and it has been 

shown to inhibit endothelial cell migration and proliferation and angiogenesis (Taddei 

et al., 1999). Lipoplex-mediated transfection of MSCs in a collagen GAM with the 

endostatin gene was shown to sustain the expression of the transgene over 14 days (Sun 

et al., 2009). The therapeutic effects of this approach were not explored in vivo.  

 HDAC4 has been shown to modulate cell fate by modifying the chromatin 

structure and regulating the expression of transcription factors such as RUNX2 (Chen et 

al., 2015). Viral-mediated overexpression of HDAC4 has also shown to support 

chondrogenesis and suppress the expression of collagen type X (Pei et al., 2009). Non-

viral gene delivery of HDAC4 for cartilage TE remains unexplored.  

 

2.5.2.3. Inhibition of catabolic processes 

 

 Catabolic genes are those that encode for pro-inflammatory cytokines (e.g. 

interleukin 1 alpha (IL-1α), interleukin 1 beta (IL-1β) and tumor necrosis factor alpha 

(TNF-α)), and extracellular matrix proteases such as matrix metalloproteases (MMPs) 

and disintegrin and metalloproteinase with thrombospondin motifs (ADAMTs) 
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(Goldring, 2000). These cytokines and proteases are overexpressed in osteoarthritic 

cartilage.  

Gene therapy featuring anti-inflammatory cytokines has been shown as an 

effective way to suppress the inflammatory pathology in OA. Retroviral ex vivo gene 

delivery of interleukin 1 receptor antagonist (IL-1Ra) to human arthritic joints has been 

tested in two clinical trials (Evans et al., 2005; Wehling et al., 2009), while scaffold-

mediated lentiviral IL-1Ra gene delivery strategy has been shown to inhibit the negative 

effects of IL-1 on chondrogenesis of MSCs in vitro (Glass et al., 2014). IL-1RA complexed 

to lipofectamine was also delivered through intra-articular injection in a rabbit OA model 

showing localised expression and suppressed the formation of bone spurs and improved 

regeneration (Zhang et al., 2015b). Intra-articular injection of adenoviral vectors 

containing a tumor necrosis factor antagonist gene (TNFR:Fc) has also been tested as a 

treatment for rheumatoid arthritis in phase II clinical trials (Mease et al., 2010). Another 

target explored for reducing the inflammation in arthritis is the gene delivery of the anti-

inflammatory cytokine interleukin-10 (IL-10), which non-viral delivery through intra 

articular injection showed to inhibit the clinical and biological features of arthritis in an 

arthritic mouse knee (Khoury et al., 2006).  

Other catabolic inhibitors of interest are the tissue inhibitors of 

metalloproteinases (TIMPs) which supress MMP mediated degradation of the 

cartilaginous ECM (Brew et al., 2000). The retroviral gene transfer of TIMP-1 into 

chondrocytes has been shown to inhibit the effects of IL-1 and prevent collagen 

breakdown in vitro (Kafienah et al., 2003). The α2-macroglobulin (α2M) protein prevents 

cartilage degradation through inhibition of MMPs (Tchetverikov et al.) and ADAMTs 

(Tortorella et al., 2004) but its gene transfer remains to be validated for cartilage tissue 

engineering applications. 
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2.6. Future directions 
 

2.6.1. Combinatorial gene therapy in bone and cartilage orthopedic 

tissue engineering 

 

 Bone and cartilage tissue repair and development are dynamic, highly regulated 

and organized processes that are driven by the action of multiple growth factors, for the 

modulation of different cellular activities such as cellular recruitment, mitosis, 

differentiation, and tissue formation. Moreover, the developmental and pathological 

processes involving bone and cartilage are complex, and the delivery of just one gene 

might not be enough to develop a successful regenerative strategy. Combinatorial viral 

and non-viral gene delivery strategies targeting different processes for bone and 

cartilage regeneration highlight the importance and feasibility of a multigenic approach 

as an option to secure a more successful and complete repair that can answer current 

therapeutic challenges. 

 

2.6.1.1. Combinatorial gene therapy for bone TE 

 

 The first description of a GAM-based non-viral multiple gene delivery for bone 

regeneration was based on the potential synergistic effects of the co-delivery of PDGF 

and VEGF for bone regeneration. The combination of the chemotactic and mitogenic 

effects of PDGF and the angiogenic potential of VEGF were explored by the PEI-mediated 

delivery of these two genes in vivo using a collagen scaffold as carrier material (D’Mello 

et al., 2015). Surprisingly, the co-delivery of both factors offered reduced bone repair in 

comparison to the delivery of PDGF gene alone (D’Mello et al., 2015). The authors 

hypothesized that a sequential delivery, in order to recapitulate the bone repair 

processes in which PDGF is secreted first after a fracture and is followed by VEGF 

expression, could have been beneficial for enhanced bone repair (D’Mello et al., 2015). 

Another combinatorial gene delivery approach used in vivo for bone formation is the co-

delivery of the BMP2 and BMP7 genes which co-expression have been reported to 

synergistically enhance osteogenesis of progenitor cells and ALP activity resulting in 
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rapid bone formation (De Bari et al., 2006), and ectopic osteogenic differentiation in vivo 

(Nomikou et al., 2017). Another promising strategy for the enhancement of bone 

formation and vascularization is the co-delivery of osteogenic and angiogenic genes such 

as BMP2 and VEGF. The co-delivery of both these genes in a collagen-based GAM system 

resulted in higher bone formation and vessel formation in a rat cranial defect (Curtin et 

al., 2015).  

 

2.6.1.2. Combinatorial gene therapy for cartilage and OA 

 

 For cartilage TE, instead of the promotion of endochondral ossification, the 

inhibition of this process is desired. One of the problems of the use of factors from the 

TGF family is the propensity to undergo chondrocyte hypertrophy and endochondral 

ossification, characterized for deposition of collagen type X, collagen type I and 

mineralization of the cartilage templates. For example, in previously mentioned studies, 

non-viral TGF-β1 delivery in an osteochondral defect showed collagen type II, aggrecan 

and SOX9 expression levels similar to native cartilage but also high levels of collagen 

type X and I (Li et al., 2013). The combination of the overexpression of inductors of 

chondrogenesis such as TGF-β1 and suppressors of hypertrophy has been explored to 

promote the formation of stable hyaline cartilage. Non-viral delivery of TGF-β1 and 

parathyroid hormone related protein (PTHrP) was hypothesized to promote cartilage 

matrix production by chondrocytes and perichondral cells but, at the same time, to 

suppress collagen type X production and chondrocyte hypertrophy (Goomer et al., 

2001), but the therapeutic outcome of this strategy was not tested in an in vivo cartilage 

defect (Goomer et al., 2001). Another strategy explored to promote chondrogenesis of 

progenitor cells and suppress hypertrophy is the co-delivery of chondrogenic factors 

such as FGF2 and BMP2 with SOX9 (Cha et al., 2013; Cucchiarini et al., 2009; Liao et al., 

2014). Also, the co-delivery of the SOX5, SOX6 and SOX9, also known as the SOX trio, 

have been hypothesized to enhance chondrogenic differentiation and suppress 

hypertrophy when delivered together in comparison to the administration of these 

factors individually. SOX5 and SOX6 have been shown to enhance the transcriptional 

activity of SOX9 over type II collagen, aggrecan and other chondrogenesis related genes 
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(Lefebvre et al., 1998). Electroporation of ASCs with the SOX trio genes individually and 

in combination was shown to enhance chondrogenesis when the three genes were 

delivered but no significant increase in chondrogenesis was observed when the genes 

were administered individually (Im and Kim, 2011). The PLGA-mediated transfection of 

a multicistronic pDNA encoding for these 3 genes was also proven superior for 

chondrogenic differentiation of MSCs than the transfection of each single gene (Park et 

al., 2017). 

 IGF1 and FGF non-viral co-delivery has also been hypothesized to synergistically 

enhance chondrogenesis and cartilage repair though the induction of chondrogenesis 

and chondrocyte proliferation due to FGF2 overexpression and the promotion of 

cartilage matrix production and phenotype stabilization due to IGF1 delivery. NIH 3T3 

cells and chondrocytes transfected with lipoplexes complexed to both FGF2 and IGF1 

showed to promote articular cartilage repair, subchondral bone formation and a 

protective effect in the neighboring cartilage in a rabbit osteochondral defect (Madry et 

al., 2010; Orth et al., 2011). 

 Another promising strategy for the treatment of OA in which both, cartilage 

matrix production and decrease of inflammation are needed, could be the combination 

of induction of chondrogenesis through the delivery of factors from the TGF-β family 

and inflammation inhibitors such as IL-10 and IL-1RA. The intra-articular injection of IL-

1RA and TGF-β1 genes complexed to lipofectamine into a rabbit OA model showed 

better repair outcomes than the injection of the single genes, and surprisingly offered a 

synergistic effect as the TGF-β1 overexpression increased the endogenous expression of 

IL-1RA (Zhang et al., 2015b). A GAM based strategy combining both, regenerative and 

anti-inflammatory gene overexpression could also be successful for the treatment of 

cartilage defects. 
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2.6.2. Spatially controlled biomaterial-guided gene delivery 
 

 Traditionally, tissue engineering strategies have focused on the development of 

homogenous implants of uniform composition, but in orthopaedic tissues cell types, 

ECM components and bioactive cues are spatially organised. For example, bone is a 

complex organ which comprises mineralised osseous tissue, marrow, endosteum and 

periosteum nerves and blood vessels which are organised according to the different 

areas of the bone anatomy (Martini et al., 2009). Cartilage tissue also shows a 

heterogenous composition formed by a superficial layer of hyaline cartilage, a middle 

zone and a deep zone of calcified cartilage (Martini et al., 2009) (Fig.2.5.A). Successful 

tissue engineering strategies must recapitulate this heterogeneous architecture to 

produce biologically functional devices that once implanted will perform similarly to 

native tissues. The engineering of scaffolds with a gradient in composition, structure, 

mechanical and chemical properties that can modulate cellular behaviour in a graded 

way are a promising alternative to support the growth of heterogeneous tissues. This 

same reasoning can be applied to biomaterial-guided gene delivery, but the spatial 

presentation of nucleic acids faces many challenges and novel strategies are needed. 

 For this purpose, the biomaterial-nucleic acid interaction is a critical factor, and 

it must be finely tuned for the effective micropatterning of different genes and gene 

carriers. While the spatial distribution of nucleic acid adsorbed into 3D porous materials 

faces multiple challenges due mainly to diffusion of the loaded genetic material and the 

unspecific interactions between the DNA and the substrate, DNA entrapment into 

hydrogels and chemical immobilisation might be more suitable approaches for the 

spatial incorporation of genetic cues. Lipoplex-pDNA complexes were chemically 

immobilised in a polydimethylsiloxane (PDMS) substrate to create 100-1000 µm wide 

patterns of transgene expression of nerve growth factor (NGF) in order to engineer in 

vitro graded neural tissue (Houchin-Ray et al., 2007). The engineering of pDNA gradients 

based on the production of HA gradients in a electrospun fibrous scaffold, also resulted 

in zonal reporter gene overexpression (Zou et al., 2012). Entrapment of lipofectamine-

pDNA complexes in fibrin hydrogels during the polymerisation process was shown to 

provide confined gene transfer suitable for the development of cell transfection 

microarrays that could be also used for graded TE (Lei et al., 2009).   
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 Also, different materials loaded with different nucleic acids can be organised 

following the architecture of the desired tissue in a multilayer approach. The spatial 

organisation of materials with different biological properties could also act 

synergistically with the delivered genes to promote graded cell differentiation and 

organised new tissue deposition. For example, a pTGF-β1 loaded chitosan-gelatin 

scaffold and a pBMP2 loaded HA/chitosan-gelatin scaffold were combined through 

fibrin glue fixation for osteochondral tissue engineering (Chen et al., 2011). A major 

limitation of this approach might be the delamination of the multiple layers when 

implanted in vivo (Nooeaid et al., 2012).   

 

2.6.2.1. Spatial gene delivery at the tissue interface: the 

osteochondral unit 

 

 As introduced previously, articular cartilage is a highly organised tissue. It is 

structured in three different zones which show different composition and mechanical 

properties (Fig.2.5.A). These three zones are: superficial zone, middle zone, and deep 

zone. The superficial zone contains high levels of collagen type II and lower levels of 

GAG, the middle zone contains the highest GAG concentration and the lowest levels of 

collagen type II, and the deep zone is characterised for the presence of high levels of 

collagen type X and calcification which integrates into the subchondral bone (Nguyen et 

al., 2011) (Fig.2.5.A). Due to this different ECM distribution and organisation, the 

mechanical properties of the tissue also vary throughout the different layers. The 

compressive modulus increases significantly from the superficial zone to the deep zone 

(Nguyen et al., 2011). Since the functionality of cartilage depends on the described 

spatial architecture, it is important that tissue engineering strategies reproduce this 

native structure.  
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Fig.2.5. (A) Structure of articular cartilage and its different mechanical and biochemical 

properties. (B) The incorporation of chondrogenic and osteogenic genes into bioinks to 

form GABs could be used for the 3D printing of gene activated constructs to recapitulate 

cartilage native structure. 

 

 Different biomaterial, cell and protein-based strategies have been explored to 

this end but challenges remain. For example, previously in our research group, the 

differential distribution of chondrocytes and stem cells in agarose hydrogels developed 

zonal chondrogenesis and endochondral ossification in vitro and in vivo when implanted 

subcutaneously (Sheehy et al., 2013). Due to the limitations associated with the use of 

autologous chondrocytes for TE (Brittberg et al., 1994), progenitor stem cells have been 

hypothesized as a promising alternative. For the spatial differentiation of progenitor cell 

types, the use of the zonal presentation of material stiffness and growth factors has also 

been studied. The engineering of stem cell laden constructs composed of a soft 
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chondrogenic layer and a stiffer bone layer was not enough to spatially guide MSC 

differentiation (Steinmetz et al., 2015). Multilayer MSC seeded bilayered PLG scaffolds 

containing a zonal gradient of the growth factors TGF-β3 and BMP4 in the cartilage and 

bone layer respectively, resulted in the spatial differentiation of the stem cells, but 

collagen type X was found in both layers suggesting the development of a hypertrophic 

phenotype in the cartilage layer and the need of the local inhibition of this process for 

the generation of stable hyaline cartilage. 

 Similar approaches have been explored for gene delivery. As previously 

mentioned, MSC-laden pTGF-β1 loaded chitosan-gelatin and pBMP2 loaded 

HA/chitosan-gelatin scaffolds were combined through fibrin glue fixation to create a 

bilayered osteochondral construct which provided simultaneous formation of articular 

cartilage and subchondral bone when implanted in vivo in an osteochondral defect 

model (Chen et al., 2011). Gene delivery also offers the possibility of the overexpression 

of transcription factors whose effect is much more localised in comparison to the 

delivery of growth factors that can diffuse through the construct. Polymeric delivery of 

pDNA encoding for the SOX trio genes in the cartilage layer and RUNX2 in the bone layer 

was explored to spatially control MSC differentiation in a oligo[poly(ethylene glycol) 

fumarate] (OPF) hydrogel (Needham et al., 2014). When these constructs were 

implanted in a rat osteochondral defect the bilayered scaffolds showed improved 

healing in comparison to empty controls and the application of only one gene (Needham 

et al., 2014). The main limitations of this study was the possible interaction between the 

SOX trio and RUNX2 overexpression which could counteract each other’s action and the 

coupling of the processes of gene transfection and scaffold degradation for the 

regeneration of higher quality tissue (Needham et al., 2014). 
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2.6.2.2. Biofabrication and gene delivery 

 

Recently biofabrication methods have started to gain importance as they allow the 

production of multiphasic scaffolds that can potentially reproduce the structural and 

biological cues of intricate tissues (Lopa and Madry, 2014; Shimomura et al., 2014; Visser 

et al., 2015). The combination of biofabrication techniques with gene therapy is an 

interesting option for achieving a zonal distribution of genes encoding for different 

molecules that can help mimic the zonal genetic gradients found in non-homogenous 

tissues such as articular cartilage (Fig.2.5.B). 3D printing of gene activated alginate 

hydrogels has been considered as a promising approach for bone tissue engineering 

(Loozen et al., 2013), and thermal inkjet printing has been reported to generate 

transient pores in the membrane of cells that can be used for plasmid DNA delivery with 

a 30% transfection efficiency (Cui et al., 2010). Furthermore, the co-printing of gene 

activated materials and mechanically robust polymers such as PCL could be a promising 

alternative for the generation of mechanically robust constructs in which multiple layers 

are mechanically integrated to avoid delamination. Bioprinting might solve the 

limitations of traditional tissue engineering associated with poor layer integration, the 

scalability of the approach and the tissue organization present in the repair tissue. In 

addition, more sophisticated patterns of genetic material could be achieved using 

bioprinting technology to recapitulate the body’s natural developmental and 

regenerative pathways. 

 

2.6.3. Temporally controlled biomaterial-guided gene delivery 
 

 The presentation of microenvironmental signals during tissue development and 

healing is highly regulated, not only spatially but also temporally. The temporal 

regulation of bioactive factor delivery has been explored to prolong its action during the 

required time to promote a cellular response, and to recapitulate the timing of its 

presentation to match with the natural processes that are necessary for tissue 

development and healing (Samorezov and Alsberg, 2015).  
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In the context of gene delivery, temporal regulation of gene expression has 

multiple advantages over constitutive gene expression since the overexpression of a 

determined transgene is usually only required during a determined phase of repair, and 

its continuous expression can result in abnormal regulation of cell growth and 

differentiation with non-expected side-effects (Crystal, 1995). For example, for cartilage 

tissue repair, when using gene therapy to enhance chondrogenesis by the 

overexpression of differentiating factors, the termination of gene expression might be 

required in order to maintain the differentiated state and avoid further differentiation 

into the hypertrophic or fibroblastic phenotype (Glass et al., 2014), or to avoid undesired 

accumulation of growth factors that can result in abnormal tissue formation and 

inflammation (Zara et al., 2011). Furthermore, when applying anti-inflammatory gene 

therapy for the treatment of inflammatory disorders such as OA, we have to take into 

account that some inflammatory cytokines such as IL-1 are required for early stages of 

tissue repair (Gerstenfeld et al., 2003).  

Temporal control of gene overexpression is also of great importance when a 

combinatorial gene delivery approach is chosen. For example, the process of 

osteochondral ossification is based on the development of a cartilage template that 

becomes vascularized and remodeled. The presentation of chondrogenic and angiogenic 

signals at the same time to reproduce this process might not be ideal as low oxygen 

levels play an important role in MSC chondrogenesis. Similarly, when trying to engineer 

articular cartilage in a multilayer approach, the overexpression of potent inhibitors of 

chondrocyte hypertrophy in the cartilage layer might also affect the promotion of 

endochondral ossification needed for the integration with the subchondral bone 

required in an osteochondral defect model.  

The promotion of temporal control in non-viral GAM-based gene delivery provides 

a significant challenge. Recently, the use of ultrasound pulses and pDNA loaded porous 

constructs has been explored for gaining temporal control over the transfection of cells 

recruited to a bone fracture site (Bez et al., 2017; Shapiro et al., 2014). Also, the use of 

ultrasound to open up pores in a pDNA loaded alginate hydrogel was shown to offer 

temporal transfection of cells encapsulated in the matrix (Huebsch et al., 2014). 

Although this technique allows for on-demand control of gene delivery in the site of 
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injury, it is still unclear how this approach could be applied for the sequential delivery of 

multiple genes.  

Another option to temporally control the overexpression of multiple genes is the 

use of inducible expression systems such as tetracycline-inducible promoters, also called 

tetracycline-on (Tet-On). This system is controlled by the administration of tetracycline 

or doxycycline for induction of transgene expression, meaning that the gene of interest 

will only be expressed in the presence of a specific drug (Gossen and Bujard, 1992). The 

on-toxicity, high specificity and reversibility, are the main advantages of this approach 

(Gossen and Bujard, 1992; Lamartina et al., 2003). In cartilage tissue engineering the 

Tet-On system has been established for in vivo and in vitro induction of gene expression 

(Ueblacker et al., 2004), and modulation of the expression of growth factors such as 

BMP2 (Wübbenhorst et al., 2010) and anti-inflammatory cytokines (Glass et al., 2014). 

The use of inducible promoters to control the expression of delivered genes might be a 

promising strategy to temporally recapitulate the processes of tissue formation and 

healing.  

 

2.7. Towards commercialization: From bench to bedside  

 

 The application of gene therapy in orthopedics has the potential to broaden the 

field of gene therapy from the treatment of rare genetic diseases to its presence in the 

daily life of millions of people suffering from degenerative diseases such as OA. Still 

numerous hurdles exist for the translation of orthopedic gene therapy strategies from 

bench to bedside. The primary limitations are financial, safety, regulatory and 

sociological (C.H. Evans, S.C. Ghivizzani, 2012). 

 Two significant challenges that the application of gene therapy must address for 

musculoskeletal tissue engineering are: to offer a cost-effective treatment that can 

provide stable long-term repair of the tissue and its functionality, and the safety of the 

gene transfer methods. Despite over 1800 clinical trials worldwide (C.H. Evans, S.C. 

Ghivizzani, 2012; Ledley et al., 2014) that demonstrate gene therapy can be used as a 

safe and effective treatment, this technology has been traditionally viewed as an unsafe 
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treatment that will struggle to meet the constraints of the regulatory bodies. This vision 

prevents orthopedic gene therapy from being an attractive candidate for funding by the 

large pharmaceutical companies, leaving gene therapy in the hands of start-up 

companies dependent on venture capital and unable to assume the expenses of 

performing late-stage clinical trials needed for commercialization of gene therapy 

products (Ledley et al., 2014; Michael, 1996). 

 In addition to the economic and safety issues, the regulatory constraints that 

gene therapy must overcome have increased exponentially, resulting in an expensive 

and time-consuming process. This reduces the attractiveness of gene therapy for the 

pharmaceutical industry.  

 Gene therapy faces a difficult translational environment that must be overcome 

to convert the recent favorable clinical results into effective market products available 

for the treatment of common musculoskeletal disorders. To change this scenario, closer 

cooperation between scientists, clinicians, regulatory bodies and the pharmaceutical 

industry is needed.  

 

2.8. Conclusion 
 

Direct protein delivery for orthopedic tissue engineering is limited by low stability 

and challenges associated with controlled, localized release over therapeutically 

relevant windows; however, non-viral gene therapy can potentially overcome these 

limitations and offer a more physiological option which can be spatiotemporally 

regulated for a durable therapeutic effect. Tissue engineering strategies that combine 

these characteristics of non-viral gene therapy with the mechanical and biological 

support of 3D scaffolds and hydrogels are especially suited for regenerative therapies 

targeting orthopedic tissues such as bone and cartilage.  

In this review the current concepts and strategies for the use of non-viral gene 

therapy in combination with 3D matrices for the repair of orthopedic tissues were 

described to analyze the current successes and future challenges for their establishment 

as a viable clinical option. The combination of 3D matrices and gene therapy depends 
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on a multifactorial design in which the gene delivery vector, the carrier material, and the 

target tissue play a fundamental role for the ultimate success of this approach for the 

treatment of traumatic injuries and degenerative diseases such as arthritis and OA. To 

this end, challenges that remain to be addressed include the determination of which 

transgene combination is optimal for specific aspects of tissue repair, and the 

engineering of novel systems for the spatiotemporal control of gene delivery to 

recapitulate the architecture of native tissues and also the signaling cascades of 

developmental and repair processes.  

The current thesis explores these scientific questions, focusing on the engineering 

of non-viral biomaterial-guided gene delivery for osteochondral TE as a model of 

complex orthopedic tissues. The type of gene carrier, gene combination and supporting 

material will be systematically analysed to gain spatiotemporal control of gene 

transfection of primary stem cells and subsequent protein production and 

differentiation, in order to spatially differentiate a single progenitor differentiation into 

either articular cartilage or subchondral bone within a 3D printed clinically relevant gene 

activated construct.  
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CHAPTER 3 
 

Gene Delivery of TGF-β3 and BMP2 in a MSC-Laden Alginate Hydrogel 

for Articular Cartilage and Endochondral Bone Tissue Engineering 

 

Abstract 
 

Incorporating therapeutic genes into 3D biomaterials is a promising strategy for 

enhancing tissue regeneration. Alginate hydrogels have been extensively investigated 

for cartilage and bone tissue engineering, including as carriers of transfected cells to 

sites of injury, making them an ideal gene delivery platform for cartilage and 

osteochondral tissue engineering. The objective of this study was to develop gene-

activated alginate hydrogels capable of supporting nanohydroxyapatite (nHA)-mediated 

non-viral gene transfer to control the phenotype of mesenchymal stem cells (MSCs) for 

either cartilage or endochondral bone tissue engineering. To produce these gene-

activated constructs, MSCs and nHA complexed with plasmid DNA (pDNA) encoding for 

TGF-β3 (pTGF-β3), BMP2 (pBMP2), or a combination of both (pTGF-β3/pBMP2), were 

encapsulated into alginate hydrogels. Initial analysis using reporter genes showed 

effective gene delivery and sustained overexpression of the transgenes was achieved. 

Confocal microscopy demonstrated that complexing the plasmid with nHA prior to 

hydrogel encapsulation led to transport of the plasmid into the nucleus of MSCs, which 

did not occur with naked pDNA. Gene delivery of TGF-β3 and BMP2 and subsequent cell-

mediated expression of these therapeutic genes resulted in a significant increase in 

sGAG and collagen production, particularly in the pTGF-β3/pBMP2 co-delivery group in 

comparison to the delivery of either pTGF-β3 or pBMP2 in isolation. In addition, stronger 

staining for collagen type II deposition was observed in the pTGF-β3/pBMP2 co-delivery 

group. In contrast, greater levels of calcium deposition were observed in the pTGF-β3 

and pBMP2 only groups compared to co-delivery, with strong staining for collagen type 

X deposition, suggesting these constructs were supporting MSC hypertrophy and 

progression along an endochondral pathway. Together these results suggest that the 

developed gene-activated alginate hydrogels were able to support transfection of 
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encapsulated MSCs and directed their phenotype towards either a chondrogenic or 

osteogenic phenotype depending on whether TGF-β3 and BMP2 were delivered in 

combination or in isolation. 

3.1. Introduction 
 

 In this chapter we aimed to investigate nHA as non-viral gene carrier vector for 

the delivery of therapeutic genes to MSCs to develop gene activated hydrogels capable 

of sustaining both, nHA-pDNA complex uptake and differentiation of MSCs. Thus, we 

addressed the first objective of this thesis of exploring the capacity of nHA to transfect 

MSCs encapsulated in alginate hydrogels for bone and cartilage TE. 

Adult mesenchymal stem cells (MSCs) are a promising cell source for cell-based 

cartilage tissue engineering strategies due to their capacity to differentiate into cells of 

the chondrogenic lineage (Tuan et al., 2003). In comparison to chondrocytes, MSCs can 

be obtained in high numbers from a variety of adult tissues via minimally invasive 

procedures (Steinert et al., 2007; Tuan et al., 2003) and can be expanded in culture 

without losing their chondrogenic differentiation potential, even when isolated from 

elderly or diseased donors (Dudics et al., 2009; Scharstuhl et al., 2007). A major concern 

with the use of MSCs for articular cartilage regeneration is their inherent tendency to 

progress towards hypertrophy and endochondral ossification or to undergo fibrous 

dedifferentiation (Steinert et al., 2007; Vinardell et al., 2012). However, this inherent 

potential of chondrogenically primed MSCs to become hypertrophic can be leveraged 

for endochondral bone tissue engineering, which aims to recapitulate embryonic 

skeletal development in order to engineer fully functional bone tissue (Cunniffe et al., 

2015a; Farrell et al., 2011; Scotti et al., 2013; Sheehy et al., 2013; Thompson et al., 2014). 

Ultimately, it is important to be able to control the MSC phenotype towards a particular 

target application (e.g. stable articular cartilage or bone). One way to achieve this is 

through the use of gene or growth factor delivery in combination with biomaterials for 

tissue repair. 

Recombinant growth factor administration has been widely investigated for 

tissue engineering, however the delivery of such factors in vivo for therapeutic effect is 

hampered by issues such as their short half-life, transient action, and side effects 
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associated with the need for delivery of high concentrations of protein to elicit a 

therapeutic outcome (Zara et al., 2011). Non-viral gene therapy may provide a more 

physiological, durable and cost-effective alternative (Meinel et al., 2006; Saraf and 

Mikos, 2006). Expression of the gene product also guarantees authentic post-

translational modifications reducing possible immunogenicity and increasing biological 

activity in comparison to pre-synthesised recombinant proteins (Evans, 2014). 

Additionally, gene therapy allows for a simpler way of simultaneous and sequential 

delivery of cell-mediated growth and transcription factors that could enhance the 

multifactorial process of articular cartilage regeneration. In tissue engineering 

applications, gene therapeutics can be combined with biomaterials for a prolonged, 

sustained and localized in situ delivery of a protein of interest. This approach may 

overcome the limitations associated with 2D transfection (Dinser et al., 2001; Madry et 

al., 2003) and direct injection which are not ideal for targeting a specific tissue or cell 

type (Madry and Cucchiarini, 2014). Hydrogels are extensively used in tissue engineering 

to provide cells with a three-dimensional (3D) environment similar to native 

extracellular matrix (ECM). Hydrogels offer many advantages over pre-fabricated porous 

scaffolds; they are typically more compatible with minimally invasive delivery strategies, 

permit efficient oxygen and nutrient transport, facilitate homogeneous cell distribution, 

and can be used in the treatment of irregular shaped defects. However, to date, only a 

limited number of studies have explored the use hydrogels as gene delivery platforms 

or gene activated matrices (GAMs) for articular cartilage tissue engineering (Kaul et al., 

2006; Madry et al., 2005).  

Alginate is a naturally occurring anionic polymer that is ideally suited to cartilage 

and bone tissue engineering due to its biocompatibility, tailorable degradation kinetics 

and low toxicity (Lee and Mooney, 2012). Encapsulation of MSCs in alginate hydrogels 

has demonstrated potential for both cartilage and bone regeneration in vitro and in vivo 

(Igarashi et al., 2010; Ma et al., 2003; Sheehy et al., 2014a; Simmons et al., 2004; de 

Vries-van Melle et al., 2014). Alginate hydrogels have also been used as a 3D gene 

delivery platform for bone tissue engineering applications (Krebs et al., 2010; Loozen et 

al., 2013; Wegman et al., 2011, 2014), and to support transfected chondrocytes for 

articular cartilage regeneration (Kaul et al., 2006; Madry et al., 2005; Orth et al., 2011). 
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This hydrogel therefore has broad potential applications in orthopedic medicine if 

appropriate strategies can be developed to control therapeutic gene delivery and hence 

cell fate within such constructs. The overall objective of this study was thus to develop 

and characterise a novel nanohydroxyapatite (nHA)-mediated non-viral gene-activated 

alginate hydrogel capable of directing MSC fate by delivering the therapeutic genes TGF-

β3 and/or BMP2. It was hypothesized that chondrogenesis and the progression towards 

hypertrophy and endochondral ossification within such an alginate construct can be 

either suppressed or enhanced by the delivery of specific genes to encapsulated MSCs.  

3.2. Materials and methods 
 

3.2.1. Experimental design 
 

 In order to achieve the objectives of this study, a series of different experiments 

were performed. Firstly, nHA transfection efficiency and its effects on cell viability were 

assessed in 2D using PEI as a control. Secondly, nHA-gene-activated alginate hydrogels 

were produced and reporter genes encoding for green fluorescent protein (pGFP) and 

luciferase (pLuc) were used to determine the capacity of these gels to transfect MSCs 

over time and to explore their potential cytotoxicity. Additionally, tracking of nHA-pGFP 

complex uptake in the gene-activated alginate hydrogels was performed through pDNA 

labelling and cell fluorescent staining using confocal microscopy. Thirdly, the effects of 

the delivery of the therapeutic genes TGF-β3 and BMP2 in isolation or in combination 

on MSCs encapsulated within these hydrogels were assessed. Specific protein 

expression was confirmed using ELISA and differentiation of the MSCs was assessed 

through biochemical, histological and immunohistochemical analysis of the secreted 

extracellular matrix components. Mechanical testing of the gene activated hydrogels 

was also conducted. 

3.2.2. Isolation and expansion of bone marrow-derived MSCs 
 

 Bone marrow-derived stem cells (BMSCs) were isolated from the femora of 

porcine donors (3-4 months, >50 kg) within 3 hours of sacrifice according to a modified 

method developed for human MSCs (Lennon and Caplan, 2006). Mononuclear cells were 
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plated at a seeding density of 5 x 10³ cells/cm² in standard culture media containing 

high-glucose Dulbecco’s modified eagles medium (4.5 mg/mL D-Glucose, 200 mM L-

Glutamine; hgDMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100 

U/mL)–streptomycin (100 g/mL) (all GIBCO, Biosciences, Dublin, Ireland), and expanded 

to passage two in a humidified atmosphere at 37 ⁰C, 5% CO2 and 20% pO2. 

3.2.3. Plasmid propagation 
 

 Four different plasmids were used in the current study, two plasmids encoding 

for the reporter genes luciferase (pGaussia- Luciferase, New England Biolabs, 

Massachusetts, USA) and green fluorescent protein (pGFP) (Amaxa, Lonza, Cologne AG, 

Germany), and another two encoding for the therapeutic genes bone morphogenic 

protein 2 (BMP2) (the BMP2 plasmid was a kind donation from Prof. Kazihusa Bessho, 

Kyoto University, Japan) and transforming growth factor beta 3 (TGF-β3) (InvivoGen, 

California, USA). Plasmid amplification was performed by transforming One Shot® 

TOP10 Chemically Competent E. coli bacterial cells (Biosciences, Ireland) according to 

the manufacturer’s protocol. The transformed cells were cultured on LB plates with 50 

mg/L kanamycin (Sigma-Aldrich, Ireland) as the selective antibiotic for pGFP, and 100 

mg/L of ampicillin (Sigma-Aldrich, Ireland) as the selective antibiotic for pLuc, pTGF-β3 

and pBMP2 competent bacteria. Bacterial colonies were harvested and inoculated in LB 

broth (Sigma-Aldrich, Ireland) overnight for further amplification. The harvested 

bacterial cells were then lysed and the respective pDNA samples were collected using a 

MaxiPrep kit (Qiagen, Ireland). Nucleic acid content was analysed using NanoDrop 1000 

spectroscopy, taking the 260/280 ratio and 230 nm measurement to determine the 

ng/µl measurement. Plasmids in this study were used at a concentration of 0.5 μg of 

plasmid in 1 μl of Tris-EDTA (TE) buffer. 

3.2.4. Nanohydroxyapatite (nHA)–plasmid DNA (pDNA) complex 

formation and monolayer transfection 

 

 The synthesis of the nHA nanoparticles was performed as previously described 

(Cunniffe et al., 2010). Briefly, a solution of 12 mM sodium phosphate, containing 

0.017% Darvan 821A (RT Vandervilt, Norwalk, CT), was added to an equal volume of a 
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20 mM calcium chloride solution and filtered through a 0.2 μm filter. The nHA-pDNA 

transfection mix consisted of 150 μl (monolayer transfections) or 50 μl (gene-activated 

alginate hydrogels) of the nHA solution added to the pDNA (specific amounts detailed 

below) combined with 0.25 M of CaCl2. Monolayer nHA-pGFP and nHA-pLuc 

transfections were performed adding the 2 µg of nHA-pGFP or nHA-pLuc complexes 

suspended in 500 µl standard culture media to BMSCs seeded in 6 well plates at a cell 

density of 5 x 104 cells/well. Residual complexes were removed after 4 hours of 

incubation and replaced with fresh culture media. 

3.2.5. Polyethylenimine (PEI)-pDNA complex formation and monolayer 

transfection  

 

 PEI was used as a positive control for the determination of the transfection 

efficiency of the MSCs in monolayer. Branched 25kDa PEI (Sigma-Aldrich, Ireland) was 

condensed with pDNA encoding for GFP in an N/P ratio = 7. PEI-pGFP monolayer 

transfections were performed adding 2 µg of the PEI-pGFP complexes suspended in 500 

µl of Opti-MEM Reduced Serum Media (Life Technologies, Dun Laoghaire, Ireland) to 

BMSCs seeded in 6 well plates at a cell density of 5 x 104 cells/well. PEI-pGFP complexes 

were removed after 4 hours of incubation and new standard culture media was added. 

3.2.6. Assessment of MSC monolayer transfection efficiency 
 

 Analysis of monolayer transfection efficiency was conducted by determining the 

percentage of green fluorescent cells at 3 and 7 days post-transfection in relation to the 

whole population through cell sorting using a BD Accuri™ C6 flow cytometer. 

3.2.7. Assessment of metabolic activity and cell viability 
 

 Cell metabolic activity was evaluated using AlamarBlueTM (BioSciences, Dun 

Laoghaire, Ireland), a non-endpoint, non-toxic assay, after 3 and 7 days of nHA and PEI-

mediated gene delivery in monolayer, and after 1 and 7 days in the 3D gene-activated 

alginate hydrogel system. 10% AlamarBlueTM in 1 ml of standard culture media was used 

for the assay. All samples were incubated for 4 hours at 37 ⁰C. After the incubation time, 
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200 μl of the supernatant was plated in triplicate into a 96-well plate, absorbance was 

read at 570 nm and 600 nm and its reduction was translated to cell activity relative to 

the non-transfected control. 

 For nHA-pLuc transfected groups, cell viability was assessed using LIVE/DEAD® 

Viability/Cytotoxicity Assay Kit (Invitrogen, Bio-science, Ireland). Images were taking by 

confocal microscopy using an Olympus FV-1000 Point-Scanning Confocal Microscope 

(South-on-Sea, UK) at 488 and 543 nm channels and analysed using FV10-ASW 2.0 

Viewer software, and cell viability was calculated using ImageJ software. 

 DNA analysis was performed by digesting the samples with papain (125 µg/ml, 

pH = 6.5) in 0.1 M sodium acetate, 5 nM L-cysteine HCl, and 0.05 M EDTA (Sigma-Aldrich, 

Ireland) at 60 ⁰C under constant rotation for 18 hours. DNA content was quantified using 

the Hoescht 33258 dye-based DNA QF kit and standard curve (Sigma-Aldrich, Ireland). 

3.2.8. Production of the control and gene-activated alginate hydrogels 
 

 Expanded BMSCs were trypsinised and counted using trypan blue exclusion 

staining. For the non-transfected control groups they were encapsulated in 2% alginate 

yielding a final concentration of 1 x 107 cells/ml of alginate (5 x 10⁵ cells per hydrogel). 

For the gene-activated alginate hydrogels, the trypsinised BMSCs were incubated with 

different concentrations of pDNA complexed to nHA nanoparticles for 60 minutes prior 

to alginate encapsulation. In the case of pGFP-gene-activated hydrogels, 2 µg of pDNA 

per hydrogel were used. For pLUC-gene activated hydrogels, 2 µg, 5 µg or 10 µg per 

hydrogel were used. For therapeutic gene delivery, 2 µg of pBMP2 (pBMP2 group), 2 µg 

of pTGF-β3 (pTGF-β3 group) and a combination of 2 µg of pBMP2 and 2 µg of pTGF-β3 

(pTGF-β3/pBMP2 group) per hydrogel were used. After incubation, the BMSCs and the 

pDNA-nHA complexes were encapsulated in 2% alginate for a final concentration of 1 x 

107 cells/ml of alginate. 

 Alginate/cell suspensions were pipetted into 3% agarose/100 mM CaCl2 

cylindrical moulds and the gels were allowed to ionically crosslink within these moulds 

at room temperature for 15 minutes to form cylindrical constructs (Ø5 x H3 mm). 
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3.2.9. Characterization of nHA-pDNA complex uptake and internalization in 

the gene-activated alginate hydrogels 

 

 Cellular uptake and internalization of labelled pDNA on its own and complexed 

to nHA nanoparticles were assessed through confocal microscopy using an Olympus FV-

1000 Point-Scanning Confocal Microscope (South-on-Sea, UK). Actin cellular 

cytoskeleton staining with Alexa488 Phalloidin (Invitrogen, Ireland) and nuclear staining 

with diamidino-2-phenylindole (DAPI, Invitrogen, Ireland) and cyanine 3 (Cy3, 

LifeTechnologies, Ireland) labelling of pDNA encoding for luciferase were performed. 

Constructs were fixed in 4% paraformaldehyde at 4, 24 and 72 hours post-transfection 

and were subsequently imaged using confocal microscopy.  

3.2.10. Hydrogel culture 

 

 For assessment of reporter gene expression, alginate hydrogels were cultured in 

standard culture medium in 24 well plates with 1 gel per well in a humidified atmosphere 

at 37 ⁰C, 5% CO2 and 20% O2. Each construct was maintained in 1.5 mL of medium with 

complete media changes performed twice weekly.  

 For differentiation of MSCs, after 1 day in standard culture media, the alginate 

hydrogels were cultured in a chemically defined medium (CDM) consisting of DMEM 

GlutaMAXTM supplemented with penicillin (100 U/ml)-streptomycin (100 µg/ml) (both 

Gibco, Biosciences, Ireland), 100 µg/ml sodium pyruvate, 40 µg/ml L-proline, 50 µg/ml 

L-ascorbic acid-2-phosphate, 1.5 mg/ml bovine serum albumin (BSA), 1 × insulin–

transferrin–selenium (ITS), 100 nM dexamethasone (all from Sigma-Aldrich, Ireland), in 

24 well plates with 1 gel per well in a humidified atmosphere at 37 ⁰C, and hypoxic 

conditions of 5% O2 and 5% CO2 for 28 days. Each construct was maintained in 1.5 mL of 

medium with complete medium changes performed twice weekly.  
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3.2.11. Enzyme-linked Immunosorbent Assay (ELISA) for BMP2 and TGF-

β3 quantification post-transfection 

 

 The levels of BMP2 and TGF-β3 in the culture medium expressed by transfected 

MSCs encapsulated in the gene-activated alginate hydrogels (n=4) were quantified using 

ELISAs (Koma Biotech, Korea). The cell culture supernatant was collected and analysed 

at the following time-points: day 1, day 3, day 7, day 10 and day 14. Assays were carried 

out according to the manufacturer’s instructions and the absorbance of each sample 

was read at 450 nm using a plate reader whereby the quantity of either BMP2 or TGF-

β3 protein present was deduced by calculating against a standard curve. 

3.2.12. Quantitative biochemical analysis 
 

 Samples were digested with papain (125 µg/ml, pH = 6.5) in 0.1 M sodium 

acetate, 5 nM L-cysteine HCl, and 0.05 M EDTA (Sigma-Aldrich, Ireland) at 60 ⁰C under 

constant rotation for 18 hours. DNA content was quantified using the Hoescht 33258 

dye-based DNA QF kit (Sigma-Aldrich, Ireland). Proteoglycan content was estimated by 

quantifying the amount of sulphated glycosaminoglycan (sGAG) in the gels using the 

dimethylmethylene blue (DMMB) dye-binding assay (Blyscan, Biocolor Ltd, Northern 

Ireland), with a chondroitin sulphate standard. Total collagen content was determined 

by measuring the hydroxyproline content. Samples were hydrolysed at 110 ⁰C for 18 

hours in concentrated hydrochloric acid (HCl) 38%, allowed to dry and analysed using a 

chloramine-T assay (Hollander and Hatton, 2003) using a hydroxyproline-to-collagen 

ratio of 1 : 7.69 (Ignat’eva et al., 2007). Calcium content was determined using a Sentinel 

Calcium Kit (Alpha Laboratories Ltd, UK) after digestion in 1 M HCl at 110 ⁰C for 36 hours. 

Four constructs per group were analysed for each biochemical assay. 

3.2.13. Histological and immunohistochemical analysis 
 

 Constructs were fixed in 4% paraformaldehyde, dehydrated in a graded series of 

ethanol baths, embedded in paraffin wax, sectioned at 8 μm and affixed to microscope 

slides. The sections were stained with 1% alizarin red to assess calcium accumulation, 

aldehyde fuschin/alcian blue to assess sGAG content, and picrosirius red (all Sigma-
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Aldrich, Ireland) to assess collagen production after 28 days of in vitro culture. Collagen 

types II and X were evaluated using a standard immunohistochemical technique as 

described previously (Sheehy et al., 2013). Negative and positive controls of porcine 

ligament, cartilage and growth plate were included for each immunohistochemical 

analysis. 

3.2.14. Mechanical Testing 
 

 Constructs were mechanically tested (n=3) in unconfined compression using a 

standard material testing machine with a 5 N load cell (Zwick Roell Z005, Herefordshire, 

UK). Briefly, constructs were kept hydrated through immersion in Dulbecco’s modified 

eagles medium (GIBCO, Biosciences, Dublin, Ireland) bath maintained at room 

temperature. A pre-load of 0.01 N was applied to ensure that the construct surface was 

in direct contact with the impermeable loading platens. Stress relaxation tests were 

performed consisting of a ramp displacement of 1 m/s up to 10% strain, which was 

maintained until equilibrium was reached (~30 min). 

3.2.15. Statistical analysis 
 

 Statistical analyses were performed using GraphPad Prism (version 5) software 

with 3-4 samples analysed for each experimental group. Pairwise comparisons between 

means of different groups were performed using a Student t-test. Two-way ANOVA was 

used for analysis of variance with Tukey’s post-hoc test to compare between groups. 

Numerical and graphical results are displayed as mean ± standard deviation. Significance 

was accepted at a level of p<0.05. 
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3.3. Results 
 

3.3.1. nHA can be used to effectively transfect MSCs 
 

PEI and nHA demonstrated a comparable capacity to transfect bone marrow-

derived MSCs (BMSCs) in monolayer culture, with approximately 20% of cells GFP 

positive at day 3 in both groups. At day 7 the percentage of GFP positive cells 

significantly decreased in the nHA-pGFP group, but stayed constant in the PEI group 

(Fig.3.1.A). Assessment of cell viability using alamar blue showed significantly higher cell 

metabolic activity in the non-transfected control and the nHA-pGFP group in comparison 

to the PEI transfected cells at day 3 (Fig.3.1.B), suggesting that PEI has a negative effect 

on the metabolic activity of MSCs. Increased metabolic activity was observed in the nHA-

pGFP group showed at day 7 compared to the control and PEI-pGFP constructs 

(Fig.3.1.B).  

 

 

Fig.3.1. (A) Percentage of GFP positive MSCs at day 3 and 7 post-transfection with nHA 

nanoparticles (nHA-pGFP) and PEI (PEI-pGFP) in comparison to the non-transfected 

control.(B) Cell metabolic activity (% of non-transfected control) after 3 and 7 days of 

transfection with nHA nanoparticles or PEI complexed to pGFP. (***) Denotes 

significance (n=4, p<0.001) in comparison to the non-transfected control group, (*) 

denotes significant (n=4, p<0.05) in comparison to the non-transfected control group; (#) 

denotes significance (n=4, p<0.05) in comparison to the PEI-pGFP at the same time point. 
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3.3.2. Alginate hydrogels are able to support nHA-mediated gene delivery 

and sustained expression of the transgene over time without negatively 

impacting cell viability 

Quantification of luciferase expression confirmed effective gene delivery to 

MSCs in the gene-activated alginate hydrogels containing nHA complexed with different 

concentrations of pLuc, with sustained expression of the transgene over 14 days 

(Fig.3.2.A). The luciferase expression peaked at day 7 in all gene-activated groups 

(Fig.3.2.A), in comparison to 2D transfection in which the luciferase expression peaked 

at day 3, and was not significantly different to the non-transfected control by day 7 

(Fig.A.1). The use of 2 µg of pLuc per gel appeared to be the optimal concentration of 

pDNA, as evidenced by significantly higher levels of luciferase expression in comparison 

to 5 ug and 10 ug of pLuc at specific time points (Fig.3.2.A). Importantly, luciferase 

expression was also sustained over 14 days within the 2 μg of pLuc per hydrogel group. 
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Fig.3.2. (A) Luciferase expression profile of the MSCs in the gene activated hydrogels 

containing nHA nanoparticles complexed to different concentrations of pLuc (2 ug, 5 ug 

and 10 ug) over 14 days; (**) denotes significance (n=4, p<0.01) in comparison to the 5 

µg nHA-pLuc and the 10µg nHA-pLuc groups; (***) denotes significance (n=4, p<0.001) 

in comparison to the 5 µg nHA-pLuc, 10 µg nHA-pLuc and non-transfected control 

groups. (B) Fluorescent inverted microscope images of the gene-activated alginate 

hydrogels containing MSCs and nHA-pGFP complexes over 23 days; Scale bars: 100 µm. 

(C) Confocal microscopy analysis of the cellular uptake and internalization of pDNA 

encoding for Luciferase (naked pLuc) and complexed to the nHA nanoparticles (nHA-

pLuc) by MSCs encapsulated in alginate hydrogels, at 4, 24 and 72 hours post 

transfection and alginate encapsulation. Cellular actin cytoskeleton was stained in 

green, the nucleus in blue and the pDNA in red; Scale bars = 10 µm. 
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Fluorescent inverted microscope images of the gene-activated alginate 

hydrogels containing MSCs and nHA-pGFP complexes revealed the presence of green 

fluorescent cells inside the hydrogels, indicating effective transfection and GFP 

production over 23 days (Fig.3.2.B). Fluorescent staining of the cellular actin 

cytoskeleton and the nucleus of the encapsulated MSCs, and pDNA encoding for 

luciferase, showed naked pLuc and nHA-pLuc uptake over 72 hours (Fig.3.2.C). pDNA 

could be observed inside the cell cytoplasm and nucleus of the MSCs in the nHA-pLuc 

group at 4, 24 and 72 hours after encapsulation in alginate. In contrast, the pDNA was 

completely degraded after 72 hours in the naked pLuc group and it could not be 

observed inside the cellular compartment or around the cell membrane (Fig.3.2.C). 

Additionally, imaging of the nHA-pLuc group suggested the presence of stable nHA-

pDNA complexes inside and outside the cell over 72 hours post transfection (Fig.3.2.C).  

No significant differences were observed between the DNA content and the cell 

metabolic activity of the nHA-pLuc gene-activated hydrogels and the non-transfected 

controls at day 1 and 7 (Fig.3.3.A and B), suggesting that cell viability was unaffected by 

the incorporation of the complex into the alginate hydrogels. Confocal imaging of live 

and dead cells revealed a homogeneous distribution of the cells throughout each gel, 

with no obvious differences in cell viability between the groups (Fig.3.3.C and D). 
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Fig.3.3. (A) DNA quantification of the nHA-pLuc gels and the non-transfected control at 

day 1 and 7 after encapsulation. (B) Cell metabolic activity (% of non-transfected control) 

of the nHA-pLuc gene-activated gels (nHA-pLuc) and the non-transfected control 

(control) at day 1 and 7 after alginate encapsulation (C) Percentage of living cells in the 

nHA-pLuc gene-activated gels (nHA-pLuc) and the non-transfected control (control) at 

day 1 and 7 after alginate encapsulation. (D) Cell viability at day 1 and 7; green 

fluorescence indicate viable cells (calcein) and red indicates dead cells (ethidium 

homodimer-1). 1 refers to image in the edge of the gel and 2 to the center of the gels. 

Scale bars = 1 mm and 0.5 mm. 

 

3.3.3. Addition of therapeutic genes into 3D alginate hydrogels results in 

effective delivery and sustained expression of the transgene 

 

 Successful expression of therapeutic proteins was achieved using nHA-mediated 

transfection of MSCs within the alginate hydrogels. This resulted in increased levels of 

TGF-β3 (Fig.3.4.A) and BMP2 (Fig.3.4.B) in the culture media of the pTGF-β3, pBMP2 and 

pTGF-β3/pBMP2 co-delivery groups (Fig.3.4). The peak of expression was observed at 

day 7 for TGF-β3 and at day 3 for BMP2, high reduction in the expression of the gene 

products was observed at day 14. These results verify effective MSC transfection with 

pTGF-β3 and pBMP2 within the gene-activated hydrogels and demonstrate sustained 

expression of the genes of interest. A similar trend and level of expression was observed 

for each protein, independent of whether the pDNA had been delivered in isolation or 

in combination with another pDNA, implying that co-delivery of two plasmids did not 

hinder the expression of either gene. 
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Fig.3.4. (A) pTGF-β3 and BMP2 (B) protein expression in the pTGF-β3 and the pTGF-

β3/pBMP2 gene-activated hydrogels over 14 days. (*) Denotes significance (n=4, p<0.05) 

in comparison to day 1 and day 14; (**) denotes significance (n=4, p<0.01) in comparison 

to day 1 and day 14; (!!) denotes significance (n=4, P<0.01) in comparison to day 1, 10 

and 14. 

 

3.3.4. Co-delivery of TGF-β3 and BMP2 genes enhances chondrogenesis 

and suppresses hypertrophy and calcification compared to delivery of either 

gene in isolation  

 

 pTGF-β3/pBMP2 co-delivery led to significantly higher levels of sGAG and 

collagen accumulation compared to all other groups after 28 days of culture (Fig.3.5.A 

and C). Collagen accumulation in the pTGF-β3 group was significantly higher than in 

pBMP2 and nHA-alone groups (Fig.3.5.C). Similar trends were found when the sGAG and 

collagen content were normalized to the DNA levels (Fig.3.5.B and D). In contrast, 

significantly higher levels of calcium deposition were observed in both the pTGF-β3 and 

pBMP2 only groups in comparison to the co-delivery of both genes (Fig.3.5.E and F). At 

the levels of nHA used within this study, no evidence of osteoinductivity or calcification 

was observed in a nHA alone control group (Fig.3.5.E and F). 

 The equilibrium modulus (Fig.3.5.H) of the pTGF-β3/pBMP2 co-delivery group 

was significantly higher than the nHA-only control after 28 days of in vitro culture, with 

a similar trend observed for the Young’s modulus (Fig.3.5.G).  
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Fig.3.5. Biochemical and mechanical analysis of the constructs after 28 days of in vitro 

culture. (A) sGAG content. (B) sGAG content normalized to DNA. (C) Collagen content. 

(D) Collagen content normalized to DNA. (E) Calcium content. (F) Calcium content 

normalized to DNA. (G) Young modulus and (H) equilibrium modulus. (**) (n=4, p<0.01) 

and (***) (n=4, p<0.001) denotes significance in comparison to the rest of the groups, 

(*) (n=4, p<0.05) denotes significance in comparison to the nHA-alone group, (#) (n=4, 

p<0.05) denotes significance in comparison to the pTGF-β3/pBMP2 co-delivery group. 
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Histological evaluation of the hydrogels after 28 days in culture demonstrated 

higher pericellular sGAG and type II collagen deposition in the pTGF-β3/pBMP2 co-

delivery constructs compared to all other groups (Fig.3.6). Greater calcification 

(Fig.3.6.G and H) was observed in the pBMP2 and pTGF-β3 delivery only groups. 

Aldehyde fuschin/alcian blue and picrosirius red staining revealed higher sGAG 

(Fig.3.6.A, B and C) and collagen (Fig.3.6.D, E and F) accumulation in the pTGF-β3/pBMP2 

co-delivery group, confirming the results of the biochemical analysis. Minimal 

immunostaining for collagen type X, a marker of hypertrophy, was seen in the pTGF-

β3/pBMP2 co-delivery group compared to the pTGF-β3 and pBMP2 only constructs 

(Fig.3.6.M, N and O), with the most intense staining in the pBMP2 group. These results 

suggest enhancement of chondrogenesis in the co-delivery group, and the promotion of 

hypertrophy and calcification when TGF-β3 and BMP2 genes are delivered in isolation 

using nHA as a delivery vector. Confocal imaging of live and dead cells confirmed the 

presence of living cells in all the groups after 28 days of in vitro culture (Fig.3.6.P, Q and 

R). 
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Fig.3.6. Histological examination of the gene-activated hydrogels and the controls after 

28 days of in vitro culture. (A, B and C) sGAG histological examination through aldehyde 

fuschin / alcian blue staining at day 28. Scale bars = 0.5 mm and 1 mm. (D, E and F) 

Collagen histological examination through picrosirius red staining at day 28. Scale bars 

= 0.5mm and 1 mm. (G, H and I) Calcium deposition histological examination through 

alizarin red. Scale bars = 0.5 mm and 1 mm. Collagen type II (J, K and L) and Collagen 

type X (M, N and O) immunostaining at day 28. Scale bars = 0.1 mm and 1 mm. (P, Q and 

R) Cell viability at day 28; green fluorescence indicates viable cells, red fluorescence 

indicates dead cells. Scale bar = 1mm. 
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3.4. Discussion 
 

The overall goal of the present study was to develop a novel nHA-mediated gene-

activated alginate hydrogel capable of supporting sustained delivery of pDNA encoding 

for therapeutically relevant factors to MSCs in order to control their differentiation for 

either articular cartilage or endochondral bone tissue engineering. Luciferase expression 

analysis, fluorescent imaging and cell viability assessment confirmed effective gene 

delivery to MSCs encapsulated within the gene-activated hydrogels without any toxic 

effects. Therapeutic gene delivery of TGF-β3 and BMP2 and subsequent expression of 

the transgenes promoted sGAG and collagen type II production when the two genes 

were delivered in combination, or calcification and collagen type X deposition when 

these genes were delivered in isolation. Taken together, these results indicate that the 

nHA-gene-activated hydrogels are able to efficiently sustain non-viral transfection and 

expression of the genes of interest over a temporary timeframe, providing relevant 

concentrations of proteins which modulated the phenotype of MSCs towards either 

cartilage or down an osteogenic/endochondral pathway depending on whether TGF-β3 

and BMP2 were delivered in combination or in isolation. 

 In-house synthesized hydroxyapatite (HA) nanoparticles showed transfection 

efficiencies similar to PEI, but without the cytotoxicity associated with this cationic 

polymer. HA nanoparticles have been investigated as delivery vectors for diverse 

biomedical applications including growth factors (Gorbunoff, 1984), anticancer drugs 

(Dorozhkin and Epple, 2002), enzymes and antibodies (Matsumoto et al., 2004), and 

nucleic acids such as plasmid DNA (Curtin et al., 2012; Welzel et al., 2004) and small 

interfering RNA (siRNA) (Castaño et al., 2014). In terms of gene delivery, HA 

nanoparticles have a high binding affinity for pDNA due to the interactions between the 

calcium ions in the apatite and the negatively charged phosphate groups of DNA 

(Okazaki et al., 2001). Previous studies have reported MSC transfection efficiency to be 

higher using nHA than commercial calcium phosphate (CaP) kits, and to offer better cell 

viability than Lipofectamine 2000 (Curtin et al., 2012), the most referenced transfection 

reagent. Additionally, nHA-mediated gene delivery within collagen scaffolds have shown 

greater therapeutic benefits for bone regeneration in vivo in comparison to 
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polyethylenimine (PEI), which is often considered the gold standard for cationic gene 

delivery (Curtin et al., 2015). Although relatively low levels of nHA-mediated 

transfection efficiency were reported in this study in comparison to viral vectors such as 

recombinant adeno-associated viruses (rAAV) (Cucchiarini et al., 2007; Weimer et al., 

2012) or physical cell stimulation methods such as electroporation (Haleem-Smith et al., 

2005), the use of non-viral particles for gene delivery is a promising option for their 

application in tissue engineering approaches due to their low immunogenicity, transient 

effect and the ease of incorporation to 3D matrices for a sustained and localised delivery 

of the gene of interest.  

In this study, these nHA nanoparticles were incorporated into alginate hydrogels in 

order to facilitate and sustain gene delivery to MSCs over time. This resulted in effective 

transfection with pDNA encoding for Luc and GFP, and subsequent expression of the 

transgenes over 23 days as confirmed by fluorescent imaging and Luc analysis. Luc 

expression peaked at day 7 in the gene-activated hydrogels, suggesting a sustained 

uptake of the nHA-pLuc complexes over time, in comparison to the transfection with 

pLuc or pGFP in 2D monolayer culture, where expression peaked at day 3 and showed a 

significant reduction by day 7. Different pLuc concentrations (2 µg, 5 µg and 10 µg/gel) 

were also assessed. 2 µg/gel was found to be the optimal in terms of gene expression, 

with significantly higher Luc expression at every time point, which may be due to the 

formation of larger complexes with increasing concentrations of pDNA preventing 

cellular uptake (Gratton et al., 2008). Cytotoxicity analysis of the system showed similar 

levels of DNA content, metabolic activity and percentage of living cells across the gene-

activated groups and the non-transfected controls, confirming the monolayer results 

and previous studies that highlighted the non-toxic effects of these nanoparticles (Curtin 

et al., 2012), making them ideal for many tissue engineering applications. 

In order to track the pDNA uptake in the gene-activated hydrogels and to better 

understand the efficacy of the nHA nanoparticles in the system, the internalization of 

pDNA was monitored through fluorescent staining at 4, 24 and 72 hours after alginate 

encapsulation of the nHA-pDNA complexes and MSCs. Confocal imaging of the 

fluorescent labelled pDNA, cellular cytoskeleton and cellular nucleus showed that the 

combination of nHA nanoparticles and pDNA resulted in formation of pDNA complexes, 
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sustained cellular internalization, and protection of the internalized pDNA overtime 

inside the alginate hydrogels. In contrast, in the absence of the nHA nanoparticles, the 

naked pDNA was not able to be internalized by the MSCs and it was not observed in the 

cells or their periphery after 72 hours, suggesting degradation of the plasmid. 

Hydroxyapatite particles have previously been reported to protect pDNA from 

degradation driven by serum and nucleases such as DNase I (Brundin et al., 2013; Zuo et 

al., 2011), these results further demonstrate this protective action. The presence of nHA 

also resulted in effective gene transfection, confirming that these nanoparticles acted 

as a successful gene delivery vector in the developed system.  

nHA nanoparticles were able to effectively deliver pDNA encoding for TGF-β3 or 

BMP2 in the 3D alginate hydrogels and sustain their expression over 14 days. Media 

supplementation with growth factors from the transforming growth factor (TGF) family 

such as transforming growth factor-beta 1 (TGF-β1) and 3 (TGF-β3), or bone 

morphogenic protein 2 (BMP2), have previously been used to direct differentiation of 

MSCs encapsulated in alginate hydrogels towards either a chondrogenic or an 

osteogenic phenotype (Gründer et al., 2004; Sheehy et al., 2013; Shen et al., 2009). 

Although relatively low levels of the transgene expression were quantified in the media 

(compared to studies that directly supplement the media with the gene product), it is 

likely that a significant proportion of the TGF-β3 and BMP2 proteins being produced are 

retained within the alginate construct, particularly within the pericellular matrix (PCM) 

deposited by the encapsulated cells. Such matrix components have previously been 

shown to bind strongly with such growth factors (Macri et al., 2007). In comparison to 

recombinant growth factor media supplementation, this approach offers a continuous 

production of proteins of interest which overcomes the limitations related to the short 

half-life and quick degradation of proteins in vivo and the adverse effects associated 

with the administration of supraphysiological amounts of growth factors (Zara et al., 

2011).  

Gene delivery of either TGF-β3 or BMP2 in isolation showed only moderate sGAG 

and collagen synthesis and significantly increased calcification in comparison to the 

pTGF-β3/BMP2 co-delivery group. Furthermore, the delivery of these genes in isolation 

enhanced the production of collagen type X, a marker for chondrocyte hypertrophy and 
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endochondral ossification. While it is perhaps unsurprising that the delivery of BMP2 

appeared to support a more osteogenic phenotype (Krebs et al., 2010; Wegman et al., 

2013), the finding that pTGF-β3 delivery supported a similar phenotype was less 

expected. It is likely that the combination of the osteogenic stimulus provided by the 

nHA, with the overexpression of pTGF-β3 led to promotion of hypertrophic/osteogenic 

differentiation in the MSCs (Cals et al., 2012). In contrast, nHA-mediated co-delivery of 

pTGF-β3 and pBMP2 resulted in suppressed calcification and collagen type X deposition, 

and promoted a more stable chondrogenic phenotype characterized by increased GAG 

and collagen type II production. Combined medium supplementation of either TGF-β3 

or TGF-β1 with BMP2 has been shown previously to synergistically enhance 

chondrogenic differentiation of MSCs encapsulated in alginate beads (Mehlhorn et al., 

2007; Shen et al., 2009). This synergistic effect on MSC chondrogenesis may be produced 

through modulation of the mothers against DPP homolog (SMAD) and mitogen-

activated protein kinase (MAPK) signalling pathways (Keller et al., 2011; Shanmugarajan 

et al., 2011) and suppression of RUNX2 expression (Lee et al., 2003) resulting in the 

promotion of collagen type II, cartilage oligomeric matrix protein (COMP) and aggrecan 

(ACAN) gene expression, sGAG synthesis, and, at the same time, decreasing the 

expression of bone-specific alkaline phosphatase (Mehlhorn et al., 2007; Shen et al., 

2009). While the present study shows that the co-delivery of TGF-β3 and BMP2 

produced more stable chondrogenesis and suppressed hypertrophy, Simmons et al. 

showed that the combination of TGF-β3 and BMP2 growth factors in peptide modified 

alginate laden with MSCs led to higher bone formation compared to when either growth 

factor was delivered in isolation (Simmons et al., 2004). This could be due to the 

presence of peptide modification and/or the reduced molecular weight of the alginate 

used in that study (Alsberg et al., 2001). Other factors to be considered are the relatively 

low concentrations of TGF-β3 and BMP2 produced by the MSCs in the gene-activated 

hydrogels, and the hypoxic conditions of the in vitro culture which have previously 

shown to suppress the hypertrophic phenotype of MSCs (Ronzière et al., 2010; Sheehy 

et al., 2012). The exact molecular mechanism by which combined delivery of TGF-β3 and 

BMP2 suppressed calcification in vitro and promoted chondrogenesis remains unclear. 

Its elucidation could help to understand and modulate hypertrophy and endochondral 

ossification of MSCs and should be addressed in future studies. 
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3.5. Conclusion 
 

In conclusion, the nHA-gene-activated alginate hydrogels developed in this study 

were capable of sustaining gene transfection of MSCs, leading to transgene expression 

over at least 14 days of culture. The expression of the transgenes was capable of 

modulating stem cell fate towards either a chondrogenic or osteogenic/endochondral 

phenotype, depending on whether pTGF-β3 and pBMP2 were delivered in isolation or 

in combination. This is the first study to show that nHA-mediated gene delivery is 

capable of inducing chondrogenic differentiation of MSCs, and that alginate hydrogels 

can be used as gene delivery platform for both cartilage and endochondral bone tissue 

engineering. Altogether, these results may be of clinical importance for the treatment 

of osteochondral defects as this system offers control of MSC fate towards either a 

chondrogenic or endochondral phenotype, while avoiding the risks and drawbacks 

associated with recombinant protein administration. 

The results of this chapter, therefore, identified alginate as a promising platform for 

non-viral gene delivery to encapsulated MSCs, and nHA as gene carrier to deliver pDNA 

encoding for reporter and therapeutic genes. This 3D printable material will be explored 

in following chapters as versatile gene activated bioink for the engineering of cartilage 

and bone tissues. Although, nHA was shown to promote chondrogenesis of MSCs in the 

gene activated gels, due to its inherent osteogenic potential, it will be further 

investigated for bone tissue engineering, whereas, in the next chapter, other non-viral 

gene delivery vectors will be assessed for stable chondrogenesis of MSCs. 
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CHAPTER 4 
 

Mesenchymal Stem Cell Fate Following Non-viral Gene 

Transfection Strongly Depends on the Choice of Delivery Vector 

 

Abstract 
 

 Controlling the phenotype of mesenchymal stem cells (MSCs) through the 

delivery of regulatory genes is a promising strategy in tissue engineering (TE). Essential 

to effective gene delivery is the choice of gene carrier. Non-viral delivery vectors have 

been extensively used in TE, however their intrinsic effects on MSC differentiation 

remain poorly understood. The objective of this study was to investigate the influence 

of three different classes of non-viral gene delivery vectors: (1) cationic polymers 

(polyethylenimine, PEI), (2) inorganic nanoparticles (nanohydroxyapatite, nHA) and (3) 

amphipathic peptides (RALA peptide) on modulating stem cell fate after reporter and 

therapeutic gene delivery. Despite facilitating similar reporter gene transfection 

efficiencies, these nanoparticle-based vectors had dramatically different effects on MSC 

viability, cytoskeletal morphology and differentiation. After reporter gene delivery 

(pGFP or pLUC), the nHA and RALA vectors supported an elongated MSC morphology, 

actin stress fibre formation and the development of mature focal adhesions, while cells 

appeared rounded and less tense following PEI transfection. These changes in MSC 

morphology correlated with enhanced osteogenesis following nHA and RALA 

transfection and adipogenesis following PEI transfection. When therapeutic genes 

encoding for transforming growth factor beta 3 (TGF-β3) and/or bone morphogenic 

protein 2 (BMP2) were delivered to MSCs, nHA promoted osteogenesis in 2D culture 

and the development of an endochondral phenotype in 3D culture, while RALA was less 

osteogenic and appeared to promote a more stable hyaline cartilage-like phenotype. In 

contrast, PEI failed to induce robust osteogenesis or chondrogenesis of MSCs, despite 

effective therapeutic protein production. Taken together, these results demonstrate 

that the differentiation of MSCs through the application of non-viral gene delivery 

strategies depends not only on the gene delivered, but also on the gene carrier itself. 
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Fig.4.1. Graphical abstract (experimental design): MSCs were transfected using either 

ceramic (nHA), cationic polymer (PEI) or amphipathic peptide (RALA) non-viral gene 

delivery vectors, complexed to plasmid DNA (pDNA) encoding for either reporter or 

therapeutic genes. After transfection, the adipogenic, osteogenic and chondrogenic 

potential of the treated MSCs were assessed in 2D (monolayer culture in bi-potent 

media) and 3D (pellet culture) in order to elucidate the effects of the gene transfer 

nanomaterial on MSC fate. 

 

4.1. Introduction 
 

 In this experimental chapter we aimed to address the second thesis objective of 

comparing novel and stablished non-viral vectors for chondrogenic and osteogenic 

differentiation of MSCs.  

 Adult mesenchymal stem cells (MSCs) are a promising cell source for 

regenerative medicine due to their multipotent differentiation capacity (Tuan et al., 

2003) and immunomodulatory properties (Uccelli et al., 2008). Controlling the 

phenotype of MSCs is a central challenge in tissue engineering and regenerative 

medicine. The fate of progenitor cells can potentially be modulated through the 

introduction of exogenous genes for the cell-mediated synthesis of specific proteins. 

This approach may be preferable over the delivery of recombinant cytokines and growth 

factors which involves the administration of non-physiological concentrations, due to 

the short half-life and fast body clearance and a lower therapeutic effect in comparison 

to natural proteins (Evans, 2014; Heyde et al., 2007; Santos et al., 2011). A variety of 
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genes have been explored to this end, including members of the transforming growth 

factor-beta (TGF-β) superfamily of proteins such as bone morphogenic protein 2 (BMP2) 

and transforming growth factor-beta 3 (TGF-β3), whose overexpression has been 

previously reported to enhance bone and cartilage regeneration in vivo (Curtin et al., 

2015; Lin et al., 2013; Venkatesan et al., 2013). But the success of gene therapy 

ultimately depends on the gene delivery mechanism to maximise nucleic acid uptake 

and, consequently, downstream protein production (Bessis et al., 2004; Heyde et al., 

2007; Kay, 2011; Li and Huang, 2007; Santos et al., 2011). 

Traditionally, viral vectors such as retrovirus, lentivirus and adenovirus, have 

been used for the delivery of genes into cells via a process known as transduction (Kay, 

2011; Mastrobattista et al., 2005; Yin et al., 2014). Although they offer high transduction 

efficiencies and stable gene expression, many limitations remain associated with viral 

vectors (Raisin et al., 2016; Somia and Verma, 2000; Thomas et al., 2003) such as 

insertional mutagenesis (Baum et al., 2006), immunogenicity (Bessis et al., 2004), limited 

DNA packaging capacity (Waehler et al., 2007) and cumbersome large-scale production 

(Bouard et al., 2009). Non-viral gene carriers are promising alternatives for gene delivery 

and have the potential to address these limitations (Li and Huang, 2007). Moreover, the 

transient expression associated with these systems can be more compatible with the 

natural wound healing processes (Bonadio et al., 1999). Several non-viral vectors are 

commonly used for gene delivery, including lipids, polymers, cell penetrating peptides 

(CPPs) and inorganic nanoparticles (Yin et al., 2014). While such systems can be used to 

efficiently transfect cells with specific genes, the effects that these non-viral vectors 

have on stem cell fate remains relatively unknown (Ballarín-González and Howard, 2012; 

Yang et al., 2014).  

Cationic lipid-based and polymeric DNA vectors such as lipofectamine and 

polyethylenimine (PEI) are amongst the most widely used non-viral gene delivery 

methods (Wang et al., 2013; Yang et al., 2014; Yin et al., 2014), and are often used as a 

gold standard for non-viral gene transfection (Santos et al., 2011). However their 

potential cytotoxicity (Lv et al., 2006; Yin et al., 2014) and sensitivity to media 

supplementation with serum and antibiotics (Baker et al., 1997) limits their use in tissue 

engineering applications. Among alternative options, inorganic nanoparticles made of 
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calcium phosphate, gold or silica, have been drawing attention for their use in tissue 

engineering due to their biocompatibility, wider availability, long-term stability, ease of 

preparation and low toxicity (Castaño et al., 2014; Curtin et al., 2012; Santos et al., 2011; 

Xu et al., 2006). More recently, different classes of peptides (McCarthy et al., 2014; Suh 

et al., 2014), such as the RALA amphipathic peptide (RALA) comprised of repeating 

arginine/alanine/leucine/alanine units (McCarthy et al., 2014), have been developed as 

novel nucleic acid carriers (Kaitsuka and Tomizawa, 2015; Suh et al., 2013), showing 

excellent cytocompatibility and moderate transfection efficiencies in vivo and in vitro 

(McCaffrey et al., 2016; McCarthy et al., 2014). These non-viral delivery vehicles are 

promising in terms of compatibility and transfection efficiency, however the suitability 

of a gene delivery vector for stem cell-mediated tissue engineering is not only 

determined by its transfection efficiency, cytocompatibility and levels of expression of 

the gene product, but also by its chemical composition and how the intracellular delivery 

of such nanomaterials may influence stem cell fate (Yang et al., 2014).  

 Therefore, the objective of this study was to first compare the capacity of three 

different classes of non-viral gene delivery vectors (PEI, nanohydroxyapatite (nHA) and 

RALA) to transfect bone marrow-derived MSCs. The impact of intracellular delivery of 

such nanomaterials on the viability, cytoskeletal structure and multi-lineage 

differentiation potential of MSCs was assessed. We then used these vectors to deliver 

BMP2 and TGF-β3 genes to MSCs as a means to promote either osteogenesis or 

chondrogenesis in a 2D or 3D environment, and investigated the influence of different 

gene carriers on MSC lineage commitment. Collectively the results of this study 

demonstrate that gene vectors with comparable capacities to transfect MSCs with 

reporter and therapeutic genes can have dramatically different effects on MSC 

differentiation. 
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4.2. Materials and methods 
 

4.2.1. Plasmid propagation 
 

 Four different plasmids were used in the current study: two plasmids encoding 

for the reporter genes green fluorescent protein (pGFP, Amaxa, Lonza Cologne AG, 

Germany) and luciferase (pLUC, pGaussia Luciferase; New England Biolabs, 

Massachusetts, USA), and another two encoding for the therapeutic genes BMP2 

(donation from Prof. Kazihusa Bessho, Kyoto University, Japan) and TGF-β3 (InvivoGen, 

Ireland). Plasmid amplification was performed by transforming chemically competent 

Escherichia coli bacterial cells (One Shot TOP10; Biosciences, Ireland) according to the 

manufacturer’s protocol. The transformed bacteria were cultured on LB plates with 50 

mg/L kanamycin (Sigma-Aldrich, Ireland) as the selective antibiotic for pGFP and 100 

mg/L ampicillin (Sigma-Aldrich, ireland) as the selective antibiotic for pLUC, pTGF-β3, 

and pBMP2. Bacterial colonies were harvested and inoculated in LB broth (Sigma-

Aldrich, Ireland) and incubated overnight for further amplification. The harvested 

bacterial cells were then lysed, and the respective pDNA samples were purified using 

qiagen plasmid kit (MaxiPrep Kit; Qiagen, Ireland). Nucleic acid concentration (ng/µL) 

was determined by analyzing the 260:280 ratio and 230 nm measurement using 

NanoDrop spectrophotometer (Labtech International, Uckfield, UK). Plasmids in this 

study were used at a concentration of 0.5 µg plasmid in 1 µL Tris–EDTA (TE) buffer. 

4.2.2. Preparation of delivery vectors and vector-pDNA complexes  
 

 The synthesis of the nHA particles was performed as previously described 

(Cunniffe et al., 2010). Briefly, a solution of 12 mM sodium phosphate (Sigma-Aldrich, 

Ireland), containing 0.017% DARVAN821A (RTVanderbilt, Norwalk, USA) was added to 

an equal volume of a 20 mM calcium chloride solution (Sigma-Aldrich, Ireland) and 

filtered through a 0.2 mm filter (Fisher, Ireland). nHA-pDNA complexes were prepared 

by adding 150 µL of the nHA solution to 2 µg of pDNA pretreated with 0.25 M CaCl2 

(Sigma-Aldrich, Ireland) as previously optimized (Castaño et al., 2014; Curtin et al., 

2012). The nHA-pDNA solutions were not incubated prior to transfection in order to 
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avoid particle aggregation that could impair cellular uptake as previously optimized 

(Curtin et al., 2012). 

 PEI-pDNA complexes were prepared using branched PEI with a molecular weight 

of 25 kDA (Sigma-Aldrich, Ireland). PEI was condensed with pDNA in an N:P ratio (the 

molar ratio of positively charged nitrogen atoms in the PEI to negatively charged 

phosphates in the pDNA backbone) of 7, a ratio previously optimized for MSC 

transfection (Tierney et al., 2012). The PEI-pDNA solution was then incubated for 30 

minutes for complex formation.  

 The RALA peptide was synthesised as previously described (McCarthy et al., 

2014). Briefly, the peptide was produced by 9-fluorenylmethyloxycarbonyl (Fmoc) solid-

state peptide synthesis (Biomatik, USA) and supplied as a desalted, lyophilised powder. 

The product was purified and validated by reversed-phase high-performance liquid 

chromatography (RPHPLC); molecular mass was confirmed as 3327.98. The RALA-pDNA 

complexes were prepared at N:P ratio of 6, previously optimized to achieve low 

cytotoxicity and high transfection efficiency (McCaffrey et al., 2016; McCarthy et al., 

2014). The RALA-pDNA solution was then incubated for 30 minutes for complex 

formation.  

4.2.3. Determination of size and zeta potential of the nanoparticles-pDNA 

complexes 

 

 The morphology of the nHA-pDNA, PEI-pDNA and RALA-pDNA complexes were 

characterized using transmission electron microscopy (TEM). The nHA-pDNA sample 

was prepared by placing 5 µL droplet onto a Formvar/SiO TEM Cu grid (Agar Scientific, 

UK) and allowed to air dry overnight. Similarly, the PEI-pDNA and RALA-pDNA were 

prepared on holey-carbon film Cu TEM grids and post-stained with 5% uranyl acetate as 

previously described (McCarthy et al., 2014). nHA-pDNA and PEI-pDNA vectors were 

characterized using an FEI Titan TEM (FEI, USA) operating at 300 kV. RALA-pDNA was 

characterized using a JEOL CXII TEM (JEOL, USA) operating at 80 kV. The size and zeta 

potential of the complexes were assessed using a Nano ZS Zetasizer and DTS software 

(Malvern Instruments, UK). 
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4.2.4. Isolation and expansion of bone marrow-derived MSCs 
 

 Bone marrow-derived MSCs were isolated from the femora of porcine donors (3-

4 months, >50 Kg) within 3 h of sacrifice according to a modified method developed for 

human MSCs(Lennon and Caplan, 2006). Mononuclear cells were plated at a seeding 

density of 5 x 103 cells/cm2 in standard culture media, high glucose Dulbecco’s modified 

Eagle’s medium (4.5 mg/mL d-glucose and 200 mM L-glutamine; hgDMEM) 

supplemented with 10% fetal bovine serum (FBS) and penicillin (100 U/mL)–

streptomycin (100 g/mL) (all from Gibco, Biosciences, Ireland), and expanded in a 

humidified atmosphere at 37 °C, 5% CO2, and 20% pO2. MSCs at passage 2 were used for 

all experiments. 

4.2.5. MSC transfection 
 

 Expanded MSCs were plated at a seeding density of 5 x 104 cells/cm2 in 6 well 

plates and cultured for 24 hours in standard culture media prior to transfection. pDNA-

vector complexes were prepared immediately before transfection. For the RALA-pDNA 

and PEI-pDNA transfections (McCarthy et al., 2014; Tierney et al., 2012), the plated cells 

were washed with PBS and incubated in 1-2 ml of Opti-MEM (Life Technologies, Ireland) 

for 2 h. After the incubation time, complexes were suspended in 500 µL of Opti-MEM 

and added to MSCs to a density of 0.2 µg of DNA/cm2. Following incubation for 5 h, the 

media was removed and replaced with standard culture media. For the nHA-pDNA 

transfections (Curtin et al., 2012), complexes were suspended in 500 µL of standard 

media and added to MSCs to a density of 0.2 µg of DNA/cm2, residual complexes were 

removed after 4 h of incubation and replaced with standard culture media. 

4.2.6. Assessment of transfection efficiency 
 

 In order to evaluate the transfection efficiency, pDNA encoding the GFP gene 

was prepared, complexed with each of the three vectors (section 4.2.2) and MSCs were 

transfected as described above. Transfection efficiency was determined by quantifying 

the percentage of green fluorescent cells at days 3 and 7 post transfection using flow 

cytometry (BD FACSCALIBUR system, BD Biosciences, UK). 
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4.2.7. Assessment of cell viability and metabolic activity  
 

 After 1 and 3 days of nHA-, PEI- or RALA-mediated gene delivery, metabolic 

activity of treated cells was evaluated using standard Alamar Blue (Biosciences, Ireland) 

assay. For the assay, cell culture media from the wells was replaced, at specific time 

points, with 10% Alamar Blue containing standard culture media (1 mL/well) and were 

incubated for 4 h at 37 °C. After the incubation time, 200 µL of the supernatant was 

plated in triplicate into a 96-well plate; absorbance was read at 570 and 600 nm using a 

plate reader (Bioteck, Instruments Inc, UK). Optical density of the media was translated 

to cell metabolic activity relative to the non-transfected control as previously described 

(Hamid et al., 2004). 

4.2.8. Fluorescent imaging and cell morphology analysis 
 

 Qualitative and semi-quantitative analysis of cell morphology was performed on 

nHA-pGFP, PEI-pGFP and RALA-pGFP transfected cells. Cells were imaged at day 1 and 3 

after transfection using an inverted epifluorescent microscope (Olympus IX83, 

Germany). Cell morphology was assessed semi-quantitatively through the calculation of 

the cell surface area, aspect ratio and circularity using ImageJ software, n=4 and 6 

pictures per sample. 

 Analysis of actin cytoskeleton and focal adhesion points on vector-pLUC 

transfected cells were performed by actin and vinculin immunofluorescent staining. At 

day 1 and 3 after transfection, MSCs previously seeded on µ-slide 4 well IBItreat 

chambers (IBIDI, Germany), were fixed in 4% paraformaldehyde (PFA) (Sigma-Aldrich, 

Ireland) for 15 min at room temperature (RT). Samples were first blocked with 5% bovine 

serum albumin (BSA) and incubated overnight with vinculin primary antibody (AB) 

(1:500 α mouse monoclonal anti-vinculin) (Abcam, ab18058, Ireland) at 4oC. After 

incubation, samples were permeabilised with 0.5% Triton X-100 (Sigma-Aldrich, Ireland) 

and incubated with secondary AB (1:250 α mouse Alexa Fluor 488 IgG) (Biosciences, 

Ireland) and stained with rhodamine phalloidin (VWR, Ireland) for 1 h at RT. Cell nuclei 

were stained with DAPI (VWR, Ireland) for 10 min at RT, washed in PBS and were imaged 

using confocal microscopy (Leica SP8, Ireland). 
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4.2.9. Osteo-adipo and chondrogenic differentiation of MSCs 
 

 For evaluating osteo-adipo lineage differentiation of MSCs, transfected MSCs 

and the non-treated controls were maintained in standard culture media for a period of 

24 h followed by 14 days in osteo-adipo bi-potent media at 20% O2 and 37o C. Osteo-

adipo bi-potent media(Kilian et al., 2010) was prepared by mixing osteogenic media 

(standard culture media containing β-glycerolphosphate (10 mM), dexamethasone (100 

nM) and L-ascorbic acid-2-phosphate (0.05 mM) with adipogenic media (standard 

culture media containing dexamethasone (100 mM), isobutyl-1-methyl xanthine (IBMX) 

(0.5 mM) and indomethacin (50 µM) (all from Sigma-Aldrich, Ireland) at 1:1 ratio. Culture 

media was replaced twice weekly. Negative controls (non-transfected and transfected 

cells in standard culture media) were also maintained in parallel.  

 For evaluating chondrogenic differentiation of MSCs, transfected MSCs and the 

non-treated controls maintained in standard culture media for a period of 24 h were 

pelletized by centrifugation at 2000 rpm at a cell density of 250 x 103 cells/pellet. Pellets 

were maintained in a chemically defined medium consisting of DMEM GlutaMAX 

supplemented with penicillin (100 U/mL)–streptomycin (100 mg/mL), 100 mg/mL 

sodium pyruvate, 40 mg/mL l-proline, 50 mg/mL l-ascorbic acid-2-phosphate, 1.5mg/mL 

BSA, 1 x insulin–transferrin–selenium, and 100 nM dexamethasone (all from Sigma-

Aldrich, Ireland) at 20% pO2 and 37 °C for a period of 21 days. Half media changes (only 

half the media was changed) were performed twice weekly in an attempt to avoid 

complete removal of the overexpressed factors. No exogenous recombinant growth 

factors were added to the culture media.  

4.2.10. Gene expression analysis  
 

 Transfected and control cells after 7 days of in vitro culture were lysed using R 

lysis buffer (Qiagen, UK) supplemented with 10 µL mL-1 β-mercaptoethanol (Sigma-

Aldrich, Ireland) and stored at –80°C. Lysates were thawed and homogenized using a 

QIAshredder column (Qiagen, UK) and total RNA was isolated and purified using the 

RNeasy mini kit (Qiagen, UK) using the manufacturer suggested protocol. Purity and 

yield of RNA was quantified using the NanoDrop Spectrophotometer (Labtech 
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International, Uckfield, UK). For cDNA preparation, 50 ng total RNA of each sample was 

reverse transcribed into cDNA per 20 μL of reaction volumes using the high capacity 

reverse transcription cDNA kit (Applied Biosystems, Paisley, UK) as per manufacturer’s 

instructions. Quantitative PCR was performed using an ABI 7500 sequence detection 

system (Applied Biosystems, Paisley, UK) and SYBR select master mix (Applied 

Biosystems, Paisley, UK) for evaluating the expression SRY-box-9 (SOX9), Runt related 

transcription factor 2 (RUNX2), Aggrecan (ACAN), and Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) genes. Primer sequences that were used for amplification of 

these genes are listed in Table 4.1. Comparative Threshold (cT) data were analysed using 

the ΔΔCT method as described previously (Livak and Schmittgen, 2001) with GAPDH as 

the endogenous control. Relative expression of the genes is presented as fold changes 

relative to the control group. 

Table 4.1. Primer sequences used for real-time PCR 

 

4.2.11. BMP2 and TGF-β3 protein expression quantification  
 

 The levels of BMP2 and TGF-β3 in the culture medium expressed by nHA, PEI and 

RALA transfected MSCs were quantified using ELISAs (R&D Systems). The cell culture 

supernatant was collected and analyzed at day 3 and 7. Assays were carried out 

according to the manufacturer’s instructions, and the absorbance of each sample was 

read at 450 nm using a plate reader, whereby the quantity of either BMP2 or TGF-β3 

protein present was deduced by calculating against a standard curve. 

 

 

Gene Forward primer Reverse primer 

RUNX2 CCAACAGAGGCATTTAAGG CCAAAAGAAGTTTTGCTGAC 

SOX9 CAGACCTTGAGGAGACTTAG GTTCGAGTTGCCTTTAGTG 

ACAN GACCACTTTACTCTTGGTG TCAGGCTCAGAAACTTCTAC 

GAPDH TTTAACTCTGGCAAAGTGG GAACATGTAGACCATGTAGTG 
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4.2.12. Quantitative biochemical analysis 
 

 Monolayers were lysed using Cell Lytic (Sigma-Aldrich, Ireland) and pellets were 

digested with papain (125 mg/mL, pH 6.5) in 0.1 M sodium acetate, 5 nM L-cysteine HCl, 

and 0.05 M EDTA (all Sigma-Aldrich, Ireland) at 60 °C under constant rotation for 18 h. 

Calcium content was determined using a Sentinel Calcium Kit (Alpha Laboratories Ltd, 

UK) after digestion in 1M HCl at 110 °C for 48 h. Proteoglycan content was estimated by 

quantifying the amount of sulfated glycosaminoglycan (sGAG) in the pellets using the 

dimethylmethylene blue (DMMB) dye-binding assay (Blyscan, Biocolor Ltd. Northern 

Ireland), with a chondroitin sulfate standard. Total collagen content was determined by 

measuring the hydroxyproline content. Samples were hydrolyzed at 110 °C for 18 h in 

concentrated HCl 38%, allowed to dry, and analyzed using a chloramine-T assay 

(Hollander and Hatton, 2003) with a hydroxyproline-to-collagen ratio of 1:7.69 

(Ignat’eva et al., 2007). Four samples per group were analyzed for each biochemical 

assay. 

4.2.13. Histological and immunohistochemical analysis 
 

 To evaluate mineral deposition, cells in monolayer culture at day 14 were fixed 

in 100% ethanol and stained with 1% alizarin red (AR) (Sigma-Aldrich, Ireland). Stained 

samples were air dried and images were captured using phase transmission microscope 

(Olympus, UK). Semi-quantitative analysis of AR staining was done through extraction of 

the dye using 10% cetylpyridinium chloride (Sigma-Aldrich, Ireland) and measuring the 

absorbance at 540 nm (Cunniffe et al., 2016a). 

 For evaluating oil droplets, cells were fixed in 4% PFA and stained with Oil-Red-

O (ORO) at day 14. Semi-quantitative analysis of ORO staining was done through 

extraction of the dye using 100% isopropanol (Sigma-Aldrich, Ireland) and measuring the 

absorbance at 490 nm.   

 For evaluating sGAG, calcium and collagen deposition, cell pellets were fixed with 

4% PFA after 21 days in vitro, wax embedded, sliced (8 µm) and mounted on microscopic 

slides. The sections were stained with 1% AR to assess calcium accumulation and Alcian 

blue (Sigma-Aldrich, Ireland) to assess sGAG content. Collagen types I, II and X were 
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evaluated using a standard immunohistochemical technique as described previously 

(Sheehy et al., 2013). Negative (porcine cartilage and ligament for collagen type X, and 

growth plate for collagen type I and II) and positive controls (cartilage for collagen type 

II, ligament for collagen type I and growth plate for collagen type X) were included for 

each immunohistochemical analysis. 

4.2.14. Statistical analysis 
 

 Statistical analyses were performed using GraphPad Prism (version 5) software. 

One-way ANOVA was used for analysis of variance with Tukey’s post hoc test to compare 

between groups. Numerical and graphical results are displayed as mean ± standard 

deviation. Significance was accepted at a level of p<0.05.  

4.3. Results 

 

4.3.1. Particle size and Zeta potential of the nHA-pGFP, PEI-pGFP and 

RALA-pGFP complexes 

 

Following conjugation with pGFP, the nHA, PEI and RALA complexes were found to 

be of different size (Fig.4.1.A), charge (Fig.4.2.B) and shape (Fig.4.2.C, D and E). nHA-pGFP 

complexes were on average larger in size (~300 nm) and had a negative zeta potential. 

In contrast, the PEI-pGFP and RALA-pGFP complexes were smaller (<150 nm) and had a 

positive charge. TEM analysis showed aggregation of the nHA-pGFP complexes 

(Fig.4.2.D), while PEI-pGFP (Fig.4.2.C) and RALA-pGFP (Fig.4.2.E) complexes exhibited a 

uniform shape and distribution with less aggregation. 
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Fig.4.2. Size (A) and charge (B) of the nHA-pGFP, PEI-pGFP and RALA-pGFP complexes. 

(**) denotes significance (n=3, p<0.01) in comparison to all other groups, (***) denotes 

significance (n=3, p<0.001) in comparison to all other groups; (ns) denotes no 

significance (n=3, p>0.05) in comparison to the RALA-pGFP group. TEM images of the 

nHA-pGFP (D), PEI-pGFP (C) and RALA-pDNA (E) complexes. Scale bar = 200 nm. 

 

4.3.2. nHA, PEI and RALA possess similar capacities to transfect MSCs but 

have unique effects on metabolic activity and cellular morphology 

 

 All 3 gene delivery vectors demonstrated similar transfection efficiencies of 

approximately 15-20% at day 3 (Fig.4.3.A). However, 7 days after treatment, the 

percentage of GFP positive cells decreased in the nHA and RALA transfected groups while 

it stayed constant in the PEI group (Fig.4.3.A). The metabolic activity of treated cells 

significantly decreased in the PEI group at day 1 in comparison to the RALA and nHA 

groups (Fig.4.3.B). GFP positive cells were imaged at day 1 and 3 after transfection 

(Fig.4.3.C) and the cell surface area (Fig.4.3.D), circularity (Fig.4.3.E) and cell aspect ratio 

(Fig.4.3.F) of the transfected cells were assessed at the two different time points. GFP 

positive MSCs transfected by nHA-pGFP or RALA-pGFP complexes displayed an elongated 

and spread morphology, while MSCs transfected by PEI-pGFP complexes appeared more 

rounded (Fig.4.3.C). Quantitative analysis of the images confirmed a significantly higher 
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cell surface area (Fig.4.3.D) and cell aspect ratio (Fig.4.3.F) in MSCs transfected by nHA-

pGFP or RALA-pGFP complexes and significantly higher circularity in MSCs transfected by 

PEI-pGFP complexes (Fig.4.2.C).   

 

 

Fig.4.3. (A) Percentage of GFP positive cells at days 3 and 7 post transfection with nHA-

pGFP, PEI-pGFP and RALA-pGFP complexes. (B) Cell metabolic activity (% of non-

transfected control) at days 1 and 3 post transfection. (C) Fluorescent inverted 

microscopy images of the transfected MSCs and day 1 and 3 after transfection. Scale bar 

= 200 µm. (D) Cell surface area, (E) circularity and (F) cell aspect ratio of the transfected 

cells at days 1 and 3 post transfection. (*) denotes significance (n=4 for A and B, n=6 for 

D, E and F, p<0.05) in comparison to all groups in the same time point; (**) denotes 

significance (n=4 for A and B, n=6 for D, E and F, p<0.01) in comparison to all groups at 

the same time point; (***) denotes significance (n=4 for A and B, n=6 for D, E and F, 

p<0.001) in comparison to all groups at the same time point.  
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Immunofluorescent imaging of cells treated with either nHA, PEI or RALA, 

complexed to pDNA encoding for luciferase (pLUC) and stained for vinculin (green), F-

actin (red) and nuclei (blue), revealed the presence of more well developed and intensely 

stained actin stress fibers and a higher number of mature focal adhesions in the nHA 

(Fig.4.4.B and F) and RALA (Fig.4.4.D and H) in comparison to PEI transfected MSCs 

(Fig.4.4.C and G). It also confirmed the effects of PEI on cell morphology, where MSCs 

appeared smaller with minimal spreading in comparison to the elongated MSCs when 

nHA and RALA were used as gene delivery vectors (Fig.4.4). 

 

Fig.4.4. Immunofluorescent images of cells stained for vinculin (green), F-actin (red) and 

nuclei (blue) at day 1 (A-D) and 3 (E-H) after transfection with nHA-pLUC (B,F), PEI-pLUC 

(C,G) and RALA-pLUC (D,H) complexes and the untreated control (A,E). Scale bar = 50 

µm. 

 

4.3.3. The choice of gene delivery vector influences osteo-adipo lineage 

specification in MSCs 

 

 Delivery of plasmid DNA encoding for the reporter gene GFP (pGFP) to MSCs in 

2D culture resulted in significantly enhanced calcification (Fig.4.5.A and D) when nHA and 

RALA were used as transfection vectors in comparison to the PEI transfected group and 

non-transfected controls after 14 days maintained in mixed osteo-adipo media. In both 

the nHA and RALA transfected groups, GFP positive cells formed aggregates at day 14 

(Fig.4.5.C) confirming the presence of transfected cells in the mineralized nodules 
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observed after calcium staining (Fig.4.5.A). In contrast, the PEI transfected cells tended 

to undergo adipogenesis, as demonstrated by a higher presence of lipid granules in 

comparison to the control and the nHA and RALA groups (Fig.4.5.B and E). No mineralized 

nodules were observed in PEI transfected cells (Fig.4.5.A and C). 

 

 

Fig.4.5. Assessment of the osteogenic and adipogenic potential of MSCs transfected with 

pGFP complexed to either nHA, PEI and RALA after 14 days of in vitro 2D culture in basal 

and osteo-adipo media. (A) Alizarin red staining. Scale bar = 500µm (B) Oil-Red-O (ORO) 

staining. Scale bar = 200 µm (C) Fluorescent microscope images of the GFP expressing 

MSCs after 14 days of in vitro 2D culture. Scale bar = 100 µm. (D) Quantification of 

alizarin red (AR) staining of the transfected monolayers. (E) Quantification of oil-red-o 

(ORO) staining of the transfected monolayers. (*) Denotes significance (n=3, p<0.05) in 

comparison to all groups in the same culture condition; (a) denotes significance (n=3, 

p<0.05) in comparison to PEI-pGFP in the same culture condition; (b) denotes significance 

(n=3, p<0.05) in comparison to the control group in the same culture condition. 
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4.3.4. Osteogenesis of MSCs after therapeutic gene delivery is highly 

dependent on the choice of gene delivery vector and does not correlate with 

therapeutic protein production 

 

 Therapeutic gene delivery of pDNA encoding for either TGF-β3 or BMP2 in 

combination or isolation to MSCs in 2D culture resulted in effective protein production 

using the three vectors (Fig.4.6.A and B). At day 3, the highest levels of protein were 

produced using RALA and PEI as the delivery vector, while at day 7 the highest levels 

were observed with PEI with low levels of protein production measured using nHA or 

RALA as the delivery vector (Fig.4.6.A and B). Although nHA-mediated transfection led to 

significantly lower overall levels of TGF-β3 (Fig.4.6.A) and BMP2 protein production 

(Fig.4.6.B), it resulted in the highest levels of mineral deposition after 14 days of 2D in 

vitro culture under basal media conditions in comparison to the RALA and PEI groups and 

the nHA-pGFP control (Fig.4.6.C and D).  
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Fig.4.6. (A) TGF-β3 and (B) BMP2 protein expression after 3 and 7 days of MSC in vitro 

2D transfection using nHA, PEI and RALA as gene delivery vectors. (C) Alizarin red 

staining. Scale bar = 500 µm. (D) Total calcium content of the transfected monolayers 

after 14 days of in vitro culture. (*) denotes significance (n=3, p<0.01) in comparison to 

all the groups in the same time point. (**) denotes significance (n=3, p<0.01) in 

comparison to all the groups in the same time point. (***) denotes significance (n=3, 

p<0.001) in comparison to all the groups in the same time point.  

 

 



136 
 

 

4.3.5. Chondrogenesis of MSCs after delivery of TGF-β3 and BMP2 plasmid 

DNA is highly dependent on the choice of gene delivery vector 

 

MSCs transfected using the previously described non-viral gene delivery vectors 

complexed to pDNA encoding for the therapeutic genes TGF-β3 or BMP2 in combination 

or isolation were used to produce pellets and cultured within basal, chemically defined 

media conditions for 21 days. PCR analysis of gene expression at day 7 showed increased 

expression of the early chondrogenic differentiation marker SOX9 (Akiyama, 2008; 

Loebel et al., 2015) in the nHA and RALA pTGF-β3–pBMP2 co-delivery group and in the 

RALA-BMP2 group in comparison to the PEI treated MSCs (Fig.4.7.A). The MSCs 

transfected with RALA-pBMP2 and RALA-pTGF-β3-pBMP2 expressed increased levels of 

ACAN (a protein that forms an integral part of the extracellular matrix in cartilaginous 

tissue) compared to the other groups (Fig.4.7.B). RUNX2, a marker of endochondral 

ossification, was expressed at higher levels in the RALA-TGF-β3 and nHA-TGF-β3 groups 

compared to when pBMP2 and pTGF-β3 were co-delivered using these vectors 

(Fig.4.7.C). The SOX9:RUNX2 ratio (a predictor of the osteogenic potential of MSCs where 

a higher value suggests a more stable chondrogenic phenotype (Loebel et al., 2015; 

Mhanna et al., 2014)) was also higher in the nHA and RALA co-delivery groups than the 

other groups (Fig.4.7.D), suggesting an increased chondrogenic potential of these vectors 

and pDNA combinations.   

The biochemical analysis of the pellets at 21 days of culture showed significantly 

higher levels of GAG (Fig.4.7.E) and collagen (Fig.4.7.F) accumulation following RALA and 

nHA-mediated delivery of pBMP2 and co-delivery of pTGF-β3–pBMP2 in comparison to 

PEI-mediated delivery of the same genes.  
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Fig.4.7. Relative expression levels of SOX9 (A), ACAN (B) and RUNX2 (C) in the nHA, PEI 

and RALA transfected pellets with either pGFP, pTGF-β3 (pTGF), pBMP2 (pBMP) or a 

combination of both (pTGF-pBMP) after 7 days of in vitro culture. (D) SOX9:RUNX2 

relative expression levels ratio. Total GAG (E) and collagen (F) content in the nHA, PEI 

and RALA transfected pellets after 21 days of in vitro culture. (c) Denotes significance 

(n=4, p<0.05) in comparison to the PEI-pTGF and PEI-pTGF-pBMP groups. (d) Denotes 

significance (n=4, p<0.05) in comparison to all PEI transfected groups. (e) Denotes 

significance (n=4, p<0.05) in comparison to all the rest RALA-transfected groups. (***) 

denotes significance (n=4, p<0.001) in comparison to all the groups. The dotted line 

indicates the non-transfected control (fold change = 1). 

 

Histological examination of the pellets after 21 days of in vitro culture 

demonstrated higher accumulation of GAG and collagen type II deposition, as markers 

of chondrogenesis, in the nHA-pBMP2, nHA-pTGF-pBMP, RALA-pBMP2 and RALA-pTGF-

pBMP groups (Fig.4.8.B and D). Within nHA and RALA transfected MSCs, staining for 

these cartilage specific markers was most intense following the co-delivery of TGF-β3 

and BMP2. Small nodules of mineral were observed in the pellets generated using nHA 

transfected MSCs (Fig.4.8.B), except in the nHA-pTGF-pBMP2 group despite the fact that 

this tissue stained intensely for collagen type X, a marker of chondrocyte hypertrophy 
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(Iyama et al., 1991) (Fig.4.8.B). Staining for collagen type X was also detected in the nHA-

pBMP2 and RALA-pBMP2 groups (Fig.4.8.B and D). The PEI treated groups did not stain 

positively for GAG, calcium, collagen type II or collagen type X deposition (Fig.4.8.C). 

Collagen type I staining was also more intense in the pellets generated using nHA-BMP2 

and nHA-TGF-BMP transfected MSCs (Fig.4.8.B), but it was also present in the RALA-

BMP2, RALA-TGF-BMP (Fig.4.8.D) and PEI-pBMP2 groups (Fig.4.8.C).  
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Fig.4.8. Histological examination of the non-transfected MSC pellets (A) and transfected 

MSC pellets with either (B) nHA, (C) PEI or (D) RALA, complexed to pDNA encoding for 

either GFP, TGF-β3, BMP2 or a combination of both, after 21 days of in vitro culture. 

sGAG histological examination through Alcian blue staining; calcium deposition 

histological examination through alizarin red; collagen type II, collagen type I and 

collagen type X immunostaining. Scale bar = 200 µm. Black arrows indicate details of 

localised specific matrix deposition. 
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4.4. Discussion 
 

The overall aim of this study was to investigate the influence of different types 

of non-viral gene delivery vectors on modulating stem cell fate after the delivery of 

pDNA encoding for specific genes of interest. Three delivery vectors, PEI, nHA and the 

RALA amphipathic peptide were selected based on their chemistry and mode of action 

and complexed with either reporter or therapeutic genes. Systematic in vitro analysis 

were performed to evaluate the influence of the vectors and gene combinations on MSC 

fate. Even though the transfection efficiencies of these three vectors were comparable, 

they exerted unique effects on the metabolic activity, cellular morphology and the 

phenotype of MSCs. When maintained in mixed osteo-adipo media, MSCs underwent 

osteogenesis following transfection with nHA and RALA delivery vectors (complexed to 

reporter genes), and adipogenesis when transfected with PEI. In order to understand 

the influence of the delivery vector when complexed with therapeutic genes, we next 

evaluated the delivery of pDNA encoding for the growth factors TGF-β3 and BMP2, in 

combination or in isolation, on MSC differentiation. nHA, despite promoting significantly 

lower transgene expression than the other vectors, induced more robust osteogenesis 

in 2D and accelerated MSC hypertrophy and endochondral ossification in 3D pellet 

culture. On the contrary, RALA-mediated gene delivery appeared less osteogenic in both 

2D and 3D culture, promoting significantly higher expression of chondrogenic markers 

and a more stable hyaline cartilage-like phenotype in pellet culture. The PEI treated 

MSCs failed to undergo either osteogenesis or chondrogenesis in 2D and 3D pellet 

culture despite high levels of therapeutic protein production.  

Size, shape and surface charge have been shown to be crucial for internalization 

and intracellular trafficking of nanoparticle-based drug delivery systems (Euliss et al., 

2006; Gratton et al., 2008). Cationic nanoparticles of a size in the 10-200 nm range have 

been identified as the ideal to efficiently overcome physiological and cellular barriers 

(Adair et al., 2010; Bose and Tarafder, 2012). But successful delivery of nucleic acids 

using PEI and chitosan complexes bigger than 500 nm and negatively charged lipoplexes 

and ceramic nanoparticles have also been previously reported (Castaño et al., 2014; 

Curtin et al., 2012; Kapoor and Burgess, 2012; McKiernan et al., 2013). In this study, 

three different vectors with different size, surface charge and chemistry were used 
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(Fig.4.2). PEI and RALA were shown to have a positive Z potential (Fig.4.2.B) due to the 

cationic amino groups in PEI and the guanidinium groups present in the peptide’s 

arginine amino acids, which allow them to react with the negatively charged phosphate 

groups in pDNA (Boussif et al., 1995; McCarthy et al., 2014; Oba et al., 2015) (Fig.4.2) to 

form a vector-pDNA complex with a size lower than 150 nm (Fig.4.2.A, C and E). nHA 

nanoparticles possessed a negative zeta potential (Fig.4.2.B) and a size of approximately 

200-300 nm (Fig.4.2.A and D) after complexing with pDNA due to particle aggregation 

caused by the interactions between the calcium ions in the apatite and the anionic 

phosphate groups in the pDNA (Curtin et al., 2012; Okazaki et al., 2001) (Fig.4.1). The 

charge and size of the nHA nanoparticles and nHA-pDNA complexes were consistent 

with previous reports (Castaño et al., 2014; Curtin et al., 2012).  

Even though the RALA, nHA and PEI complexes showed different chemical and 

physical characteristics, similar transfection efficiencies were observed after 3 days of 

treatment (Fig.4.3.A). PEI associated cytotoxicity has been previously described due to 

membrane and cellular organelles destabilization (Larsen et al., 2010), actin 

cytoskeleton disruption (Grosse et al., 2007; Larsen et al., 2010; Wong et al., 2000) and 

an altered gene transcription (Akhtar, 2006; Godbey et al., 2001; Larsen et al., 2010). In 

this study, a significant decrease in cell metabolic activity was observed in the PEI-pGFP 

treated group one day after transfection due to polymer-induced cytotoxicity, but this 

was temporary as metabolic activity recovered by day 3 (Fig.4.3.B), as seen in previous 

reports (Tierney et al., 2012; Yang et al., 2014). The hypothesized PEI-induced 

cytoskeleton and membrane alterations may affect the transfected MSCs, promoting a 

more rounded cell morphology with a less tense and organized actin cytoskeleton that 

is more conducive to adipogenesis (Feng et al., 2010; Godbey et al., 2001; Margadant et 

al., 2013; McBeath et al., 2004). These observations are consistent with previous reports 

by Godbey et al. (Godbey et al., 2001) who observed that cells exposed to PEI-pDNA 

complexes showed a rounded phenotype 8 h post-transfection. On the contrary, nHA 

transfected cells showed a more spread morphology (Fig.4.3.F) with well-developed 

stress fibres (Fig.4.4.B and F). This may be due to the anionic Z potential of the nHA-

pDNA complexes, which have been shown to induce actin polymerization (Ng et al., 

2009) and an increased concentration of intracellular calcium which plays an important 
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role in cell spreading and cytoskeletal events (Kruskal et al., 1986). Although the cell 

aspect ratio and surface area of the RALA-pGFP transfected cells was significantly lower 

than the nHA-pGFP group at day 1 and 3, these parameters were higher in comparison 

to the PEI-transfected cells in both time points (Fig.4.3.D and F). CPPs have been 

previously shown to induce actin remodeling and a selective activation of Rho GTPases 

(Foerg et al., 2007; Heitz et al., 2009) contributing to focal adhesion and stress fiber 

formation (Burridge and Wennerberg, 2004; Foerg et al., 2007), which play an important 

role in shape-dependent control of MSC lineage commitment (McBeath et al., 2004). 

It is well established that morphology, cytoskeletal tension and focal adhesions 

have a determinant influence on stem cell differentiation towards the osteogenic, 

adipogenic and chondrogenic pathways (Mathieu and Loboa, 2012; McBeath et al., 

2004). While a spread phenotype is related to an increase in cytoskeletal organization, 

focal adhesions and osteogenesis of MSCs, a more rounded morphology can be an 

indication of cytoskeletal disruption and dispersed actin, which can lead to a switch 

towards the adipogenic pathway (Feng et al., 2010; Kilian et al., 2010; Rodríguez et al., 

2004; Sonowal et al., 2013). To investigate the role of the observed transfection-induced 

morphological and cytoskeletal tension changes, the treated MSCs were cultured under 

osteo-adipo conditions (McBeath et al., 2004) and their commitment towards the 

osteogenic or adipogenic lineage was analysed. As might be expected for MSCs adopting 

a more spread morphology with a tenser cytoskeleton, RALA-pGFP and nHA-pGFP 

treated cells showed increased mineralization and mineralized nodule formation in 

comparison to the non-transfected control group and the PEI treated group, in which 

calcification was suppressed (Fig.4.5.A, C and D). On the other hand, adipogenesis was 

significantly higher in the PEI-pGFP transfected MSCs where the cells adopted a more 

rounded morphology (Fig.4.5.B and E). Previous studies have also shown that PEI-

mediated transfection can suppress mineralization and enhance adipogeneis of stem 

cells (King et al., 2012; Zhao et al., 2013). 

The ultimate goal of gene delivery in stem cell-based tissue engineering 

approaches is to direct stem or progenitor cells to differentiate into clinically relevant 

cell types. In order to achieve this objective, TGF-β3 and BMP2 have been extensively 

used in gene and protein-mediated strategies for the repair of musculoskeletal tissues 
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(Brunger et al., 2014; Diao et al., 2009; Hao et al., 2008). In this study the delivery of 

pDNAs encoding for either or both of these factors was used to assess vector-associated 

effects over stem cell fate. In 2D culture, in the absence of osteogenic supplements, nHA 

was the only vector capable of inducing mineralization of MSCs when pDNA encoding 

for either TGF-β3 or BMP2 were delivered in isolation or combination (Fig.4.6.C and D). 

Interestingly, this occurs despite the fact that nHA-mediated transfection resulted in the 

lowest levels of therapeutic growth factor production (Fig.4.6.A and B), suggesting a 

synergistic effect between the osteogenic stimulus provided by nHA and the 

overexpressed proteins (Curtin et al., 2012). Of relevance to this study, Curtin et al. 

evaluated PEI and nHA as gene carriers for bone formation and observed that even 

though PEI-mediated transfection of pBMP2 and pVEGF led to higher levels of protein 

expression, a better healing profile was observed in vivo when nHA was used (Curtin et 

al., 2015). These results suggest that high levels of expression may not directly translate 

into an increased osteogenic effect and that the choice of delivery vector influences the 

bioactivity of the gene product (Raisin et al., 2016).  

Chondrogenic differentiation of transfected MSCs was also analysed. RALA-

mediated delivery of pBMP2 and co-delivery of pTGF-β3 and pBMP2 resulted in the 

promotion of a stable hyaline cartilage-like phenotype in pellet culture, with strong 

staining for GAG and collagen type II deposition (Fig.4.8.D), and significantly higher 

expression of the chondrogenic markers ACAN and SOX9 (Fig.4.7.A and B). MSCs treated 

with nHA complexed to pTGF-β3 and pBMP2 in isolation or combination also expressed 

high levels of SOX9 and ACAN (Fig.4.7.A and B) and stained strongly for collagen type II, 

but high levels of collagen type X and calcium deposition suggest chondrocyte 

hypertrophy and progression along an endochondral pathway (Fig.4.8.B) (Iyama et al., 

1991). This is likely due, at least in part, to the osteo-inductive nature of the nHA. The 

lower levels of TGF-β3 protein production following nHA-mediated gene delivery may 

also play a role in promoting a more endochondral phenotype, as extended growth 

factor presentation has been associated with a more stable cartilage phenotype (Liu et 

al., 2008). In contrast to the nHA and RALA-transfected cells, the PEI-transfected MSCs 

promoted low levels of GAG and collagen synthesis (Fig.4.7.E and F) and failed to induce 

collagen type II deposition (Fig.4.8.C), despite high levels of TGF-β3 and BMP2 
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expression. The observation of a more rounded phenotype of the cells treated with PEI 

in 2D (Fig.4.3.E) might suggest a propensity towards chondrogenic differentiation (Gao 

et al., 2010), but in this study PEI-mediated transfection failed to promote robust 

chondrogenesis of MSCs in pellet culture. This might be due to an altered gene 

transcription produced by the interaction of polycationic polymers with the host DNA 

upon nuclear entry (Akhtar, 2006; Godbey et al., 2001). The co-delivery of pTGF-β3 and 

pBMP2 by either RALA or nHA promoted the highest levels of chondrogenesis. 

Furthermore, it was observed that a suppression of calcification and a decrease in 

RUNX2 expression when both genes were delivered in combination in comparison to the 

delivery of pTGF-β3 and pBMP2 in isolation (Fig.4.7.C). This is consistent with previous 

studies that show a synergistic effect of delivering both growth factors on 

chondrogenesis of MSCs (Diao et al., 2009) and previous chapter 3. 

4.5. Conclusion 
 

This study demonstrates that different classes of commonly used non-viral 

vectors are not inert and that the chemical and physical characteristics of these 

nanomaterials have a strong effect on cell morphology, stress fiber formation and gene 

transcription in MSCs which modulates their capacity to differentiate along the 

osteogenic, adipogenic and chondrogenic lineages. Furthermore, the inherent effects 

associated with the intracellular delivery of these nanoparticle complexes was in many 

cases more potent than that associated with the overexpressed therapeutic genes, 

emphasizing the importance of understanding the cellular events upon nanoparticle 

entry before these approaches are used in tissue engineering and regenerative medicine 

strategies. The results of this study point to the need for careful and tissue-specific 

selection of non-viral delivery vectors to prevent undesired phenotypic changes and off-

target effects when delivering therapeutic genes to damaged or diseased tissues. 

In this chapter, the RALA peptide was identified as a promising non-viral gene 

carrier for the stable chondrogenic differentiation of MSCs, in comparison to nHA. 

Therapeutic gene delivery using nHA as gene carrier, was confirmed as a potent inducer 

of MSC mineralization and endochondral ossification. Although MSCs transfected with 

RALA complexed with pDNA encoding for BMP2 and TGF-β3, developed robust 
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chondrogenesis, the overexpression of these growth factors could enhance MSC 

hypertrophy and terminal endochondral differentiation. In the following chapters, 

RALA-mediated combinatorial gene delivery will be explored to promote stable MSC 

chondrogenesis and suppress MSC hypertrophy, while nHA will be used as a gene carrier 

to promote in vivo bone formation. 
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CHAPTER 5  

Combinatorial Non-viral Gene Delivery for Stable 

Chondrogenesis of MSCs 

Abstract 
 

 Bone marrow-derived mesenchymal stem cells (BMSCs) are a promising cell 

source for musculoskeletal tissue engineering, but their clinical utility for the treatment 

of cartilage injuries is limited due to their potential to undergo endochondral ossification 

and form bone tissue. Non-viral gene delivery can be used to direct MSC fate, but the 

delivery of just a single gene might not be sufficient to promote stable chondrogenic 

differentiation of BMSCs. In this study, combinatorial non-viral gene delivery of 

chondrogenic growth (TGF-β3, BMP2 and BMP7) and regulatory (CHM1, GREM1, HDAC4 

and SOX9) factors was explored to promote chondrogenesis of MSCs and to suppress 

hypertrophy and endochondral ossification. Firstly, RALA peptide mediated non-viral 

gene delivery was optimized to obtain maximal transfection efficiency of BMSCs with 

minimal cell dead. Having identified appropriate conditions for robust transfection, the 

delivery of chondrogenic growth and regulatory factors was explored in both normoxic 

and hypoxic culture conditions. Whereas the overexpression of growth factors 

successfully initiated chondrogenesis of BMSCs in hypoxia, they promoted a more 

hypertrophic or osteogenic phenotype in normoxia, as evidenced by more robust 

collagen type X deposition and tissue mineralisation. To suppress hypertrophy, pDNA 

encoding for CHM1, GREM1, HDAC4 and SOX9 were delivered to MSCs, but their 

overexpression alone failed to induce chondrogenesis of BMSCs. In contrast, their co-

delivery with TGF-β3 and BMP2 genes was able to induce chondrogenesis of MSCs and 

to suppress endochondral progression, as evident by reduced mineralisation and 

collagen type X deposition. This study highlights the potential of non-viral combinatorial 

gene therapy for the modulation of MSC phenotype in bone and cartilage tissue 

engineering.  
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 5.1. Introduction 
 

 In this chapter, objective three was addressed. RALA-mediated combinatorial 

gene delivery was explored to determine the best gene combination (chondrogenic and 

antihypertrophic factors) and culture conditions (hypoxia and normoxia) for the 

promotion of a stable hyaline cartilage phenotype. 

 Articular cartilage defects, caused by acute traumatic events or repetitive micro 

trauma, show poor self-healing capacity due to the avascular nature of cartilage and the 

low mitotic activity of chondrocytes (Bedi et al., 2010; Brittberg et al., 1994). Cartilage 

injuries have been reported to disrupt the cartilage macromolecular structure, promote 

sulphated glycosaminoglycans (sGAG) loss and, ultimately, increase its permeability and 

reduce its mechanical properties, which, if not treated, may result in further joint 

degeneration and disabling osteoarthritis (OA) (Bedi et al., 2010; Charalambous, 2014). 

Current surgical treatments such as microfracture, osteochondral autografts, and 

autologous chondrocyte implantation (ACI) are limited by the generation of lower 

quality fibrocartilage, poor integration with the surrounding hyaline cartilage, 

hypertrophy and calcification of the grafts, and donor site-morbidity (Bedi et al., 2010; 

Hjelle et al., 2002).   

 Autologous and allogenic mesenchymal stem cells (MSCs) from different tissue 

origins have been clinically investigated for cartilage repair (Emadedin et al., 2015; 

Vangsness et al., 2014; Vega et al., 2015; Veronesi et al., 2013). Due to their multipotent 

differentiation capacity and their ability to proliferate in vitro without losing their 

differentiation capacity, MSCs have been considered as a promising candidate for 

cartilage regeneration (De Bari et al., 2006). Furthermore, MSCs have been shown to 

possess immunomodulatory properties (Atoui and Chiu, 2012; Gao et al., 2016; Nauta 

and Fibbe, 2007) and are capable of inhibiting certain inflammatory responses in 

experimental models of arthritis (Gonzalez et al., 2009; Yan et al., 2017). Bone marrow-

derived MSCs (BMSCs) are the most common type of MSC used for musculoskeletal 

tissue engineering applications(Goldberg et al., 2017). Although BMSCs are able to 

differentiate in vitro into chondrocytes, characterised by SOX9 and collagen type II 

expression, they typically terminally differentiate along an endochondral route 
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expressing collagen type X, alkaline phosphatase (ALP) and matrix metalloprotease 13 

(MMP13) (Hellingman et al., 2011; Mueller and Tuan, 2008; Pelttari et al., 2006; 

Vinardell et al., 2012). This endochondral programming in BMSCs has been leveraged 

for bone tissue engineering applications (Cunniffe et al., 2015a; Daly et al., 2016b; 

Sheehy et al., 2014b), but presents a significant challenge for the engineering of stable 

articular cartilage.  

 To induce chondrogenesis of MSCs, gene delivery is a promising alternative to 

recombinant protein administration, which poses many limitations in vivo such as the 

use of supra-physiological concentrations which might impair tissue repair and induce 

off-target effects (Baldo, 2014; Carragee et al., 2011; Zara et al., 2011). Moreover, unlike 

protein delivery, gene therapy allows for the overexpression of transcription factors and 

receptor proteins which are localised in specific cellular compartments (Evans and 

Huard, 2015). Viral gene delivery to BMSCs of chondrogenic growth factors such as 

transforming growth factor beta (TGF-β) superfamily members like TGF-β1 (Frisch et al., 

2016; Ivkovic et al., 2010; Pagnotto et al., 2007), TGF-β3 (Brunger et al., 2014; Hao et al., 

2008), bone morphogenic protein 2 (BMP2) (Palmer et al., 2005; Zachos et al., 2007) and 

BMP7 (Grande et al., 2003; Mason et al., 1998) have been extensively explored for 

cartilage tissue engineering. But the risk of hypertrophy and endochondral ossification 

still persists when using gene delivery of these growth factors (Frisch et al., 2016). Gene 

delivery of chondrogenic regulators such as gremlin 1 (GREM1) (Leijten et al., 2012a), 

chondromodulin 1 (CHM1) (Chen et al., 2016), sex-determining region Y-type mobility 

group (SOX) 5, 6 and 9 (Cao et al., 2011; Cucchiarini et al., 2007; Frisch et al., 2016; Ikeda 

et al., 2004), and histone deacetylase 4 (HADC4) (Pei et al., 2009), among others, have 

been proposed for the suppression of endochondral ossification and the stable 

chondrogenic differentiation of MSCs. It remains unclear, however, whether these 

regulatory factors alone will be sufficient to promote robust and stable chondrogenesis 

of MSCs.  

 Viral gene delivery to MSCs and chondrocytes has shown promising results for 

the in vivo treatment of cartilage defects (Hidaka et al., 2003; Ivkovic et al., 2010; Madry 

et al., 2010, 2012). But their therapeutic translation is limited by safety concerns, 

immunogenicity, and costly and time consuming production (Gresch et al., 2004; Li and 
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Huang, 2007). In addition, the small DNA packaging capacity of viral vectors might limit 

the delivery of larger genes and the simultaneous delivery of more than one gene (Yin 

et al., 2014). Moreover, continuous high levels of protein production offered by viral 

transduction at the site of implantation could impair tissue repair and cause off-target 

side-effects in the long-term, similar to those reported by the delivery of high 

concentrations of recombinant proteins (Mi et al., 2003; Park et al., 2003; Zara et al., 

2011). Therefore, a more controlled overexpression, such as that offered by non-viral 

transfection, might be more desirable for enhanced matrix formation and cell 

differentiation. Nanoparticle-based non-viral gene delivery is a promising alternative in 

orthopaedics due to their transient expression, low immunogenicity, enhanced DNA 

packaging capacity, ease of large-scale production and potential incorporation into 3D 

matrices for localised delivery (Li and Huang, 2007; Santos et al., 2011; Yin et al., 2014). 

Recently, the development of peptides for targeted gene delivery, such as the RALA 

amphipathic peptide (RALA) comprising repeating units of 

arginine/alanine/leucine/alanine (McCarthy et al., 2014), represents a promising route 

for non-viral gene delivery to MSCs due to their cytocompatibility and high transfection 

efficiencies. RALA is particularly promising for cartilage tissue engineering applications 

as it is less inherently osteogenic than other vectors used for non-viral gene delivery as 

discussed in the fourth chapter of this thesis.   

 The overall objective of this study was to assess the optimal combination of 

growth and regulatory factors to induce stable chondrogenesis of MSCs through non-

viral mediated gene delivery. To this end, RALA-mediated transfection of BMSCs was 

first optimised to identify the best parameters for optimal transfection efficiency and 

maintenance of cell viability (Fig.5.1.A). Once these parameters were defined, 

combinatorial gene delivery of the growth factors TGF-β3, BMP2 and BMP7 was 

assessed for their capacity to promote chondrogenesis of BMSCs (Fig.5.1.B). As 

chondrogenically primed BMSCs possess an inherent tendency to progress along an 

endochondral pathway and form bone (Hellingman et al., 2011; Mueller and Tuan, 2008; 

Pelttari et al., 2006; Vinardell et al., 2012), we next assessed if gene delivery of the 

regulatory factors SOX9, CHM1, GREM1 and HDAC4 could be used to promote a stable 

chondrogenic phenotype in BMSCs (Fig.5.1.C). Finally, co-delivery of these chondrogenic 
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regulators and inducers was explored as a strategy to drive robust chondrogenesis of 

BMSCs and to suppress their tendency to progress along an endochondral pathway 

(Fig.5.1.D).  

 

 

Fig.5.1. Graphical abstract. (A) Optimisation of RALA-mediated delivery of reporter 

genes (pGFP and pLUC) to BMSCs. (B) Combinatorial gene delivery of pDNA encoding for 

the growth factors TGF-β3, BMP2 and BMP7 to induce BMSCs chondrogenesis at 5% pO2. 

(C) Gene delivery of the chondrogenesis regulatory factors CHM1, GREM1, HDAC4 and 

SOX9 to suppress endochondral ossification of BMSCs at 20% pO2. (D) Combinatorial 

gene delivery of the growth factors TGFβ3 and BMP2, and the regulatory factors CHM1, 

GREM1, HDAC4 and SOX9 to promote chondrogenesis of BMSCs and suppression of 

endochondral ossification at 20% pO2. 
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5.2. Materials and methods 
 

5.2.1. Plasmid propagation 
 

 Nine different plasmids were used in the current study: two plasmids encoding 

for the reporter genes green fluorescent protein (pGFP, Amaxa, Lonza Cologne AG, 

Germany) and luciferase (pLUC, pGaussia Luciferase; New England Biolabs, 

Massachusetts, USA), and seven encoding for the therapeutic human gene sequences 

of BMP2 (kind donation from Prof. Kazihusa Bessho, Kyoto University, Japan), BMP7 

(donation from Dr. Georg Feichtinger, University of Leeds, UK), pTGF-β3 (InvivoGen, 

Ireland), CHM1 (BioCat, Germany), GREM1 (kind donation from Prof. Derek Brazil, 

Queen’s University Belfast, UK), HDAC4 (kind donation from Dr. Tso-Pang Yao from Duke 

University, NC, USA, through Addgene), and SOX9 (kind donation from Prof. Gun-Il Im 

from Dongguk University, South Korea). Plasmid amplification was performed by 

transforming chemically competent Escherichia coli bacterial cells (One Shot TOP10; 

Biosciences, Ireland) according to the manufacturer’s protocol. The transformed 

bacteria were cultured on LB plates with 50 mg/L kanamycin (Sigma-Aldrich, Ireland) as 

the selective antibiotic for pGFP, pSOX9 and BMP7, and 100 mg/L ampicillin (Sigma-

Aldrich, ireland) as the selective antibiotic for pLUC, pTGF-β3, pBMP2, pCHM1, pGREM1 

and pHDAC4. Bacterial colonies were harvested and inoculated in LB broth (Sigma-

Aldrich, Ireland) and incubated overnight for further amplification. The harvested 

bacterial cells were then lysed, and the respective pDNA samples were purified using 

qiagen plasmid kit (MaxiPrep Kit; Qiagen, Ireland) and kept in Tris–EDTA (TE) buffer 

(Qiagen, Ireland). Nucleic acid concentration (ng/µL) was determined by analyzing the 

260:280 ratio and 230 nm measurement using NanoDrop spectrophotometer (Labtech 

International, Uckfield, UK). 

5.2.2. Preparation of RALA-pDNA complexes 
 

 The RALA peptide was synthesized as previously described (McCarthy et al., 

2014). Briefly, the peptide was produced by 9-fluorenylmethyloxycarbonyl (Fmoc) solid-

state peptide synthesis (Biomatik, USA) and supplied as a desalted, lyophilised powder. 

The product was purified and validated by reversed-phase high-performance liquid 
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chromatography (RPHPLC); molecular mass was confirmed as 3327.98. The RALA-pDNA 

complexes were prepared at different n:p ratios (4, 6, 8 and 10). The RALA-pDNA 

solution was then incubated for 30 minutes for complex formation. 

5.2.3. Isolation and expansion of BMSCs 
 

 BMSCs were isolated from the femora of porcine donors (3-4 months, >50 Kg) 

within 3 h of sacrifice according to a modified method developed for human MSCs 

(Lennon and Caplan, 2006). Mononuclear cells were plated at a seeding density of 5 x 

103 cells/cm2 in standard culture media, high glucose Dulbecco’s modified Eagle’s 

medium (4.5 mg/mL d-glucose and 200 mM L-glutamine; hgDMEM) supplemented with 

10% fetal bovine serum (FBS) and penicillin (100 U/mL)–streptomycin (100 g/mL) (all 

from Gibco, Biosciences, Ireland), and expanded in a humidified atmosphere at 37 °C 

and 20% pO2. MSCs at passage 2 were used for all experiments. 

5.2.4. BMSC transfection and in vitro culture 
 

 For RALA-pDNA transfection, expanded BMSCs were plated at a seeding density 

of 5 x 103 cells/cm2 in 6 well plates for reporter gene optimization or in T175 flasks for 

therapeutic gene transfection, and cultured for either 24 h (reporter gene optimization) 

or 72 h (therapeutic gene transfection) in standard culture media prior to transfection. 

RALA-pDNA complexes were prepared immediately before transfection. Before 

transfection, cells were washed twice with PBS and incubated in Opti-MEM (Life 

Technologies, Ireland) for 2 h. After the incubation time, complexes were suspended in 

either 500 μL (reporter gene optimization) or 5 mL (therapeutic gene transfection) of 

Opti-MEM and added to MSCS to a density of 0.2 (low), 0.5 (medium) or 1 (high) μg of 

pDNA/cm2 for the optimization with reporter genes, or at 0.2 μg of pDNA/cm2 for 

therapeutic gene transfection. Following incubation for 4-6 h, the Opti-MEM was 

removed, cell monolayers washed twice with PBS and standard culture media was 

added. 

 For combinatorial therapeutic gene delivery, a total of 0.2 μg of pDNA/cm2 were 

used for transfection, meaning that when two genes were co-delivered 0.1 μg of 
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pDNA/cm2 of each gene was used, and when three genes were co-delivered 0.067 μg of 

pDNA/cm2 of each was used. 

5.2.5. Chondrogenic differentiation of MSCs 
 

 For evaluating chondrogenic differentiation of MSCs, transfected MSCs and the 

non-treated controls maintained in standard culture media were pelletized 24 h after 

transfection by centrifugation at 2000 rpm at a cell density of 250 x 103 cells/pellet. 

Negative controls and transfected pellets were maintained in a chemically defined 

medium consisting of DMEM GlutaMAX supplemented with penicillin (100 U/mL)–

streptomycin (100 mg/mL), 100 mg/mL sodium pyruvate, 40 mg/mL l-proline, 50 mg/mL 

l-ascorbic acid-2-phosphate, 1.5mg/mL bovine serum albumin, 1 x insulin–transferrin–

selenium, and 100 nM dexamethasone (all from Sigma-Aldrich, Ireland) at 5% or 20% 

pO2 and 37 °C for a period of 28 days. Positive controls were maintained in a chemical 

defined medium as previously defined supplemented with 10 ng/mL human TGF-β3 

(PrepoTech, UK) for 7 days after which the media was replaced with chemically defined 

medium without recombinant TGF-β3. Half media changes were performed twice 

weekly. No exogenous recombinant growth factors were added to the culture media.  

5.2.6. Assessment of transfection efficiency and cell metabolic activity 
 

 In order to evaluate the transfection efficiency, pDNA encoding the gene for 

green fluorescent protein (GFP) was complexed to RALA at different n:p ratios (section 

5.2.2) and MSCs were transfected as described above. To confirm pGFP expression in 

the transfected monolayers, cells were image using a fluorescent microscope (Olympus 

IX83 epifluorescence microscope). To confirm GFP positive cells in pellet culture, pellets 

were imaged using a Leica SP8 scanning confocal microscope (Leica Microsystems, 

Ireland). Transfection efficiency was determined by quantifying the percentage of green 

fluorescent cells at day 1, 3 and 7 post transfection using flow cytometry (BD Accuri C6, 

BD Biosciences, USA). Luciferase expression in the culture media was also quantified 

using a Pierce Gaussia Luciferase Flash Assay Kit (ThermoFisher, Ireland) at day 1, 3 and 

7.  
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 After 1, 3 and 7 of RALA-mediated gene delivery, metabolic activity of treated 

cells was evaluated using standard Alamar Blue (Biosciences, Ireland) assay. For the 

assay, cell culture media from the wells was replaced, with 10% Alamar Blue containing 

standard culture media (1 mL/well) and were incubated for 4 h at 37 °C and 20% pO2. 

After the incubation time, 200 mL of the supernatant was plated in triplicate into a 96-

well plate; absorbance was read at 570 and 600 nm using a plate reader (Bioteck, 

Instruments Inc, UK). Optical density of the media was translated to cell metabolic 

activity relative to the non-transfected control as previously described (Hamid et al., 

2004). 

5.2.7. Gene expression analysis 
 

 At day 3 after transfection, transfected and control cells were lysed using RLT 

lysis buffer (Qiagen, UK) supplemented with 10 µL mL-1 β-mercaptoethanol (Sigma-

Aldrich, Ireland) and stored at –80°C. Lysates were thawed and homogenized using a 

QIAshredder column (Qiagen, UK) and total RNA was isolated and purified using the 

RNeasy mini kit (Qiagen, UK) using the manufacturer’s protocol. Purity and yield of RNA 

was quantified using the NanoDrop Spectrophotometer (Labtech International, 

Uckfield, UK). For cDNA preparation, 100 ng total RNA of each sample was reverse 

transcribed into cDNA per 20 μL of reaction volumes using the high capacity reverse 

transcription cDNA kit (Applied Biosystems, Paisley, UK) as per manufacturer’s 

instructions. Quantitative PCR was performed using an ABI 7500 sequence detection 

system (Applied Biosystems, Paisley, UK) and SYBR select master mix (Applied 

Biosystems, Paisley, UK) for evaluating the expression of GAPDH (porcine sequence), 

TGF-β3, BMP2, BMP7, CHM1, GREM1, HDAC4 and SOX9 (human sequences). Primer 

sequences that were used for amplification of these genes are listed in Table 5.1. 

Comparative Threshold (cT) data were analysed using the ΔΔCT method as described 

previously (Livak and Schmittgen, 2001) with GAPDH as the endogenous control. 

Relative expression of the genes is presented as fold changes relative to the non-

transfected control group. 
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Table. 5.1. Primer sequences used for qPCR 

 

 

5.2.8. Quantitative biochemical analysis 
 

 Pellets and monolayers were digested with papain (125 mg/mL, pH 6.5) in 0.1 M 

sodium acetate, 5 nM L-cysteine HCl, and 0.05 M EDTA (all Sigma-Aldrich, Ireland) at 60 

°C under constant rotation for 18 h. Calcium content was determined using a Sentinel 

Calcium Kit (Alpha Laboratories Ltd, UK) after digestion in 1M HCl at 110 °C for 48 h. 

Proteoglycan content was estimated by quantifying the amount of sulfated 

glycosaminoglycan (sGAG) in the pellets using the dimethylmethylene blue (DMMB) 

dye-binding assay (Blyscan, Biocolor Ltd. Northern Ireland), with a chondroitin sulfate 

standard. Total collagen content was determined by measuring the hydroxyproline 

content. Samples were hydrolyzed at 110 °C for 18 h in concentrated HCl 38%, allowed 

to dry, and analyzed using a chloramine-T assay (Hollander and Hatton, 2003) with a 

hydroxyproline-to-collagen ratio of 1:7.69 (Ignat’eva et al., 2007).  

5.2.9. Histological and immunohistochemical analysis 

 

 For evaluating sGAG, calcium and collagen deposition, cell pellets were fixed with 

4% PFA after 21 days in vitro, wax embedded, sliced (8 µm) and mounted on microscopic 

Gene Forward primer Reverse primer 

TGF-β3 TGTTGAGAAGAGAGTCCAAC ATCACCTCGTGAATGTTTTC 

BMP2 TCCACCATGAAGAATCTTTG TAATTCGGTGATGGAAACTG 

BMP7 TGGTCCACTTCATCAACC TTCTGTATTTCTTCAGGATGAC 

CHM1 GAAATCCAGAGGGAAAGAAG GGTCTGGTTTCATTATTCAGTC 

GREM1 AATGAGATTGCCAGAAAGTG GAGGAGTTGGTTTGGTTTAG 

HDAC4 AAAAGAGACCAGATGAGGAG AGACAGACAGACAAGAGAAC 

SOX9 CTCTGGAGACTTCTGAACG AGATGTGCGTCTGCTC 

GAPDH TTTAACTCTGGCAAAGTGG GAACATGTAGACCATGTAGTG 
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slides. The sections were stained with alizarin red (Sigma-Aldrich, Ireland) to assess 

calcium accumulation, Alcian blue (Sigma-Aldrich, Ireland) to assess sGAG content and 

picrosirius red (Sigma-Aldrich, Ireland) to assess collagen content. Collagen types I, II and 

X were evaluated using a standard immunohistochemical technique as described 

previously (Sheehy et al., 2013). Negative and positive controls of porcine ligament, 

cartilage, and growth plate were included for each immunohistochemical analysis. 

5.2.10. Statistical analysis 
 

 Statistical analyses were performed using GraphPad Prism (version 5) software. 

Statistical differences were determined by analysis of variance (ANOVA) followed by 

Tukey’s multiple comparison test or Student’s t-test where appropriate. Numerical and 

graphical results are displayed as mean ± standard deviation. Significance was accepted 

at a level of p<0.05. Sample size (n) is indicated within the corresponding figure legends. 

5.3. Results 
 

5.3.1. Optimisation of 2D RALA-pDNA transfection 
 

 To optimise the transfection of MSCs using RALA-mediated pDNA delivery, the 

effect of the ratio of moles of the amine groups present in the RALA molecule to those 

of the phosphate in the DNA molecule (Zhao et al., 2009), also known as the n:p ratio, 

was assessed. Four different ratios of RALA to either pGFP or pLUC were tested (n:p = 4, 

6, 8 and 10). Successful transfection of BMSCs with RALA-pGFP complexes was observed 

for all four ratios. BMSCs transfected using an n:p ratio of 10 showed the highest 

transfection efficiency of around 40% at day 1 and 3 after transfection (Fig.5.2.A). Similar 

results were observed when pLUC was delivered, with significantly higher luciferase 

expression observed at an n:p of 10 (Fig.5.2.B). The amount of GFP positive cells and of 

levels of luciferase expression were observed to decrease over 7 days of in vitro culture 

(Fig.5.2.A and B). BMSC viability was also assessed, with no negative effects on DNA 

content (as a measure of cell number) or cell metabolic activity observed in the 

transfected groups in comparison to the non-transfected control (Fig.5.2.C and D). 

Moreover, an increase in DNA content was observed in the transfected groups 

suggesting a proliferative effect.  
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Fig.5.2. Optimisation of the RALA:pDNA n:p ratio for BMSC transfection. (A) % of GFP 

positive cells at day 1, 3 and 4 after transfection with RALA-pDNA complexes at n:p ratio 

of 4, 6, 8 and 10. (B) Quantification of luciferase expression in culture media at day 1, 3 

and 7 after transfection. (C) Quantification of DNA (ng) of the control and transfected 

cells at day 1, 3 and 7 after transfection. (D) Cell metabolic activity as a % of the control 

at day 1, 3 and 7 after transfection. (**) Denotes significance (n=4, p<0.01) to all the 

groups at the same time point; (***) denotes significance (n=4, p<0.001) to all the 

groups at the same time point; ($$) denotes significance (n=4, p<0.01) to all the 

transfected groups at the same time point. ($$$) denotes significance (n=4, p<0.001) in 

comparison to the CTRL, n:p = 4 and n:p = 6 groups at the same time point.   

 

 The effect of pDNA concentration at two different n:p ratios (6 and 10) on BMSC 

transfection was also assessed. Three different pDNA concentrations were tested: 0.2 

μg/cm2 (low), 0.5 μg/cm2 (medium) and 1 μg/cm2 (high). When RALA-pDNA complexes 

were delivered to BMSCs, the low concentration n:p ratio of 10 resulted in significantly 

higher luciferase expression in comparison to the rest of the groups at day 3 and 7 

(Fig.5.3.A). In terms of cell viability, even though no differences between groups were 

observed one day after transfection, the high concentration of RALA and pLUC 

complexed at both n:p ratios was shown to significantly reduce DNA levels and cell 

metabolic activity in comparison to the other groups (Fig.5.3.B and C).  
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 In summary, the delivery of the low concentration RALA-pDNA complexes at an 

n:p of 10 resulted in the highest transfection efficiency and transgene expression, with 

no negative effects on cell number or metabolic activity observed. 

 In order to assess chondrogenesis of BMSCs after non-viral gene transfection, a 

3D pellet culture was chosen to mimic the cellular condensation associated with 

chondrogenesis (Yoo et al., 1998). To confirm sustained transfection in this pellet model, 

cells were transfected with the optimised RALA-pGFP complexes and imaged prior to 

pellet formation and after pellet formation for 14 days (Fig.5.3.D), confirming the 

presence of pGFP positive cells at each time point (Fig.5.3.D). 
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Fig.5.3. Optimisation of the amount of pDNA of 0.2 μg/cm2 (low), 0.5 μg/cm2 (medium), 

and 1 μg/cm2 (high) in RLA-pDNA complexes at n:p ratio of 6 and 10 for BMSC 

transfection. (A) Quantification of luciferase expression in culture media at day 1, 3 and 

7 after transfection. (B) Quantification of DNA (ng) of the control and transfected cells 

at day 1, 3 and 7 after transfection. (C) Cell metabolic activity as a % of the control at 

day 1, 3 and 7 after transfection. (D) Fluorescent imaging of BMSCs one day after RALA-

pGFP transfection prior pellet formation and after pellet formation at day 1, 7 and 14. 

Scale bar = 250 μm. (**) Denotes significance (n=4, p<0.01) to all the groups at the same 

time point; (***) denotes significance (n=4, p<0.001) to all the groups at the same time 

point; ($) denotes significance (n=4, p<0.05) to medium and high groups at the same 

time point; ($$) denotes significance (n=4, p<0.01) to medium and high groups at the 

same time point; (!) denotes significance (n=3, p<0.05) to control, and all low groups at 

the same time point; (!!) denotes significance (n=4, p<0.01) to control, and all low groups 

at the same time point; (!!!) denotes significance (n=4, p<0.001) to control, and all low 

groups at the same time point. 
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5.3.2. RALA mediated delivery of therapeutic genes to BMSCs  
 

 After optimisation of the n:p ratio and the concentration of pDNA per cm2 with 

reporter genes, therapeutic pDNA encoding for chondrogenic growth (pTGF-β3, BMP2 

and BMP7) and regulatory (pCHM1, pGREM1, pHDAC4 and pSOX9) factors were 

delivered to BMSCs. At day 3 after RALA-mediated transfection, cells were lysed and the 

expression of the aforementioned genes was quantified. All RALA-pDNA complexes 

were shown to promote overexpression of the encoded genes (Fig.5.4.A-G).   

 

Fig.5.4. Gene overexpression of therapeutic genes and pellet formation after RALA-pGFP 

transfection. Relative expression (to non-transfected control, fold change = 1) levels of 

TGF-β3 (A), BMP2 (B), BMP7 (C), CHM1 (D), GREM1 (E), HDAC4 (F) and SOX9 (G) at day 

3 after monolayer RALA-mediated transfection of BMSCs. (***) Denotes significance 

(n=4, p<0.001) to the pGFP transfected control.  
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5.3.3. Combinatorial gene delivery of growth factors promotes robust 

chondrogenesis of MSCs 

 

 In order to assess the effect of RALA-mediated gene delivery of different growth 

factors on BMSC chondrogenesis, BMSCs were transfected with RALA-pDNA complexes 

encoding for either TGF-β3 (pTGF), BMP2 (pBMP2) or BMP7 (pBMP7) and the 

combinations between them (pTGF-pBMP2, pTGF-pBMP7 and pBMP2-pBMP7). Pellets 

were formed with the transfected and non-transfected (CTRL-) BMSCs and cultured in 

vitro for 28 days at 5% pO2 in chemically defined media without additional growth factor 

supplementation. As a positive control (CTRL+), non-transfected BMSCs were pelleted 

and maintained in recombinant TGF-β3 supplemented media for 7 days, after which 

media was replaced by chemically defined media without growth factor.   

 After 28 days of in vitro culture, cell proliferation and matrix deposition were 

analysed (Fig.5.5). RALA-mediated co-delivery of pTGF-β3 and pBMP2 resulted in 

significantly higher levels of DNA and GAG in comparison to all other groups (Fig.5.5.A 

and B). Delivery of pBMP2 and co-delivery of pBMP2 and pBMP7 also enhanced GAG 

synthesis compared to the positive control of recombinant TGF-β3 stimulation 

(Fig.5.5.B). MSCs transfected with pBMP2, pTGF-pBMP2 and pBMP2-pBMP7 produced 

significantly higher levels of collagen than the other groups (Fig.5.5.C). Significantly 

higher levels of calcium deposition were observed in the pBMP2 and the pBMP2-pBMP7 

transfected groups (Fig.5.5.D). Histological analysis of GAG, collagen and calcification 

was also performed, confirming the results of the biochemical assays (Fig.5.5.E). 

Immunohistochemical assessment demonstrated the presence of collagen type I and II 

in the CTRL+, pBMP2, pTGF-pBMP2 and pBMP2-pBMP7 groups. Non-negligible collagen 

type X staining was only observed in the positive control group (Fig.5.5.E). 
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Fig.5.5. Combinatorial gene delivery of growth factors for BMSCs chondrogenesis. Total 

DNA (A), GAG (B), collagen (C) and Calcium (D) deposition (μg/pellet) after 28 days of in 

vitro culture. (E) Histological (GAG, collagen and calcium) and immunohistochemical 

(collagen type I, II and X) of the pellets after 28 days of in vitro culture. Scale bar = 100 

μm for the 20x images and 1 mm for the 4x images. (*) Denotes significance (n=4, 

p<0.05) to all the groups at the same time point; (**) denotes significance (n=3, p<0.01) 

to all the groups at the same time point; (***) denotes significance (n=3, p<0.001) to all 

the groups at the same time point; (!!) denotes significance (n=3, p<0.01) to the CTRL-, 

CTRL+, pGFP, pTGF, pBMP2 and pBMP2-pBMP7; (!!!) denotes significance (n=3, p<0.001) 

to the CTRL-, CTRL+, pGFP, pTGF, pBMP2 and pBMP2-pBMP7. ($) denotes significance 

(n=3, p<0.05) to the CTRL-, pGFP, pTGF, pBMP7, pTGF-pBMP7; ($$$) denotes significance 

(n=4, p<0.001) to the CTRL-, pGFP, pTGF, pBMP7, pTGF-pBMP7. 
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5.3.4. Gene delivery of chondrogenic regulatory factors did not promote 

robust chondrogenesis of MSCs  

 

 The low oxygen culture conditions utilized to date are known to supress 

hypertrophy and endochondral ossification of chondrogenically primed MSCs (Hirao et 

al., 2006; Sheehy et al., 2012), however such control of environmental conditions cannot 

be guaranteed in a regenerative context in vivo. We therefore sought to examine 

chondrogenesis and hypertrophy of MSCs in normoxic conditions (20% pO2), and 

furthermore if combinatorial gene delivery of growth and regulatory factors could 

promote robust chondrogenesis of MSCs whilst suppressing progression along an 

endochondral pathway. To this end, RALA-pDNA complexes encoding for CHM1 

(pCHM1), GREM1 (pGREM1), HDAC4 (pHDAC4) and SOX9 (pSOX9) were first used to 

transfect BMSCs which were pelletized and cultured in vitro at 20% pO2 in chemically 

defined medium without exogenous growth factor supplementation. MSCs transfected 

with pCHM1, pHDAC4 and pSOX9 proliferated at a faster rate than the negative and 

pGFP controls (Fig.5.6.A). Also, significantly higher levels of GAG deposition were 

observed in the pGREM1, pHDAC4 and pSOX9 than the negative and pGFP control 

groups (Fig.5.6.B). No differences between groups were observed in terms of collagen 

or calcium deposition (Fig.5.6.C and D). Histological analysis revealed negligible GAG 

staining in the transfected groups, and immunohistochemistry of the pellets did not 

show any positive staining for collagen type II in any of the groups (Fig.5.6.E), indicating 

that these regulatory factors in isolation were unable to drive chondrogenesis of MSCs. 
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Fig.5.6. RALA-mediated gene delivery of chondrogenesis regulatory factors to BMSCs. 

Total DNA (A), GAG (B), collagen (C) and Calcium (D) deposition (μg/pellet) after 28 days 

of in vitro culture. (E) Histological (GAG, collagen and calcium) and 

immunohistochemical (collagen type I, II and X) of the pellets after 28 days of in vitro 

culture. Scale bar = 100 μm for the 20x images and 1 mm for the 4x images. (*) Denotes 

significance (n=4, p<0.05) to the CTRL- and pGFP groups; (***) denotes significance (n=4, 

p<0.001) to the CTRL- and pGFP groups. 
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5.3.5. Combinatorial gene delivery of growth and regulatory factors is able 

to promote chondrogenesis of MSCs with limited evidence of hypertrophy 

 

 Combinatorial gene delivery of growth and regulatory factors was next studied 

for induction of MSC chondrogenesis in normoxic culture conditions. RALA-mediated co-

delivery of pTGF-β3 and pBMP2 (pTGF-pBMP2) was combined with either pCHM1 

(pTGF-pBMP-pCHM), pGREM1 (pTGF-pBMP-pGREM), pHDAC4 (pTGF-pBMP-pHDAC) or 

pSOX9 (pTGF-pBMP-pSOX). The DNA content of all experimental pellet groups was 

higher than the negative control (CTRL-) group after 28 days of culture (Fig.5.7.A). 

Delivery of pTGF-pBMP-pSOX resulted in the development of pellets with significantly 

higher levels of DNA than all other groups (Fi.5.7.A), indicating a more proliferative 

phenotype. MSCs transfected with pTGF-pBMP2 contained significantly higher levels of 

sGAG compared to all other groups (Fig.5.7.B). Surprisingly, very low levels of GAG were 

measured in the pTGF-pBMP-pHDAC group, similar to those of the negative control 

(CTRL-) (Fig.5.7.B). Collagen deposition was similar in the transfected and CTRL+ groups, 

except for the pTGF-pBMP-pHDAC and CTRL- groups where low levels of collagen 

synthesis were observed (Fig.5.7.C). Significantly higher levels of calcium were detected 

in the CTRL+ and pTGF-pBMP2 pellets compared to all other groups (Fig.5.7.D). 

Histological analysis confirmed the biochemical assessment of GAG, collagen and 

calcium deposition (Fig.5.7.E). Immunohistochemical analysis of the pellets (Fig.5.7.E) 

showed intense collagen type I and II in all the pellets except the pTGF-pBMP-pHDAC 

group, with non-negligible collagen type X staining only observed in the CTRL+ and pTGF-

pBMP2 groups.  

 To further confirm the observed effects of the combinatorial gene delivery of 

chondrogenic inducer and regulatory factors were due to the factor delivery and not 

due to the lower concentrations of the individual pDNAs (0.067 μg pDNA/cm2 per pDNA 

in the groups transfected with 3 different pDNAs in comparison to 0.1 μg pDNA/cm2 per 

pDNA in the groups transfected with 2 pDNAs), pTGF-pBMP2 transfection of BMSCs was 

compared to pTGF-pBMP-pGFP (Fig.A.2). After 28 days of in vitro culture under the same 

conditions as in the previous experiment, no differences were observed in the levels of 

DNA, GAG, collagen and calcium deposition (Fig.A.2.A-F) between the 2 groups.  
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Fig.5.7. Combinatorial gene delivery of chondrogenic growth and regulatory factors to 

BMSCs. Total DNA (A), GAG (B), collagen (C) and Calcium (D) deposition (μg/pellet) after 

28 days of in vitro culture. (E) Histological (GAG, collagen and calcium) and 

immunohistochemical (collagen type I, II and X) of the pellets after 28 days of in vitro 

culture. Scale bar = 100 μm for the 20x images and 1 mm for the 4x images. (**) Denotes 

significance (n=4, p<0.01) in comparison to all the groups; (***) denotes significance 

(n=4, p<0.001) to all the groups; (!!) denotes significance (n=4, p<0.01) in comparison to 

all the groups except pTGF-pBMP-pHDAC; (!!!) denotes significance (n=4, p<0.001) in 

comparison to all the groups except pTGF-pBMP-pHDAC; ($$$) denotes significance 

(n=4, p<0.001) in comparison to all the groups except CTRL+; (&) denotes significance 

(n=4, p<0.05) in comparison to all the groups except CTRL-. (&&&) Denotes significance 

(n =4, p<0.001) in comparison to all the groups except CTRL-. 
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5.4. Discussion 
 

 The goal of this study was to evaluate combinatorial non-viral gene delivery of 

chondrogenic inducers (growth factors) and regulatory factors to promote robust 

chondrogenic differentiation of BMSCs and to supress their tendency to progress along 

an endochondral pathway. The RALA peptide was selected as a non-viral vector for the 

transfection of BMSCs based on favourable comparisons to other established vectors 

performed in the previous chapter. After the RALA transfection parameters were 

optimised to reach high levels of transfection without compromising cell viability, the 

peptide was used to deliver therapeutic relevant chondrogenic factors to BMSCs. 

Combinatorial gene delivery of the growth factors TGF-β3 and BMP2 in hypoxic 

conditions was sufficient to induce chondrogenesis of BMSCs with little evidence of 

hypertrophy. As such ideal environmental conditions for stable chondrogenesis cannot 

be guaranteed in vivo, the effect of gene delivery of the chondrogenic regulators CHM1, 

GREM1, HDAC4 and SOX9 to BMSCs in normoxic culture conditions, less conducive to 

stable chondrogenesis, were next assessed. The delivery of these factors alone failed to 

promote robust chondrogenesis of MSCs, thus they were co-delivered with pTGF-β3 and 

pBMP2. In normoxic culture conditions, the co-delivery of pTGF-β3 and pBMP2 

promoted GAG and collagen type II deposition, but it also promoted pellet 

mineralisation and collagen type X production. Delivery of either CHM1, GREM1 or 

SOX9, together with TGF-β3 and BMP2, reduced calcium and collagen type X deposition, 

pointing to a suppression of the endochondral phenotype in chondrogenically primed 

BMSCs.   

 Chemical-mediated non-viral gene delivery into primary cells, such as BMSCs, is 

characterized by low transfection efficiencies and by cell toxicity. In this study, a novel 

amphipathic peptide, RALA, was used for the transfection of BMSCs. RALA is a 30 amino 

acid peptide which, due to the presence of positively charged amino groups in the 

arginine residues, is able to complex to pDNA to form cationic nanoparticles capable of 

intracellular DNA delivery (Bennett et al., 2015; McCarthy et al., 2014). In this study, 

RALA-mediated pDNA delivery to BMSCs was optimized to maximize transfection and 

minimize cytotoxicity. One of the most important factors when using vectors with 

cationic amino groups is the n:p ratio, which influences the size and surface charge of 
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the vector-pDNA complexes. RALA-pDNA complexes produced using a n:p ratio of 10 

offered the highest transfection efficiencies of around 40% 1 and 3 days after 

transfection, with no negative effects over cell viability in comparison to the control and 

complexes produced using lower ratios. McCarthy et al. (2014) showed 60% of 

transfection efficiency of NCTC-929 cells when using RALA-pDNA at n:p of 10, with nearly 

100% of cell viability, compared to commercially available Lipofectamine 2000 which 

showed similar transfection efficiencies and a 60% decrease in cell viability (McCarthy 

et al., 2014). This could have been due to a smaller size and lower Z potential of the 

RALA-pDNA complexes when the n:p ratio was increased (McCarthy et al., 2014). The 

observed transfection efficiencies of around 40% are superior to previously reported 

MSC transfection efficiencies when using other cationic vectors such as PEI (~25%) 

(Tierney et al., 2013) and chitosan (~20%) (Malakooty Poor et al., 2014), and similar to 

those reported when Lipofectamine 2000 was used, but without the cytotoxicity 

associated with this vector (Curtin et al., 2012; Malakooty Poor et al., 2014). The 

concentration of pDNA per cm2 was also assessed, showing the highest luciferase 

expression levels when the lowest concentration (0.2 μg/cm2) was used. Higher 

concentrations of pDNA did not result in increased transgene expression, possibly due 

to a significant decrease in cell viability.  

 Once the transfection parameters were optimized, RALA was used to transfect 

BMSCs with therapeutically relevant chondrogenic factors. Gene delivery of the growth 

factors TGF-β3, BMP2 and BMP7 was explored to induce chondrogenesis of BMSCs, 

while CHM1, GREM1, HDAC4 and SOX9 were selected as regulators of chondrogenesis 

and endochondral ossification. After confirming effective transfection of BMSCs and 

transgene overexpression of all the factors, they were used alone, or in combination, in 

an attempt to promote stable chondrogenesis of MSCs. Recombinant protein 

supplementation of members of the TGF-β superfamily such as TGF-β3, BMP2 and BMP7 

have been extensively explored to drive chondrogenesis of MSCs (Barry et al., 2001; 

Johnstone et al., 1998; Lee et al., 2008; Schmitt et al., 2003). In this study, gene co-

delivery of BMP2 and TGF-β3 in hypoxia promoted stable chondrogenic differentiation 

of BMSCs, with higher levels of GAG and positive staining of collagen type II in 

comparison to the delivery of the single factors. In an early comparative study of the 
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effects of recombinant TGF-β3 and BMP2 supplementation on human BMSCs 

aggregates, both growth factors alone initiated stable BMSC chondrogenesis, but when 

supplemented together, higher levels of type II collagen were observed (Schmitt et al., 

2003). Similar results were reported by Shen et al. (2009) who found that BMP2 

enhanced TGF-β3 mediated chondrogenesis of BMSCs through the mothers against the 

DPP homolog (SMAD) and mitogen-activated protein kinase (MAPK) pathways, but that 

supplementation of both factors also enhanced collagen type X expression (Shen et al., 

2009), a marker of chondrocyte hypertrophy. In low oxygen conditions we found that 

transfected MSCs did not stain positive for collagen type X, suggesting that hypertrophy 

and progression towards endochondral ossification was arrested. This is in agreement 

with previous studies that explored the use of recombinant BMP2 and/or TGF-β3 to 

promote chondrogenesis of MSCs in hypoxic conditions (Gómez-Leduc et al., 2017). In 

contrast with the stable chondrogenesis observed in the transfected groups, transient 

recombinant TGF-β3 supplementation for 1 week resulted in lower GAG deposition than 

the gene delivery of BMP2 alone or combined with either TGF-β3 or BMP7, with pellets 

staining positive for collagen type X, suggesting progression along an endochondral 

pathway as has been previously reported following recombinant TGF-β3 

supplementation (Bian et al., 2011; Sheehy et al., 2012, 2013). 

Despite successful overexpression of the transgene, pTGF-β3 delivery alone did 

not induce robust chondrogenesis of MSCs. This might be due to post-transcriptional 

regulation which leads to low protein levels (Fierro et al., 2011), as recombinant TGF-β3 

concentrations lower than the traditionally used 10 ng/ml (Johnstone et al., 1998) have 

failed to promote robust chondrogenesis of BMSCs (Cals et al., 2012). Although previous 

studies have identified the co-delivery of recombinant TGF-β3 and BMP7 to promote 

chondrogenesis of MSCs (Crecente-Campo et al., 2017), we found that gene delivery of 

both factors in isolation or combination failed to induce chondrogenic differentiation.  

 As previously discussed, oxygen tension is a potent regulator of MSC 

chondrogenesis and endochondral ossification (Buckley et al., 2010; Sheehy et al., 2012). 

In a normal knee joint, the oxygen levels in articular cartilage have been reported to be 

between 5% and 1% (Lafont, 2010). But in diseased joints suffering from OA, vascular 

invasion of articular cartilage is accelerated, potentially increasing local oxygen levels 
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and promoting hypertrophic differentiation, subchondral bone remodeling and cartilage 

mineralization (Leijten et al., 2012b; Pesesse et al., 2013). Many factors, such as CHM1, 

GREM1, HDAC4 and SOX9, have been studied to suppress endochondral ossification by 

targeting diverse pathological processes. CHM1 and GREM1 are abundant proteins in 

superficial articular cartilage and regulate endochondral ossification by inhibiting 

vascular invasion and antagonizing BMP signaling respectively (Chen et al., 2016; Klinger 

et al., 2011; Leijten et al., 2012a; Shukunami et al., 1999). In contrast, HDAC4 and SOX9 

act transcriptionally at the gene expression level, by inhibiting the expression of the 

transcription factor RUNX2, in the case of HDAC4 (Vega et al., 2004), and by suppressing 

vascularization, cartilage resorption and trabecular bone formation (due to the 

transcriptional inhibition of VEGF, RUNX2 and MMP13 expression) in the case of SOX9 

(Hattori et al., 2010b). In the present study, the overexpression of these factors alone 

failed to induce robust chondrogenesis of BMSC aggregates. Although BMSCs 

transfected with GREM1, HDAC4 and SOX9 showed significantly higher levels of GAG 

deposition in comparison to non-transfected and GFP transfected controls, no positive 

staining for collagen type II was observed. In previous reports, adenoviral transduction 

of BMSCs with the CHM1 and SOX9 genes was shown to be sufficient to enhance 

aggrecan and collagen type II expression without the use of other stimuli (Cao et al., 

2011; Chen et al., 2016), suggesting that the non-viral delivery of these factors, as in this 

study, is not sufficient to drive BMSC chondrogenesis. Other studies have reported that 

gene delivery of CHM1 alone to progenitor cells was not able to upregulate the 

expression of SOX9 or collagen type II in vitro (Klinger et al., 2011; Xing et al., 2015), and 

that gene delivery of SOX9 to MSCs in vitro resulted in levels of GAG deposition and 

collagen type II expression similar to those in GFP transfected controls (Liao et al., 2014). 

To the best of our knowledge, HDAC4 and GREM1 gene delivery has not been reported 

to be able to initiate chondrogenesis of MSCs. Adenoviral gene delivery of HDAC4 failed 

to drive chondrogenesis of MSCs, but when recombinant TGF-β1 was supplemented in 

the media, HDAC4 transduced cells expressed higher levels of collagen type II with 

increased deposition of GAGs (Pei et al., 2009). Recombinant supplementation of the 

GREM1 protein after 3 weeks of TGF-β3 mediated MSC differentiation has previously 

been shown to reduce ALP and collagen type X expression and mineralization, but also 

GAG deposition (Leijten et al., 2012a).  
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 Chondrogenic differentiation and progression along an endochondral pathway 

are complex processes involving the action of multiple factors. The overexpression of a 

single factor might not be enough to develop a successful strategy for engineering 

functional, phenotypically stable articular cartilage. Therefore, it was hypothesized that 

the combined gene delivery of chondrogenic and regulatory factors could induce 

chondrogenesis of MSCs and suppress terminal endochondral differentiation. To this 

end, RALA-mediated gene co-delivery of TGF-β3 and BMP2 was combined with pDNAs 

encoding for the hypertrophy regulators CHM1, GREM1, HDAC4 and SOX9. To challenge 

the potential of this strategy to drive robust chondrogenesis and suppress hypertrophy, 

transfected cell pellets were cultured in vitro at 20% pO2 for 28 days. After the culture 

period, co-delivery of TGF-β3 and BMP2 induced chondrogenesis of BMSCs but also 

promoted collagen type X deposition and tissue mineralization. In contrast, the co-

delivery of these growth factors together with either CHM1, GREM1 or SOX9 suppressed 

mineralization and collagen type X deposition, however this was accompanied by a small 

decrease in GAG deposition. This might be explained, at least in part, by the fact that 

genes involved in the terminal differentiation of MSCs have also been identified as 

chondrogenic regulators. The osteoblastic transcription factor RUNX2, the expression of 

which has been shown to be directly downregulated by the action of CHM1 (Zhang et 

al., 2016), SOX9 (Cao et al., 2011) and HDAC4 (Vega et al., 2004), and indirectly by 

GREM1 (Leijten et al., 2012a), has been reported to be present at the initiation of MSC 

chondrogenesis (Musumeci et al., 2014), and Indian hedgehog (IHH)-mediated 

upregulation of RUNX2 has been shown to be necessary to initiate chondrogenesis of 

MSCs (Kim et al., 2013). Thus, temporal control of gene delivery to overexpress 

regulatory factors in the later stages of chondrogenesis might be preferable strategy. In 

the case of GREM1 overexpression, as a BMP antagonist, this protein could have 

hindered the effects of BMP2 overexpression which was integral to initiating 

chondrogenesis in this study. Combined gene delivery of TGF-β3, BMP2 and HDAC4 

failed to induce chondrogenesis of MSCs, suggesting HDAC4 expression may be 

important for initiating chondrogenesis.  
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5.5. Conclusion 
 

 In conclusion, combinatorial gene delivery of growth and regulatory factors was 

able to promote stable chondrogenesis of MSCs after 4 weeks of in vitro culture in 

normoxia, demonstrating decreased mineralisation and collagen type X deposition in 

comparison to the co-delivery of the TGF-β3 and BMP2 genes and transient recombinant 

growth factor media stimulation. These results also confirm that RALA peptide-mediate 

gene delivery is a rapid and simple way for the simultaneous delivery of different pDNAs 

encoding for diverse chondrogenic factors to primary BMSCs, which could be of 

therapeutic importance for the treatment of cartilage defects and to limit or prevent 

progression towards OA.   

 In this chapter, the third objective of this thesis was assessed. RALA-mediated 

gene delivery was selected, based in the results from previous chapter, to drive 

chondrogenesis of MSCs. RALA-mediated transfection of MSCs was optimised and the 

best gene combinations for stable chondrogenic differentiation were identified. Also, 

the best culture conditions for chondrogenesis of MSCs were assessed, with hypoxia 

found to enhance cartilage specific matrix deposition and to prevent progression along 

an endochondral pathway. The results of this chapter will be used in following chapters 

to effectively drive chondrogenesis of MSCs in the cartilage layer of a multiphasic 

ostechondral construct.  
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CHAPTER 6 

3D Bioprinting of PCL Reinforced Gene Activated Bioinks for 

Bone Tissue Engineering 

 

Abstract 
 

 Regeneration of complex bone defects remains a significant clinical challenge. 

Multi-tool biofabrication has permitted the combination of various biomaterials to 

create multifaceted composites with tailorable mechanical properties and spatially 

controlled biological function. In this study we sought to use bioprinting to engineer 

non-viral gene activated constructs reinforced by polymeric micro-filaments. A gene 

activated bioink was developed using RGD-γ-irradiated alginate and nano-sized particles 

of hydroxyapatite (nHA) complexed to plasmid DNA (pDNA). This ink was combined with 

bone marrow-derived mesenchymal stem cells (MSCs) and then co-printed with a 

polycaprolactone (PCL) supporting mesh to provide mechanical stability to the 

construct. Reporter genes were first used to demonstrate successful cell transfection 

using this system, with sustained expression of the transgene detected over 14 days post 

bioprinting. Delivery of a combination of therapeutic genes encoding for BMP2 and TGF-

β3 promoted robust osteogenesis of encapsulated MSCs in vitro, with enhanced levels 

of matrix deposition and mineralisation observed following the incorporation of 

therapeutic pDNA. These results validate the use of a gene activated bioink to impart 

biological functionality to 3D bioprinted constructs. 
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6.1. Introduction 
 

 While in previous chapters we focused on the identification of an appropriate 

vector and gene combination to promote stable chondrogenesis of MSCs, the reported 

nHA osteoinductive capacity was leverage in this chapter to promote endochondral 

bone formation in vivo. Also, alginate, that was able to support chondrogenesis and 

osteogenesis of MSCs in the first experimental chapter, was used as 3D printable bioink 

to support nHA-mediated gene delivery. Therefore, in this chapter the fourth objective 

of this thesis was addressed: to investigate the use of alginate hydrogels as gene 

activated bioinks for the 3D printing of mechanically robust constructs for bone TE which 

can be relevant for the regeneration of the subchondral bone layer in an osteochondral 

defect 

 Tissue engineering and regenerative medicine approaches can be augmented 

through the strategic use of gene therapy (Evans, 2014). Non-viral gene delivery can 

facilitate endogenous expression of desired therapeutic proteins, which can provide a 

stimulus to cells, resulting in enhanced levels of matrix production and tissue formation 

(Li and Huang, 2007; Santos et al., 2011). As demonstrated in chapter 1, 

nanohydroxyapatite (nHA) based cell transfection has been shown to be a safe and easy 

technique capable of yielding robust osteogenesis following administration of plasmid 

DNA (pDNA) encoding for relevant proteins, such as bone morphogenic protein (BMP2) 

and transforming growth factor (TGF-β3). Despite a relatively low transfection 

efficiency, nHA-pDNA complexes have been shown to be proficient at inducing a 

sustained expression of target proteins, both in 2D culture and when incorporated into 

3D constructs to form gene activated matrices (Choi et al., 2013; Curtin et al., 2012). 

However, to address the need for regenerating larger and challenging anatomical 

defects, emerging methods such as 3D bioprinting may be required to generate suitably 

complex solutions (Daly et al., 2016b, 2017; Melchels et al., 2016; Murphy and Atala, 

2014). An effective gene activated bioink could be integrated into such a biofabrication 

approach to provide biological functionality to a composite construct.  
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 The degree of customised control offered by 3D bioprinting has enabled the 

production of scaled up, mechanically reinforced materials for musculoskeletal tissue 

engineering (Malda et al., 2013; Visser et al., 2015). Another attractive feature of this 

spatial control is the ability to deposit specific biological cues in relevant locations, to 

drive complex tissue formation (Cooper et al., 2010). An efficient gene activated bioink 

would be particularly beneficial in this regard as successful cell transfection could 

produce localised, sustained protein expression; something that is not as easily achieved 

through the use of growth factors as they can diffuse easily and cause non-localised 

effects (Bonadio et al., 1999). Calcium phosphate has been successfully used as a 

delivery vector within a 3D bioprinted alginate hydrogel previously, leading to elevated 

BMP2 expression and ALP production in vitro (Krebs et al., 2010; Loozen et al., 2013). 

However, no bone formation was observed after six weeks following subcutaneous 

implantation of this approach. In addition, more demanding defects such as load bearing 

bone defects may require more mechanical integrity than can be provided by a gene 

activated hydrogel alone (Billiet et al., 2012). Hydrogels have previously been combined 

with various polymeric support structures in order to fabricate composite materials with 

both biological and mechanical functionality (Boere et al., 2014; Xu et al., 2013). These 

constructs are typically cell-laden and cultured in vitro to engineer a mature tissue which 

can promote bone repair following implantation (Daly et al., 2016b; Schuurman et al., 

2013). The inclusion of a gene activated bioink may permit the bioprinting of a material 

that can be implanted directly post fabrication, inducing sustained therapeutic protein 

expression in vivo and hence accelerating regeneration. 

 In this work we developed a gene activated bioink by combining a printable 

alginate hydrogel with nHA-pDNA complexes and co-printing this ink with a reinforcing 

polycaprolactone (PCL) scaffold to produce a gene activated 3D construct. Bone 

marrow-derived mesenchymal stem cells (MSCs) were combined with the bioink directly 

before printing. The capacity of this strategy to successfully transfect MSCs was first 

assessed using reporter genes, before utilizing a combination of therapeutic genes 

encoding for BMP2 and TGF-β3 in an attempt to induce osteogenesis of MSCs in vitro.  

The developed approach could potentially be used at the point of care to develop 

personalised gene activated implants for treating complex bone defects. 
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Fig.6.1. Schematic representation of the bioprinting process, with co-deposition of PCL and the 
gene activated bioink comprising of alginate, nHA-pDNA complexes and MSCs, and the 
macroscopic appearance of the constructs prior to implantation. 

  

6.2. Materials and methods 
 

6.2.1. Plasmid propagation 
 

 Four different plasmids were used in the current study: two plasmids encoding 

for the reporter genes red fluorescent protein (pRFP, also called pTomato, kind donation 

from Prof. Gerhart Ryffel through Addgene) and luciferase (pLUC, pGaussia luciferase; 

New England Biolabs, Massachusetts, USA), and another two encoding for the 

therapeutic genes BMP2 (kind donation from Prof. Kazihusa Bessho, Kyoto University, 

Japan) and TGF-β3 (InvivoGen, Ireland). Plasmid amplification was performed by 

transforming chemically competent E-coli bacterial cells (One Shot TOP10; Biosciences, 

Ireland) according to the manufacturer’s protocol. The transformed bacteria were 

cultured on LB plates with 100 mg/L ampicillin (Sigma-Aldrich, Ireland) as the selective 

antibiotic for the four plasmids. Bacterial colonies were harvested and inoculated in LB 

broth (Sigma-Aldrich, Ireland) and incubated overnight for further amplification. The 

harvested bacterial cells were then lysed, and the respective pDNA samples were 

purified using Qiagen plasmid kit (MaxiPrep Kit; Qiagen, Ireland). Nucleic acid 

concentration (ng/µl) was determined by analyzing the 260:280 ratio and 230 nm 

measurement using NanoDrop spectrophotometer (Labtech International, Uckfield, 

UK).  
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6.2.2. Preparation of nano hydroxyapatite (nHA)-pDNA complexes  
 

 The synthesis of the nano hydroxyapatite (nHA) particles was performed as 

previously described (Cunniffe et al., 2010). Briefly, a solution of 12 mM sodium 

phosphate (Sigma-Aldrich, Ireland), containing 0.017% DARVAN 821A (RTVanderbilt, 

Norwalk, USA) was added to an equal volume of a 20 mM chloride solution (Sigma-

Aldrich, Ireland) and filtered through a 0.2 mm filter (Curtin et al., 2012). nHA-pDNA 

complexes were prepared by adding 1845 µl of the nHA solution to 125 µg of pBMP2 (in 

250 µl), and 125 µg of pTGF-β3 (in 105 µl) pre-treated with 300 µl 250 mM CaCl2 (Sigma-

Aldrich, Ireland). This 2.5 ml solution was then added to 50 x 10^6 MSCs and alginate as 

described below. 

6.2.3. Gene activated bioink  
 

 Low molecular weight sodium alginate (γ alginate, 58 000 g mol−1) was prepared 

by irradiating sodium alginate (Protanal LF20/40, 196 000 g/mol, Pronova Biopolymers, 

Oslo, Norway) at a gamma dose of 5 Mrad, as previously described (Alsberg et al., 2003). 

RGD-modified alginates were prepared by coupling the GGGGRGDSP to the alginate 

using standard carbodiimide chemistry. Briefly, 10 g alginate was dissolved in 1 L MES 

Buffer (0.1 M MES, 0.3 M NaCl, and pH 6.5). 274 mg sulfo-NHS (Pierce, Rockford, IL), 484 

mg EDC (Sigma), and 100 mg GGGGRGDSP peptide (AIBioTech, Richmond, VA) were then 

added into alginate solution. The reaction was stopped by addition of hydroxylamine 

(0.18 mg/ml, Sigma), and the solution was purified by dialysis against ultrapure 

deionized water (MWCO 3500, Spectrum Laboratories Inc., Rancho Dominguez, CA) at 4 

°C for 3 days, treated with activated charcoal (5 g/L, 50-200 mesh, Fisher Scientific Inc., 

Pittsburgh, PA) for 30 min, filtered (0.22 μm filter) and lyophilized (Jeon et al., 2010). 

 Bone marrow-derived MSCs were isolated from the femoral shaft of 4 month old 

pigs and expanded to passage 2 in standard culture media (high glucose Dulbecco's 

modified eagle's medium GlutaMAX (hgDMEM), 10% (v/v) foetal bovine serum (FBS), 

100 U mL−1 penicillin per 100 μg mL−1 streptomycin) prior to transfection. The nHA-pDNA 

complexes (2.5 ml) were prepared immediately before transfection, and added to a 

suspension of MSCs in 1 ml of standard expansion media. After 1 h of incubation, 
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alginate was added to the cells and nHA-pDNA complexes to yield a final volume of 5 

mls, containing a concentration of 10 million cells/ml in 1% alginate. Then the solution 

was mixed until a homogenous mixture was obtained.   

6.2.4. Bioprinting gene activated constructs 
 

 Gene activated polymer/bioink scaffolds were fabricated using the 3D Discovery 

multi-head bioprinting system (Regen HU, Switzerland). The 3D Discovery was set up to 

allow for co-printing of a pneumatic driven syringes containing the bioinks alongside a 

fused deposition modeler (FDM) allowing for deposition of molten polycaprolactone 

(PCL, Sigma, Mn 45 000). First the RGD-γ alginate bioink was dissolved at 3.5 wt% and 

mixed thoroughly using a luer lock system with the MSCs in either nHA solution (nHA 

alone control) or the nHA-pDNA complexes (both containing 50 mM CaCl2) to yield a 

gene activated bioink with 1% final alginate concentration [41]. To ensure homogeneity 

the suspension was mixed between syringes 25 times. The gene activated bioink 

solution was loaded into the pressure driven piston system and co-printed alongside PCL 

melted at 60°C (Fig.6.1). A pressure of 0.2 MPa and a 25 Gauge needle were used to 

deposit the bioink strands, using an orthogonal 90 degree angle print pattern to build 

the constructs to the pre-designed height. Following this, the constructs were immersed 

in a 100 mM CaCl2 solution for 15 min to fully crosslink the bioink. The 3D Discovery was 

operated within a laminar flow hood to ensure sterility throughout the biofabrication 

process. 

 Constructs of dimensions 10 x 2 mm (diameter x height) were printed for in vitro 

evaluation. In vitro analysis was conducted over 28 days in either control medium (high 

glucose Dulbecco's modified eagle's medium GlutaMAX (hgDMEM), 10% (v/v) foetal 

bovine serum (FBS), 100 U mL−1 penicillin per 100 μg mL−1 streptomycin) or osteogenic 

culture conditions (high glucose Dulbecco's modified eagle's medium GlutaMAX 

(hgDMEM), 100 nM dexamethasone, 10 mM β-glycerol phosphate, and 0.05 mM 

ascorbic acid (all from Sigma-Aldrich, Ireland) at 20% oxygen. 
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6.2.5. Live/dead confocal microscopy 
 

 Cell viability was assessed 24 h after bioprinting using a LIVE/DEAD 

viability/cytotoxicity assay kit (Invitrogen, Bio-science, Ireland). Briefly, constructs were 

cut in half, washed in PBS followed by incubation for 1 h in PBS containing 2 μM calcein 

AM (green fluorescence of membrane for live cells) and 4 μM ethidium homodimer-1 

(red fluorescence of DNA for dead cells). Sections were again washed in PBS, imaged at 

magnification ×10 with an Olympus FV-1000 Point-Scanning Confocal Microscope 

(Southend-on-Sea, UK) at 515 and 615 nm channels and analysed using FV10-ASW 2.0 

Viewer software. Live/dead-based semi-quantification on n≥4 separate regions, chosen 

at random, was carried out using Image J. 

6.2.6. Biochemical analysis 
 

 To perform biochemical analysis, constructs were digested with papain (125 

mg/mL, pH 6.5) in 0.1 M sodium acetate, 5 nM L-cysteine HCl, and 0.05 M EDTA (all 

Sigma-Aldrich, Ireland) at 60 °C under constant rotation for 18 h. Calcium content was 

determined using a Sentinel Calcium Kit (Alpha Laboratories Ltd, UK) after digestion in 1 

M HCl at 110 °C for 48 h. Proteoglycan content was estimated by quantifying the amount 

of sulfated glycosaminoglycan (sGAG) in the constructs using the dimethylmethylene 

blue (DMMB) dye-binding assay (Blyscan, Biocolor Ltd. Northern Ireland), with a 

chondroitin sulfate standard. Total collagen content was determined by measuring the 

hydroxyproline content. Samples were hydrolyzed at 110 °C for 18 h in concentrated HCl 

38%, allowed to dry, and analyzed using a chloramine-T assay (Hollander and Hatton, 

2003) with a hydroxyproline-to-collagen ratio of 1:7.69 (Ignat’eva et al., 2007). Four 

samples per group were analyzed for each biochemical assay. 

6.2.7. Reporter gene detection 
 

 RFP expression was detected using Leica SP8 scanning confocal microscope 

(Leica Microsystems, Ireland) 24 hours post bioprinting. Luciferase expression was 

imaged using a real time bioluminescence imaging system (PhotonImager, Biospace lab, 

France) to visualise the spatial distribution of luminescence over time. Luciferase 
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expression in the culture media was also quantified using a Pierce Gaussia Luciferase 

Flash Assay Kit (ThermoFisher, Ireland) at different time points up to 14 days. 

6.2.8. Micro-computed tomography 

 

 Micro-computed tomography (microCT) scans were performed using a Scanco 

Medical 40 microCT system (Scanco Medical, Bassersdorf, Switzerland) with a 70 kVp X-

ray source at 114 μA. N=3 samples were scanned and analysed at a threshold of 100, 

corresponding to 120.81 mg hydroxyapatite/cm3 for the in vitro study. Reconstructed 

3D images were generated from the scans and used to visualise mineral distribution 

throughout the constructs. 

6.2.9. Statistical analysis  
 

 Statistical analysis was carried out using GraphPad software. The results are 

reported as means ± standard deviation and groups were analysed using Student’s two-

tailed t-tests or by a general linear model for analysis of variance with groups of factors. 

Tukey’s post-hoc test was used to compare conditions. Significance was accepted at a 

level of p<0.05. 

 

6.3. Results 
 

6.3.1 Gene activated bioinks support sustained expression of reporter genes 

following co-printing with PCL filaments 

 

 To establish that the gene activated bioink would remain functional following 3D 

bioprinting with a PCL support structure, reporter genes (pLUC and pRFP) were utilised 

to validate successful transfection of MSCs encapsulated within the bioinks at the time 

of bioprinting. The viability of MSCs printed within the gene activated bioink was not 

affected by the presence of the pDNA encoding for luciferase, however, some cell death 

was observed due to co-printing the cell-laden bioink with PCL (nHA-alone 64 ± 10%, 

nHA-pLUC 69 ± 2%, Fig.6.2, Fig.A.3). By 14 days, the DNA content remained at the same 



181 
 

level as that quantified at day 1 and almost 100% of cells within the construct were 

observed to be viable using live/dead staining.  

 

Fig.6.2. Cell viability is maintained following pDNA incorporation. Live/dead images 

demonstrate the presence of viable cells (green) at both day 1 and day 14 post 

bioprinting, while quantification of DNA indicated no difference between groups cultured 

with or without pDNA encoding for luciferase. 

 

 Reporter gene analysis using red fluorescent protein (RFP) and luciferase 

indicated that successful transfection of bioprinted MSCs was achieved within the gene 

activated bioink (Fig.6.3). RFP was observed 24 hours post bioprinting using fluorescent 

microscopy to provide an initial validation of successful pDNA uptake and protein 

expression. Luciferase was then employed to investigate temporal expression of a 

reporter protein. Luciferase was found to increase in expression over 14 days of culture, 

as assessed both by quantifying the luciferase expressed and released into the media 

(Fig.6.3.B) and qualitatively by imaging the protein remaining within the constructs 

(Fig.6.3.C).  
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Fig.6.3. (A) Positive expression of red fluorescent protein (RFP) was detected 24 hours 

post bioprinting. Scale bar = 200 μm. (B, C) Luciferase expression was quantified and 

imaged for 14 days post bioprinting, demonstrating a sustained and increasing 

expression profile over time. Scale bar = 10 mm. (***p<0.001). 

 

6.3.2 Therapeutic gene delivery enhanced osteogenesis of MSCs in vitro  
 

 Following validation of successful transfection using reporter genes, a 

combination of therapeutic genes encoding for BMP2 and TGF-β3 was incorporated into 

the bioink system. These combinations of genes were chosen as delivery of recombinant 

BMP2 and TGF-β protein from MSC-laden alginate hydrogels has previously been shown 

to promote bone formation in vivo (Simmons et al., 2004). Constructs were bioprinted 

and cultured for 28 days in either control medium or osteogenic culture conditions. 

Macroscopically, evidence of matrix deposition can be observed in all groups at this time 
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point relative to constructs at day 0 (Fig.6.4). Biochemical quantification indicated that 

significantly higher levels of DNA and deposition of glycosaminoglycan (GAG) and 

collagen was achieved in both culture conditions following inclusion of pDNA within the 

bioink. Live/dead quantification at day 1 and day 14 for the constructs transfected with 

therapeutic genes (Fig.A.3) had not indicated any differential response in DNA content 

between the transfected and non-transfected control groups.  

 

 

Fig.6.4. (A) Macroscopic appearance of bioprinted constructs immediately post 

bioprinting, and following 28 days in either control or osteogenic media. Scale bar = 5 

mm. (B) Biochemical analysis revealed significantly higher levels of DNA in addition to 

glycosaminoglycan (GAG) and collagen deposition was achieved following pDNA 

incorporation vs. nHA-alone controls. (**p<0.01, ***p<0.001). 

 

 Upon quantification of calcium content, the matrix was found to be mineralised, 

indicating the onset of osteogenesis (Fig.6.5). Significantly higher levels of mineral 

deposition were observed within the pDNA containing bioinks in control medium, and 

this effect was greatly amplified following culture in osteogenic supplemented medium. 

3D reconstructed microCT images demonstrated the homogeneity of the mineral 

distribution throughout the cultured constructs. 
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Fig.6.5. (A) 3D reconstructed images and (B) quantification of mineral deposition over 28 

days in vitro demonstrating superior deposition was detected in the pDNA containing 

groups. (**p<0.01, ***p<0.001). 

 

6.4. Discussion 
 

 This study describes the successful development of a gene activated bioink 

capable of transfecting mesenchymal stem cells post 3D bioprinting. These MSC-laden 

bioinks were co-deposited alongside a reinforcing PCL network to produce composite 

constructs suitable for bone tissue engineering applications. Reporter genes indicated 

that protein expression was detected after 24 hours and that protein expression could 

be sustained, and in fact continued to increase, over 14 days of in vitro culture. 

Transfection with therapeutic genes encoding for BMP2 and TGF-β3 promoted 

enhanced osteogenesis in vitro compared to non-transfected controls containing only 

the nHA vector, implying that this gene activated bioink system could induce the 

expression of biologically functional proteins. These findings support the continued 

development of 3D printed gene activated scaffolds as putative ‘point-of-care’ 

treatment options for a range of musculoskeletal defects.  
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The choice of material for the gene activated bioink was motivated by a number 

of factors, including the printability of the alginate hydrogel, the presence of the RGD 

ligand to allow cell spreading, the ability to facilitate calcium phosphate based gene 

delivery and established capacity to enable the osteogenic differentiation of MSCs 

(Cunniffe et al., 2015a; Daly et al., 2016b; Krebs et al., 2010; Kundu et al., 2015; Wegman 

et al., 2011). Previous studies from our lab have demonstrated that reinforcement of 

MSC-laden alginate hydrogels with printed PCL microfibers results in dramatic 

improvements in the mechanical properties of the construct (Daly et al., 2016b). 

Polymeric scaffolds are typically inert and may require supplementation with various 

factors in order to induce a favourable biological response, often provided through the 

addition of extracellular matrix components, or exogenous growth factors (Pati et al., 

2015; Sadr et al., 2012; Shim et al., 2014). A number of publications have also reported 

superior biological activity solely due to the addition of alginate hydrogel to PCL 

scaffolds (Kim and Kim, 2015). Furthermore, alginate has a tunable degradation rate, 

tailorable mechanical properties, and already has FDA approval for other indications 

(Jeon et al., 2010). 

The temporal production of gene product observed over 14 days of culture 

clearly demonstrates the potential of this gene activated bioink approach for sustained 

therapeutic protein delivery, especially when compared to the burst release profiles 

typically observed with traditional growth factor delivery hydrogels. By employing the 

cells themselves to express the desired protein, limitations with protein delivery 

including rapid degradation of potentially supra-physiological, toxic doses, and 

dispersion of the drug to dangerous locations can be overcome (Wegman et al., 2013). 

The bioprinting process itself, or the fact that the bioinks were co-deposited alongside 

molten PCL, does not seem to detract from the ability of the non-viral delivery vector 

nHA to successfully transfect cells. In fact, the intensity of luciferase signal increased 

over 14 days of culture, suggesting sustained transfection of encapsulated MSCs 

following the bioprinting process.  

Having demonstrated it was possible to bioprint gene activated constructs 

reinforced by a network of PCL micro-filaments, the capacity of this system to promote 

MSC differentiation along the osteogenic pathway was then tested. Alginate is 
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commonly used as a biomaterial in bone regeneration strategies (Lee and Mooney, 

2012; Sheehy et al., 2014a), and more recently has been used as a bioink for bone and 

cartilage bioprinting (Daly et al., 2017). In the absence of osteogenic supplements, the 

co-delivery of BMP2 and TGFβ3 pDNA within these MSC-laden alginate bioinks resulted 

in the deposition of a mineralised matrix, with the differences compared to non-

transfected controls becoming particularly apparent when cultured in osteogenic 

conditions. The nHA particles used to deliver the plasmids may be providing an 

osteogenic stimulus, although the concentration used to deliver pDNA is relatively low 

compared to that used previously to induce mineralisation (Cunniffe et al., 2015a; Curtin 

et al., 2015). Furthermore, it has previously been shown that while nHA transfects cells 

with lower efficiencies to other vectors, its use still promotes higher overall levels of 

osteogenesis (Curtin et al., 2015). Previously in the first experimental chapter, we 

observed that nHA-mediated delivery of TGF-β3 and BMP2 in an alginate hydrogel 

promoted a more chondrogenic rather than osteogenic stimulus. This may be explained 

by the conditions (normoxia and osteogenic media) and the RGD modification of the 

alginate which we implemented in this study to promote direct osteogenic 

differentiation of encapsulated MSCs. Therefore, in the basal (control) medium, gene 

delivery may be promoting a more endochondral phenotype compared to a more 

intramembranous phenotype in the osteogenic media, although further studies are 

required to confirm this. Regardless, these findings support the use of alginate hydrogels 

containing pDNA-nHA complexes as gene activated bioinks for bone tissue engineering. 

These results also agree with previous in vivo studies delivering a combination of BMP2 

and TGF-β3, either as recombinant proteins or through the use of gene delivery (Oest et 

al., 2007; Simmons et al., 2004). 

 

6.5. Conclusion 
 

 The treatment of challenging fractures and large osseous defects presents a 

formidable clinical problem. Multi-tool biofabrication has permitted combination of 

various materials to create complex composite implants with tailorable mechanical 

properties and spatially controlled biological function. This study validated the efficiency 
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of a gene activated bioink to induce cell transfection within a 3D bioprinted PCL-bioink 

composite construct. Sustained protein expression was achieved for up to 14 days post 

bioprinting, and the combined delivery of the therapeutic genes BMP2 and TGF-β3 led 

to enhanced osteogenesis of MSCs in vitro. These results demonstrate an effective 

platform technology to enrich biofabrication techniques with gene activated bioinks for 

musculoskeletal applications. 

 In the following final experimental chapter, nHA-mediated gene delivery in 

alginate hydrogels was used as osteogenic layer in a bi-phasic osteochondral construct 

to spatially promote osteogenesis, mineralisation and vascularisation of encapsulated 

MSCs. 
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CHAPTER 7 

Pore-forming bioinks to enable spatiotemporally defined non-

viral gene delivery for osteochondral tissue engineering 

 

Abstract 
 

 The regeneration of complex tissues and organs remains a major clinical 

challenge. With a view towards bioprinting such tissues, we developed a new class of 

pore-forming bioink to spatially and temporally control the presentation of therapeutic 

genes within bioprinted tissues. By blending sacrificial and stable hydrogels, we were 

able to produce bioinks whose porosity increased following printing. When combined 

with complexes of plasmids and cell penetrating peptides, these bioinks supported 

enhanced non-viral gene transfer to stem cells in vitro, and in vivo facilitated accelerated 

transfection of either host or transplanted cells. To demonstrate the utility of these 

bioinks for engineering spatially complex tissues, they were next used to spatially 

position stem cells and plasmids encoding for BMP2 only (osteo region) or a combination 

of TGF-β3, BMP2 and SOX9 (chondral region) within networks of printed thermoplastic 

fibers to produce mechanically reinforced osteochondral constructs. In vivo, these 

printed tissues supported the development of a vascularized, bony tissue overlaid by a 

layer of stable cartilage. When combined with multiple-tool biofabrication strategies, 

these gene-activated bioinks can enable the bioprinting of a wide range of spatially 

complex tissues. 

 In this final chapter, the final two objectives of this thesis were addressed. Gene 

delivery in alginate-methylcellulose hybrid gels were explored to develop gene activated 

pore-forming bionks for enhanced gene delivery, and the capacity of these constructs 

to support cartilage and bone development was assessed in vitro and in vivo. Also, the 

optimization of gene carrier, gene combination and bulk material developed in previous 

chapters, together with these pore-forming hydrogel bioinks, were used to engineer a 

biphasic mechanically robust gene activated construct for zonal differentiation of MSCs 

and recapitulation of compositional gradients present in osteochondral tissue. 
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7.1. Introduction 
 

Tissue engineering has been shown successful for the regeneration of simple tissues, 

but the engineering of complex tissues and organs, such as the osteochondral unit, 

remains challenging. 3D bioprinting of cells and growth factors could be a potential 

solution, as this approach offers fine layer-by-layer spatial control of cells, regulatory 

factors and biomaterials. Delivery of biological cues at specific locations may allow for 

phenotypic regulation of host and transplanted cells and guide tissue and organ 

regeneration (Chen et al., 2010). However, the presentation of signaling molecules such 

as growth factors, can be challenging as hydrogels commonly used as bioinks show 

diffusive transport characteristics (Daly et al., 2017). Additionally, monolithic polymeric 

networks possess burst release kinetics (Huang and Brazel, 2001), limiting the drug 

availability in the site of injury and its therapeutic effect. Furthermore, in order to 

overcome these limitations, the use of high concentrations of these factors is needed, 

which might cause cytotoxicity and undesired side-effects (Chen et al., 2010; Kearney 

and Mooney, 2013).  

 Engineering cells to locally produce growth and transcription factors through 

gene delivery may enable a more precise spatial control within 3D printed constructs 

(Daly et al., 2017). Also, genetic modification allows for cell-mediated expression of 

proteins with authentic post-translational modifications and increased biological activity 

in comparison to their recombinant counterparts (Evans, 2014). Different approaches 

have been explored in order to apply gene therapy into regenerative medicine. Ex vivo 

gene transfer of cells and subsequent transplantation in vivo within a 3D scaffold has 

been shown to offer high levels of protein expression over prolonged periods of time 

(Glass et al., 2014; Madry et al., 2012; Venkatesan et al., 2013). However, this strategy 

is limited by the survival of the transfected cells and their immobilization at the site of 

action (Capito and Spector, 2007). In contrast, the incorporation of the gene of interest 

and its delivery vector into a biodegradable scaffold, to form a gene activated matrix 

(GAM), offers a promising platform for localized and sustained gene delivery to 

transplanted and host cells for the repair of orthopaedic tissues in situ. Hydrogel-based 

materials extensively used in additive manufacturing, such as alginate (Loozen et al., 

2013; Stilhano et al., 2016), agarose (Meilander-Lin et al., 2005), fibrin (Kidd et al., 2012) 
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and gelatin (Lin et al., 2017), have been explored as platforms for viral and non-viral 

gene delivery. Alginate is a natural occurring polymer which due to its biocompatibility, 

low-cost and mild gelation conditions (Lee and Mooney, 2012), has been widely 

employed in musculoskeletal tissue bioprinting (Axpe and Oyen, 2016; Daly et al., 2016b; 

Fedorovich et al., 2012). But its slow degradation, limited adhesion and mobility of 

encapsulated cells, and an average pore size in the nanometer range (Boontheekul et 

al., 2005), might limit the cellular uptake of entrapped gene therapeutics, specially of 

those complexed to nanoparticles larger than 10 nm (Kearney et al., 2015). 

 To solve these issues and gain temporal control over gene delivery, the opening 

of micro-pores in alginate hydrogels have been shown to facilitate the on-demand 

release of encapsulated non-viral vector-pDNA complexes (Huebsch et al., 2014). 

Methylcellulose, previously used to increase the printability of alginate, can also be used 

as a sacrificial material to increase the micro-porosity of the bulk alginate gel, with no 

negative effect on cell viability (Markstedt et al., 2015; Schütz et al., 2015). The 

modulation of alginate microporous structure, through the incorporation of 

methylcellulose, could not only provide fine spatial control of cells and gene 

therapeutics by increasing the printability of the bulk gel, but also to facilitate 

nanoparticle-mediated gene delivery within a 3D printed construct. 

 The overall aims of this study were thus to develop gene-activated pore-forming 

bioinks for enhanced gene delivery, and assess the capacity of these constructs to 

support cartilage and bone development within a mechanically robust osteochondral 

construct. Firstly, the microstructure and printability of alginate-methylcellulose (ALG-

MC) hybrid gels were assessed to valid their potential as bioinks for high precision 

bioprinting. Next, temporal non-viral gene delivery within the ALG-MC gels was 

characterized in vitro and in vivo. Finally, zonal gene delivery of chondrogenic and 

osteogenic factors was explored to spatially control stem cell behavior and engineer a 

mechanically reinforced osteochondral construct of therapeutic relevance. 
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7.2. Materials and methods 
 

7.2.1. Alginate-methylcellulose hydrogel preparation and characterization 
 

 Methylcellulose (Sigma-Aldrich, Ireland), with a molecular weight of 40,000 Mn 

and a viscosity of 400,000 Cp, was added in a ratio of 1:1 or 1:2 to a solution of 2% 

alginate (Pronova FMC BioPolymer, Norway). The alginate only and ALG-MC hydrogels 

were crosslinked using a 3% agarose/100 nM CaCl2 (both from Sigma-Aldrich, Ireland) 

to form cylindrical constructs (Ø5 x H4 mm).  

 After fabrication and incubation of the gels at room temperature (RT) in 

ultrapure water (UPW), their macroscopic and microscopic structure was analysed. For 

histological analysis, constructs were processed as previously described (Sheehy et al., 

2014a) and stained with hematoxylin and eosin (H&E) (Sigma-Aldrich, Ireland). The 

microstructure of hydrogel-based constructs was characterized using cryogenic SEM 

(cryoSEM) methods. Samples were prepared for imaging by mounting onto standard 

SEM stubs, then subsequently plunged into liquid nitrogen slush, freeze fractured and 

lightly sputter coated before transferring to the SEM chamber (Quorum Technologies, 

UK). Samples were imaged at 5 kV using a Carl Zeiss Ultra SEM (Carl Zeiss, Germany). 

Pore size was analysed using ImageJ analysis and calculated using Feret´s diameter 

(Merkus, 2009). The percentage of wet weight (w/w) loss was calculated by weighting 

the constructs immediately after fabrication and after 7 days of incubation in UPW at 

RT. 

7.2.2. Mechanical testing 
 

 Constructs were mechanically tested (n=4) in unconfined compression using a 

standard material testing machine with a 5N load cell (Zwick Roell Z005). Briefly, 

constructs were kept hydrated through immersion in DMEM (Gibco Biosciences, Ireland) 

bath maintained at RT. A preload of 0.01 N was applied to ensure that the construct 

surface was in direct contact with the impermeable loading platens. Stress relaxation 

tests were performed consisting of a ramp displacement of 1 m/s up to 10% strain. A 

relaxation period of 30 min was used.  
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7.2.3. Rheological assessment 
 

 MCR 301 rheometer (Anton Paar GmbH, Austria) was used for the rheological 

assessment of the hydrogels. A 50 mm parallel plate with a measurement gap of 0.55 

mm was used. Strain sweeps in the range of 0.1% to 100% at the frequency of 1 Hz was 

carried out in order to determine the linear viscoelastic range of the samples. A recovery 

test was also carried out where the hydrogels were subjected to 1% shear rate for 60 s, 

100% shear rate for 10 s and 1% shear rate for 60 s to simulate the printing process, and 

to assess the recovery of the viscosity of the materials. The 100% shear rate is estimated 

to be the maximum shear rate experienced by the hydrogel during printing process. This 

test also informs the thixotropic property of the hydrogels and thus, how quickly the 

hydrogel can recover its viscosity immediately after printing. 

7.2.4. 3D printing process and printability assessment  
 

 A 3D Discovery multi-head (Regen HU, Switzerland) 3D plotter was used for 

printing. For hydrogel printing, pneumatic driven syringes with 25 Gauge (G) needles 

were used at extrusion pressures between 0.1 and 0.2 MPa. The filament spreading 

ratio, defined as the width of the printed filament divided by the needle diameter, was 

used as a measure of printability as previously described (Daly et al., 2016a). For 

polycaprolactone (PCL) (Mw = 45,000 Mn, Sigma-Aldrich, Ireland) printing, fused 

deposition modeler (FDM) was used to deposit filaments of molten PCL. To characterize 

the filament size and separation between fibers, PCL scaffolds were placed onto SEM 

stubs and Au/Pd sputter coated before imaging. SEM characterization was conducted 

on a Carl Zeiss Supra SEM, aligned at 5 kV (Carl Zeiss, Germany). 

7.2.5. Isolation and expansion of bone marrow-derived MSCs, and 

chondrogenic differentiation 

 

 Bone marrow-derived MSCs were isolated from the femora of porcine donors 

(3–4 months, >50 kg) within 3 h of sacrifice according to a modified method developed 

for human MSCs (Lennon and Caplan, 2006). Mononuclear cells were plated at a seeding 

density of 5 x 103 cells/cm2 in standard culture media, high glucose Dulbecco’s modified 
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Eagle’s medium (4.5 mg/mL D-glucose and 200 mM L-glutamine; hgDMEM) 

supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin (100 

U/mL) (all from Gibco, Biosciences, Ireland), and expanded in a humidified atmosphere 

at 37 oC, 5% CO2, and 20% pO2. MSCs at passage 2-3 were used for all experiments. 

 For chondrogenic differentiation of MSCs, MSCs were trypsinized and 

encapsulated at a concentration of 20 x 106 cells/mL, in either pre-crosslinked alginate 

hydrogels or ALG-MC hybrid gels. The cell laden bioinks were printed to form cylindrical 

constructs that were further crosslinked in a 100 mM CaCl2 bath for 5-10 min. After 

crosslinking The gels were cultured for 4 weeks at 5% PO2 in chondrogenically defined 

media consisting of DMEM GlutaMAX supplemented with 100 U/mL 

penicillin/streptomycin (both Gibco), 100 μg/mL sodium pyruvate, 40 μg/mL L-proline, 

50 μg/mL L-ascorbic acid 2-phosphate, 4.7 μg/mL linoleic acid, 1.5 mg/mL bovine serum 

albumin, 1x insulin–transferrin–selenium, 100 nM dexamethasone (all from Sigma–

Aldrich) and 10 ng/mL human TGF-β3 (PrepoTech, UK).  

7.2.6. Plasmid propagation 
 

 Six different plasmids were used in the current study: three plasmids encoding 

for the reporter genes green fluorescent protein (pGFP, Amaxa, Lonza Cologne AG, 

Germany) and luciferase (pLUC, pGaussia Luciferase; New England Biolabs, 

Massachusetts, USA), and dtTomato (pTomato, kind donation from Prof. Gerhart Ryffel 

through Addgene), and another three encoding for the therapeutic genes BMP2 

(pBMP2, kind donation from Prof. Kazihusa Bessho, Kyoto University, Japan), TGF-β3 

(pTGF-β3, InvivoGen, Ireland) and SOX9 (pSOX9, kind donation from Prof. Dr. Gun-Il Im, 

Dongguk University, South Korea). Plasmid amplification was performed by 

transforming chemically competent Escherichia coli bacterial cells (One Shot TOP10; 

Biosciences, Ireland) according to the manufacturer’s protocol. The transformed 

bacteria were cultured on LB plates with 50 mg/L kanamycin (Sigma-Aldrich, Ireland) as 

the selective antibiotic for pGFP and pSOX9, and 100 mg/L ampicillin (Sigma-Aldrich, 

ireland) as the selective antibiotic for pLUC, pTGF-β3, pBMP2 and pTomato. Bacterial 

colonies were harvested and inoculated in LB broth (Sigma-Aldrich, Ireland) and 

incubated overnight for further amplification. The harvested bacterial cells were then 
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lysed, and the respective pDNA samples were purified using qiagen plasmid kit 

(MaxiPrep Kit; Qiagen, Ireland). Nucleic acid concentration (ng/mL) was determined by 

analyzing the 260:280 ratio and 230 nm measurement using NanoDrop 

spectrophotometer (Labtech International, UK).  

7.2.7. Preparation of delivery vectors, vector-pDNA complexes 
 

 The synthesis of the nHA particles was performed as previously described 

(Cunniffe et al., 2010). nHA-pDNA complexes were prepared by adding 150 mL of the 

nHA solution to 2 mg of pDNA pretreated with 0.25 M CaCl2 (Sigma-Aldrich, Ireland) as 

previously optimized (Castaño et al., 2014; Curtin et al., 2012). The RALA peptide was 

produced as previously described (McCarthy et al., 2014), and complexed with pDNA at 

an n:p ratio of 10 for 30 min at RT. 

7.2.8. Monolayer transfection and 3D printing of pre-transfected cells  
 

 For monolayer transfection, MSCs were seeded in T175 flasks at a seeding 

density of 5 x 104 cells/cm2 and cultured for 72 h in standard culture media prior to 

transfection. RALA and nHA-pDNA complexes were prepared immediately before 

transfection. For the RALA-pDNA transfections, the plated cells were washed twice with 

PBS and incubated in 10 mL of Opti-MEM (Life Technologies, Ireland) for 2 h. After the 

incubation time, complexes were suspended in 5 mL of Opti-MEM and added to the 

MSCs to a density of 0.2 μg of pDNA/cm2. For nHA-pDNA transfection, complexes were 

suspended in 5 mL of standard media and added to the MSCs at the same density as the 

RALA-pDNA complexes. Following incubation for 4-6 h with both RALA and nHA-pDNA 

complexes, the cells were washed with PBS and standard culture media was added. 3 

days after transfection, cells were trypsinized and encapsulated in pre-crosslinked 

alginate or ALG-MC paste to a final concentration of 20 x 106 cells/mL. Once 

encapsulated, cell laden gels were printed simultaneously using different pneumatic 

heads of the 3D Discovery system.  
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7.2.9. Preparation of gene activated bioinks and in vitro culture of gene 

activated constructs 

 

 For 1 mL of pre-crosslinked CaCl2 and ALG-Mc bioinks, 20 μg of pDNA were 

complexed to either nHA (0.0125 μL nHA/μg pDNA) or RALA (N:P ratio of 10) and added 

to a suspension of MSCs (20 x 106 cells/mL bioink) in either 0.5 mL of standard media for 

nHA or 0.5 mL of Opti-MEM for RALA transfection. After 1 h of incubation, the nHA-

pDNA containing groups were spun down to retire excess of CaCl2 and mixed with CaCl2 

(50 mM) and alginate added in a 7:3 ratio until a homogenous mixture of a final 2% 

alginate was obtained. For the RALA-pDNA containing groups, the 0.5mL of cell and 

complex suspension were mixed with 0.5 mL of 4% ALG-MC paste (1:2 ratio) until a 

homogenous mixture of a final 2% alginate was obtained.  

 After 3D printing and crosslinking of the constructs in a 100 mM CaCl2 bath for 5-

10 min, RALA-pDNA containing 3D printed hydrogels were incubated for 4-6 hours in 

Opti-MEM. In contrast, after crosslinking, nHA-pDNA containing gels were directly 

cultured in the desired media. For reporter gene expression, constructs were incubated 

at 37 oC and 20% PO2 in standard culture media. For therapeutic gene delivery, 

constructs were incubated at 37 oC and 5% PO2 in chemically defined chondrogenic 

media without recombinant TGF-β3 supplementation.  

7.2.10. Characterisation of RALA-pDNA encapsulation and release in ALG-

MC hydrogels 

 

 RALA-pDNA complexes (n:p ratio of 10) were formed and encapsulated in 

alginate and ALG-MC cells at a concentration of 0.5 μg/mL. To assess the complex 

encapsulation efficiency, after crosslink in a 3% agarose/100 nM CaCl2 mold to form 

cylindrical constructs, they were homogenized in citrate buffer for 1 h at 37 oC and the 

amount of pDNA per gel was quantified with a nanodrop. To characterize complex 

release, after crosslinking, gels were incubated in UPW at RT. The UPW was collected 

and changed after 12 h, 24 h, 3 days, 7 days and 10 days, and the quantity of pDNA in 

the UPW was analysed with a nanodrop. 
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7.2.11. Reporter and therapeutic gene expression analysis. 
 

 For gels containing pGFP, transfected cells were assessed using a Leica SP8 

scanning confocal microscope (Leica Microsystems, Ireland). Luciferase expression was 

assessed in the culture media using a Pierce Gaussia Luciferase Flash Assay Kit 

(ThermoFisher, Ireland) at different time points up to 10 or 14 days. The levels of BMP2 

and TGF-β3 were quantified in the culture medium using ELISAs (R&D Systems) 

according to the manufacturer´s instructions. 

7.2.12. Live dead analysis 
 

 Cell viability was assessed using a LIVE/DEAD viability/cytotoxicity assay kit 

(Invitrogen, Bio-science, Ireland). Briefly, constructs were cut in half, washed in 

phosphate-buffered saline (PBS) followed by incubation for 1 h in PBS containing 2 mM 

calcein and 4 mM ethidium homodimer-1. Sections were again washed in PBS, imaged 

using a Leica SP8 scanning confocal microscope.  

7.2.13. Subcutaneous in vivo construct implantation and in vivo luciferase 

analysis 

 

 Control and gene activated 3D printed constructs were implanted 

subcutaneously into the back of nude mice (Balb/c; Harlan, United Kingdom) as 

previously described with 2 samples from the same group inserted in each of two 

pockets (Cunniffe et al., 2015b). The constructs were harvested after 3 weeks for the in 

vivo luciferase expression study, and after 4 weeks for the therapeutic genes studies. 

Mice were euthanized by CO2 inhalation and the animal protocol was reviewed and 

approved by the Ethics Committee of Trinity College Dublin and the Health Products 

Regulatory Authority (HPRA). 

 For the in vivo luciferase imaging, a protocol previously developed by Tannous 

et al (2009) was followed (Tannous, 2009). Briefly, previous to administration, 

coelenterazine (Gold Biotechnology, USA), prepared in acid methanol at a concentration 

of 5 mg/mL, was dissolved in PBS to a final concentration of 0.5 mg/mL under minimal 

light conditions, immediate after the mice were anesthetized using isoflurane, 50 μL of 
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the coelenterazine mix were injected in each of the pockets. Immediately after 

coelenterazine injection, photon counts were acquired using a real-time 

bioluminescence imaging system (PhotonImager; Biospace lab, France) over 5 minutes.  

7.2.14. Micro-computed tomography analysis 
 

 Micro-computed tomography (microCT) scans were performed using a Scanco 

Medical 40 microCT system (Scanco Medical, Switzerland) with a 70 kVp X-ray source at 

114 μA. Quantification was performed by setting a threshold of 200, corresponding to a 

density of 411.98 mg hydroxyapatite/cm3 and the mineral volume (mm3) was recorded. 

Reconstructed 3D images were generated from the scans and used to visualize mineral 

distribution throughout the constructs. 

7.2.15. Bilayer construct fabrication 
 

 Control or gene activated hydrogels were cast into 3D printed PCL constructs (6 

mm diameter x 5 mm height) inserted in 3% agarose/100 nM CaCl2, to form cylindrical 

constructs (6 mm diameter x 6 mm height) comprising of an osteogenic layer (4 mm 

height) and a chondrogenic layer (2 mm height). The osteogenic layer was formed by 

either MSC-laden pre-crosslinked alginate gel for the control groups or MSC-laden pre-

crosslinked alginate gel containing nHA-pBMP2 complexes for the gene activated 

groups. The chondrogenic layer was formed by either MSC-laden ALG-MC (1:2 ratio) 

hybrid gels for the control groups, or MSC-laden ALG-MC hybrid gels containing either 

RALA-pTGF-β3-pBMP2 (pTGF-pBMP) or RALA-pTGF-β3-pBMP2-pSOX9 (pTGF-pBMP-

pSOX) gene combinations.  

7.2.16. Biochemical analysis 
 

 DNA and sGAG content were quantified biochemically using the Hoechst 

Bisbenzimide 33258 dye assay and the dimethyl methylene blue dye-binding (DMMB) 

assay respectively, as previously described (Sheehy et al., 2012). To exclude any 

background absorbance from the alginate, the PH of the DMMB was adjusted to 1.35. 

Total collagen content was determined by measuring the hydroxyproline content using 

the dimethylaminobenzaldehyde and chloramine T assay and a hydroxyproline to 
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collagen ratio of 1:7.69. Calcium content was determined using a Sentinel Calcium Kit 

(Alpha Laboratories Ltd, UK) after digestion in 1 M HCl at 110 oC for 48 h. 

7.2.17. Histological and Immunohistochemical Analysis 
 

 Constructs were processed for histological analysis as previously described 

(Sheehy et al., 2014a). The sections were stained with H&E to assess bone and blood 

vessel formation, aldehyde fuschin/alcian blue to assess sGAG content, picrosirius red 

to assess collagen content and alizarin red to assess calcification. Collagen types I, II, and 

X were evaluated using a standard immunohistochemical technique as previously 

described (Sheehy et al., 2014b). The presence of vascular structures was quantified by 

counting distinct areas of red blood cell activity as a blood vessel. The number of blood 

vessels across a whole cross section was then counted. 

7.2.18. Statistical analysis 
 

 Statistical analyses were performed using GraphPad Prism (version 5) software. 

Statistical differences were determined by analysis of variance (ANOVA) followed by 

Tukey’s multiple comparison test or Student’s t-test where appropriate. Numerical and 

graphical results are displayed as mean ± standard deviation. Significance was accepted 

at a level of p<0.05. Sample size (n) is indicated within the corresponding figure legends. 
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7.3. Results 
 

7.3.1. Addition of methylcellulose to alginate hydrogels increases the 

porosity and printability of alginate hydrogels 

 

 To generate bioinks whose porosity increases post-printing, alginate and 

methylcellulose (as a sacrificial component) were mixed at alginate:methylcellulose 

weight ratios of 1:0, 1:1 and 1:2 (Fig.7.1.A). These composites formed stable hydrogels 

(Fig.7.1.B), but one day post-fabrication clearly differed in both their macro- (Fig.7.1.C) 

and micro-structure (Fig.7.1.D) to normal alginate hydrogels. Methylcellulose (1:1 and 

1:2) containing hydrogels contained larger pores than alginate only hydrogels 

(Fig.7.1.G), with the pore diameter increasing with increases in methylcellulose content. 

This correlated with a faster reduction in the wet weight (w/w) of methylcellulose 

containing hydrogels (Fig.7.1.E). Furthermore, methylcellulose containing hydrogels 

showed a lower bulk Young’s modulus one day post-fabrication (Fig.7.1.F).  
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Fig.7.1. Development and characterization of ALG-MC gels. (A) Schematic of the 

fabrication of the ALG-MC gels. (B) Macroscopic appearance of cylindrical gels fabricated 

with alginate and ALG-MC at 1:1 and 1:2 alginate-methylcellulose ratios (C) Histological 

analysis through H&E staining of the structure of the alginate and ALG-MC gels, scale 

bar = 1 mm in the lower magnification images and 0.2 mm in the higher magnification 

images. (D) CryoSEM analysis of the micro-porosity of alginate and ALG-MC gels, scale 

bar = 1 μm. (E) Percentage of wet weight loss in the alginate and ALG-MC gels after 7 

days in aqueous solution. (F) Young´s modulus of the alginate and ALG-MC gels after 1 

day of fabrication. (G) Pore diameter calculation based on the cryoSEM imaging of the 

alginate and alginate-MC gels. (*) Denotes significance (n=4, p<0.05) in comparison to 

the rest of the groups; (**) denotes significance (n=4, p<0.01) in comparison to the rest 

of the groups; (***) denotes significance (n=4, p<0.001) in comparison to the rest of the 

groups.  

 

 

 



201 
 

 To assess the printability of the alginate and ALG-MC hydrogels, the rheological 

properties of the different materials were assessed. The addition of methylcellulose 

significantly increased the viscosity of alginate, with these composites also exhibiting 

shear thinning properties (Fig.7.2.A). Also, a viscosity recovery test was performed at a 

steady shear rate to determine if the hydrogel is thixotropic (property of certain gels 

having a viscosity that decreases when a stress is applied) and thus better suited to 

bioprinting applications. The viscosity of the alginate was very low (0.180 Pa.s) and did 

not exhibit appreciable changes with increases in the shear rate (Fig.7.2.B). However, 

the ALG-MC (1:1 and 1:2) gels exhibited thixotropic behaviour when the shear rate was 

reduced from 100 to 1 1/s (Fig.7.2.B). Assuming an average shear rate of 100 1/s during 

the printing process (pressure of 0.1 Bar and printing velocity of 2-8 mm/s), and based 

on the relationship between shear rate and printing velocity described by Li et al. (2016), 

the thixotropic properties of the analysed bioinks should be preserved when 3D 

bioprinted (Li et al., 2016). To confirm this observation, the printability of CaCl2 pre-

crosslinked alginate (ALG-Ca) and ALG-MC gels was assessed by measuring the spreading 

ratio post-printing (Fig.7.2.C). The ALG-MC gels (1:2) (Fig.7.2.G) showed similar 

printability to alginate pre-crosslinked with CaCl2 (Fig.7.2.E), demonstrating a 

significantly lower spreading ratio than the ALG-MC 1:1 (Fig.7.2.F) and alginate alone 

(Fig.7.2.D).  

 To confirm that such bioinks could be used to produce constructs with spatially 

defined gradients of cell populations, previously nanoparticle-transfected MSCs with 

pDNA encoding for GFP (green) and dtTomato (red) were encapsulated in ALG-Ca and 

alginate 1:2 methylcellulose hybrid bioinks respectively (Fig.7.2.H). Both gels were 

simultaneously printed, using a multi-head printing system, in different patterns. After 

ionic crosslinking, the prints were imaged under a fluorescent confocal microscope 

showing defined spatial distribution of both cell populations (Fig.7.2.I). 
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Fig.7.2. Printability of ALG-MC hybrid gels. (A) Viscosity of ALG-Ca and ALG-MC gels (ALG 

1:1 MC and ALG 1:2 MC) as a function of shear rate. (B) Viscosity recovery test as a 

function of shear rate. (C) Spreading ratio of the alginate, ALG-Ca and ALG-MC gels. 

Images of printed patterns of the alginate (D), ALG-Ca (E), ALG-MC 1:1 (F) and ALG-MC 

1:2 (G), scale bar = 1 cm. (H) Schematic of the printing of ALG-Ca gels containing GFP 

transfected MSCs and the ALG-MC 1:2 containing dtTomato transfected MSCs. (I) 3D 

printed patterns with the ALG-Ca bioink containing GFP transfected cells and the ALG-

MC 1:2 bioink containing dtTomato transfected cells, scale bar = 2 mm. (**) Denotes 

significance (n=4, p<0.01) in comparison to the rest of the groups; (***) denotes 

significance (n=4, p<0.001).  
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7.3.2. 3D printed alginate-methylcellulose hybrid gels were able to support 

chondrogenesis of encapsulated MSCs in vitro 

 

 MSCs were encapsulated in ALG-Ca and ALG-MC hybrid gels and then printed to 

form cylindrical constructs (Fig.7.3.A). Live/dead semi-quantitative analysis of cell 

viability in the 3D printed constructs 1 day after printing was performed (Fig.7.3.B). The 

percentage of living cells was shown to be significantly higher in the ALG-MC gels in 

comparison to the ALG-Ca pre-crosslinked gels (Fig.7.3.C). These MSC-laden 3D printed 

constructs were then cultured in vitro in chondrogenic media for 28 days and the 

chondrogenic differentiation of the encapsulated stem cells was analysed in both 

groups. Biochemical analysis of the levels of DNA (Fig.7.3.D), GAGs (Fig.7.3.E) and 

collagen (Fig.7.3.F) revealed no significant differences between groups. However, 

analysis of the calcium content (Fig.7.3.G) showed significantly higher levels of 

mineralization in the ALG-Ca group. Histological analysis also showed similar staining 

levels of GAG and collagen (Fig.7.3.H), but although immunohistochemical analysis of 

collagen type I and II showed similar levels of staining between the two groups, only the 

ALG-Ca gels showed positive collagen type X staining (Fig.7.3.H), a marker of 

endochondral ossification.  
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Fig.7.3. Chondrogenesis of 3D printed cell-laden hydrogels. (A) 3D printing process and 

macroscopic appearance of the constructs after printing. (B) Live/dead images of the 

encapsulated MSCs 1 day after printing (living cells are stained in green, dead are red). 

Scale bar = 1 mm for lower magnification images and 0.5 mm for the higher 

magnification images. (C) Percentage of living cells in the printed gels 1 day after 

fabrication. Quantification of DNA/ww (D), GAG/ww (E), collagen/ww (F) and 

calcium/ww (G) in the 3D printed gels after 28 days of in vitro culture in chondrogenic 

media. (H) Histological and immunohistochemical analysis of the 3D printed gels after 

28 days of in vitro culture. (Scale bar = 0.5 mm). (*) Denotes significance (n=4, p<0.05); 

(**) denotes significance (n=4, p<0.01). 
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7.3.3. Pore-forming hydrogel bioinks enhance nanoparticle-mediated 

reporter gene delivery to encapsulated MSCs in vitro 

 

 Before assessing the capacity of printed bioinks to support non-viral gene 

delivery, we first assessed the capacity of cast hydrogels to transfect encapsulated 

MSCs. RALA-pDNA nanoparticle complexes were encapsulated in alginate and in ALG-

MC hybrid gels with different ratios of methylcellulose (1:1 and 1:2), to form gene 

activated hydrogels. After hydrogel crosslinking, the presence of the RALA-pDNA 

complexes was analysed through cryoSEM, confirming the presence of the non-viral 

complexes in all the groups (Fig.7.4.A). The encapsulation efficiency (Fig.7.4.B) of the 

complexes into the hydrogels was also analysed showing no significant differences 

between the groups. The analysis of pDNA released from the hydrogels during 10 days 

in aqueous solution (Fig.7.4.C), showed a significant increased release as the amount of 

methylcellulose was incremented. MSCs were also encapsulated in the gene activated 

hydrogels together with RALA-pGFP complexes, allowing for transfection of the 

encapsulated MSCs over 10 days in all the groups (Fig.7.4.D). The encapsulation of RALA-

pLUC complexes allowed for temporal quantification of cell transfection, showing 

increased expression of the transgene as the amount of methylcellulose in the gels was 

increased (Fig.7.4.E). We could also observe a sustained luciferase expression over 11 

days, suggesting continuous transfection of MSCs within the hydrogels (Fig.7.4.D). In 

addition, the DNA content inside the gels was analysed as a measure of cell viability 

showing no significant differences between the groups at every time point (Fig.7.4.F).  
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Fig.7.4. Characterization of temporal RALA-pDNA release and transfection of 

encapsulated MCS in the alginate and ALG-MC gels. (A) CryoSEM images of the 

encapsulated RALA-pDNA complexes in the alginate and ALG-MC (1:1 and 1:2) gels. 

Scale bar = 200 μm. (B) Encapsulation efficiency of the RALA-pDNA complexes in the 

different gels. (C) Percentage of the released RALA-pDNA complexes in the different gels 

at 12 h, 24 h, day 3, 7 and 10. (D) GFP positive encapsulated MSCs in the alginate and 

ALG-MC containing RALA-pGFP complexes at day 1, 3, 7 and 10 after fabrication. Scale 

bar = 250 μm. (E) Luciferase quantification in the media of cell laden alginate and ALG-

MC gels containing RALA-pLUC complexes at day 1, 3, 7 and 11. (D) DNA quantification 

in the cell laden alginate and ALG-MC gels containing RALA-pLUC complexes at day 1, 3, 

7 and 11. (*) Denotes significance (n=4, p<0.05) in comparison to the rest of the groups 

at the same time point; (**) denotes significance (n=4, p<0.01) in comparison to the rest 

of the groups at the same time point; (ns) denotes no significance (n=4, p>0.05).  
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 Gene delivery of reporter genes to encapsulated MSCs was also assessed in 3D 

printed constructs (Fig.7.5.A). MSCS and RALA-pLUC complexes were encapsulated in 

ALG-Ca and in the ALG-MC hybrid bioinks and printed to form discs (Fig.4.5.B). One day 

after printing, live/dead analysis of the encapsulated MSCs was performed, 

demonstrating limited cell dead in the all the printed constructs (Fig.7.5.C, D and E). 

Furthermore, the DNA content within the printed gene activated printed constructs was 

at least comparable to the non-transfected controls over 14 days in culture (Fig.7.5.F). 

Temporal luciferase gene expression was also assessed, which revealed a 10 fold 

increase in luciferase expression in the printed pore-forming ALG-MC constructs in 

comparison to the ALG-Ca constructs (Fig.7.5.G). Luciferase expression was maintained 

over time in the gene activated groups suggesting continuous cell uptake (Fig.7.5.G). 

This finding was also observed for other gene delivery vectors, as when nHA-pLUC 

complexes were encapsulated in the pore-forming ALG-MC bioink, an increase in gene 

expression was also observed at all time-points in comparison to the ALG-Ca hydrogels 

(Fig.A.4.B), with no negative effects on cell viability (Fig.A.4.A). 
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Fig.7.5. In vitro RALA-mediated gene delivery in 3D printed ALG-CA and ALG-MC gels. (A) 

Schematic of the encapsulation of MSCs and RALA-pLUC complexes into the alginate-

based bioinks and 3D printing to produced gene activated constructs in which 

transfection could be monitored through measuring the luciferase in the culture media. 

(B) Macroscopic pictures of the 3D printed gene activated gels. Live/dead staining in the 

ALG-Ca control (CTRL) (C), ALG-Ca RALA-pLUC (RALA-pLUC Ca) containing gels (D) and 

ALG-MC RALA-pLUC (RALA-pLUC MC) containing gels (E) 1 day after fabrication. Scale 

bar = 1 mm for the large magnification pictures and 250 μm for the higher magnification. 

(F) DNA quantification in the CTRL, RALA-pLUC Ca and RALA-pLUC MC gels at different 

time points. (G) Luciferase quantification in the culture media of the tested gels at day 

1, 3, 7 and 14 after fabrication. (*) Denotes significance (n=4, p<0.05) in comparison to 

the rest of the groups at the same time point; (**) denotes significance (n=4, p<0.01) in 

comparison to the rest of the groups at the same time point; (***) denotes significance 

(n=4, p<0.001) in comparison to the rest of the groups at the same time point. 
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7.3.4. Pore-forming bioinks enhance nanoparticle-mediated reporter gene 

delivery in vivo to recruited cells and transplanted MSCs 

 

 Acellular or MSC-laden ALG-Ca and pore-forming ALG-MC bioinks containing 

RALA-pLUC complexes were used to print cylindrical discs which were implanted 

subcutaneously in nude mice, with luciferase expression analysed in vivo over 3 weeks 

using an IBIS system (Fig. 7.5.A). Luciferase expression analysis of the acellular RALA-

pLUC constructs demonstrated distinct luciferase expression profiles (Fig.7.6.B-D and H), 

suggesting that the bioink formulation influenced the release of RALA-pLUC complexes 

in vivo and/or the ability of host cells to uptake the RALA-pLUC complexes. Luciferase 

expression peaked early and decreased over time in the pore-forming ALG-MC 

constructs, while a more sustained expression was observed in the ALG-Ca constructs 

(Fig.7.6.H). Similar trends were seen when nHA-pLUC complexes were encapsulated in 

the printed hydrogels (Fig.A.4.C). When MSCs were encapsulated in the printed 

constructs, increased luciferase expression was observed in the ALG-MC constructs at 

day 3 and 7 compared to the ALG-Ca constructs (Fig.7.6.E-G and I). While luciferase 

expression was noticeably higher in the cell laden gels, it did not stay constant and 

decreased more dramatically over time (Fig.7.6.I). In contrast, when nHA-pLUC 

complexes were encapsulated in cellular gels, the ALG-MC group did not show enhanced 

transgene expression in comparison to the ALG-Ca gels (Fig.A.4.D). 
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Fig.7.6. In vivo RALA-mediated gene delivery in 3D printed ALG-Ca and ALG-MC gels. (A) 

Schematic of alginate-based bioinks and 3D printing and mouse subcutaneous 

implantation to assess the in vivo luciferase expression. Macroscopic images of the nude 

mice during the bioluminescence imaging protocol in the acellular (B (top nHA-pLUC in 

ALG-MC and bottom CTRL acellular), C (top RALA-pLUC in ALG-Ca and bottom nHA-pLUC 

in ALG-Ca) and D (top RALA-pLUC in ALG-Ca and bottom RALA-pLUC in ALG-MC)) and cell 

laden (E (top CTRL acellular, bottom CTRL cellular), F (top nHA-pLUC in ALG-Ca and 

bottom nHA-pLUC in ALG-MC) and G (top RALA-pLUC in ALG-Ca and bottom RALA-pLUC 

in ALG-MC) gene activated gels at day 3 after implantation. Bioluminescence 

quantification (ph/s/sr) of the acellular (H) and cell laden (I) gene activated gels. (!) 

Denotes significance (n=6, p<0.05) in comparison to the non-transfected control (CTRL) 

at the same time point; (***) denotes significance (n=>4, p<0.001) in comparison to the 

rest of the groups at the same time point. 

 

 After 21 days of in vivo subcutaneous implantation, the mineralization of the 

implanted constructs was also assessed. Acellular ALG-Ca constructs were noticeably 

more calcified than the ALG-MC gels (Fig.A.5.A and C), which can potentially be 

attributed to the higher calcium content of the ALG-Ca implants. The MSC-laden 

constructs underwent higher mineralization than their acellular counterparts (Fig.A.5.B 

and C), with the ALG-Ca constructs containing nHA-pLUC undergoing the highest level of 

calcification in comparison to the rest of the gene activated groups. 
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7.3.5. Therapeutic gene delivery within the 3D printed hydrogels can 

modulate stem cell fate towards either the osteogenic or chondrogenic 

pathway in vitro and in vivo 

 

 With the vision to engineer an osteochondral construct with spatial gene delivery 

to zonally direct stem cell fate, RALA-pDNA containing ALG-MC hybrid gels were 

explored for the delivery of chondrogenic factors; whereas the nHA nanoparticles 

entrapped in ALG-Ca bioinks were used for the delivery of osteogenic genes due to its 

superior mineralization in vivo and previous results in the sixth chapter. To drive 

osteogenesis of MSCs within ALG-Ca bioinks, we delivered pDNA encoding for BMP2 

using nHA vectors. To induce chondrogenesis of MSCs within ALG-MC bioinks, two gene 

combinations were analysed. The first combination gene combination comprised the 

delivery of TGF-β3 and BMP2 genes, while in the second combination pDNA encoding 

for SOX9 was co-delivered with the TGF-β3 and BMP2 genes. 

 After MSC and vector-pDNA encapsulation, constructs were 3D printed and 

maintained in vitro for 4 weeks. BMP2 and TGF-β3 levels in the media were measured, 

which demonstrated that RALA and nHA were able to successfully deliver the pDNA to 

alginate encapsulated MSCs (Fig.A.6.A and B). After 28 days of in vitro culture, nHA-

mediated BMP2 gene delivery in the ALG-Ca was able to significantly increase GAG 

deposition in comparison to the non-transfected control (Fig.7.7.B), and increased 

construct calcification in comparison to all the control and gene activated groups 

(Fig.7.7.D). In contrast, RALA-mediated gene delivery of both chondrogenic gene 

combinations (pTGF-pBMP2 and pTGF-pBMP2-pSOX9) resulted in significantly higher 

GAG and collagen deposition (Fig.7.7.B and C) and significantly lower levels of 

calcification (Fig.7.7.D) in comparison with all the other groups. The Young’s (Fig.7.7.E) 

and Equilibrium modulus (Fig.7.7.F) of the constructs containing chondrogenic gene 

combinations were significantly higher than other groups. These results were confirmed 

through histological examination of GAG, collagen and calcium deposition (Fig.7.7.G). 

Immunohistochemistry revealed higher collagen type II deposition in the gels containing 

both chondrogenic combinations (Fig.7.7.G), whereas collagen type I staining was only 

present in gels containing the pTGF-pBMP2 combination (Fig.7.7.G). 
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Fig.7.7. In vitro therapeutic gene delivery in 3D printed gels. Quantification of DNA (A), 

GAG (B), collagen (C), and calcium (D) deposition after 28 days of in vitro culture in the 

control and gene activated hydrogels. Young´s modulus (E) and Equilibrium modulus (F) 

of the control and gene activated gels after 28 days of in vitro culture. (G) Histological 

and immunohistochemical examination of the control and gene activated constructs 

after 28 days of in vitro culture. Scale bar = 0.5 mm. (*) Denotes significance (n=4, 

p<0.05) in comparison to the rest of the groups; (**) denotes significance (n=4, p<0.01) 

in comparison to the rest of the groups; (***) denotes significance (n=4, p<0.001) in 

comparison to the rest of the groups; (!) denotes significance (n=4, p<0.05) in 

comparison to the ALG-Ca, ALG-MC and nHA-pBMP2 groups.  
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 After 4 weeks of subcutaneous implantation in a nude mouse model, 

mineralization and matrix deposition in the control and gene activated 3D printed gels 

were assessed. In the ALG-Ca gels, microCT examination revealed high mineralization of 

the control and nHA-BMP2 containing groups (Fig.7.8.A), while very little calcification 

was present in all the ALG-MC groups (Fig.7.8.A). H&E staining revealed the presence of 

blood vessels in the nHA-pBMP2 containing gels and in the ALG-MC control gels 

(Fig.7.8.B). In the gene activated ALG-MC groups, H&E staining showed the presence of 

soft tissue aggregates which stained intensely for GAG (Fig.7.8.C) and collagen 

(Fig.7.8.D). Immunohistochemistry showed intense staining for collagen type II 

(Fig.7.8.E) in the aggregates observed in these gene activated gels, but only the pTGF-

pBMP2 group was positive for collagen type X (Fig.7.8.F). Staining for collagen type II 

and X was also observed in the control and nHA-pBMP2 containing ALG-Ca gels (Fig.7.8.E 

and F). 
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Fig.7.8. In vivo therapeutic gene delivery in 3D printed gels after 4 weeks of 

subcutaneous implantation. (A) MicroCT images of the implanted groups after 4 weeks 

of in vivo implantation. (B) H&E histological examination of the implanted constructs, 

black arrows indicate areas of blood vessel activity. Histological examination of GAG (C) 

and collagen (D) deposition in the implanted gels. Immunohistochemical examination of 

collagen type II (E) and type X (E). Scale bar = 1 mm for A and 0.5 mm in B-F.  
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7.3.6. Spatially patterned therapeutic gene delivery within mechanically 

reinforced osteochondral gene activated hydrogels can modulate stem cell 

fate zonally in vitro and in vivo 

 

 Cylindrical PCL porous constructs of 6 mm diameter by 6 mm height (Fig.7.9.A) 

were 3D printed using fused deposition modeling. SEM imaging of these constructs 

showed a fiber diameter of 159.71 +/- 34.79 μm (Fig.7.9.B) and a lateral spacing between 

fibers of 246.77 +/- 47.9 μm (Fig.7.9.C). Alginate and ALG-MC hybrid gels containing 1:1 

and 1:2 ratio of alginate to methylcellulose were cast into the PCL scaffold (Fig.7.9.A) to 

produce mechanically reinforced composites. The Young´s modulus of the empty PCL 

and the composites was significantly higher than the non-reinforced gels (Fig.7.9.D). 

These PCL-hydrogel composites also showed mechanical properties similar to porcine 

cartilage (Fig.7.9.D). MSCs and RALA-pGFP complexes were encapsulated in the alginate 

(Fig.7.9.E) and ALG-MC hybrid gels (Fig.7.9.F and G) and cast into the PCL scaffolds. 

Successful transfection of the encapsulated cells was observed at day 7 after fabrication 

(Fig.7.9.E, F and G). 
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Fig.7.9. Alginate-PCL mechanically reinforced constructs. (A) Macroscopic examination 

of the PCL constructs alone and cast with alginate (PCL ALG) and ALG-MC (1:1 and 1:2) 

gels. SEM images of the top (B) and lateral (C) of the PCL constructs. (D) Young´s modulus 

of the PCL empty constructs, PCL reinforced gels and empty gels in comparison to native 

porcine cartilage. Fluorescent imaging of MSC-laden PCL reinforced alginate (E), ALG-

MC 1:1 (F) and ALG-MC 1:2 (G) gels containing RALA-pGFP complexes at day 7 after 

fabrication. Scale bar = 500 μm for B and C and 250 μm for E, F and G. (***) Denotes 

significance (n=4, p<0.001). 
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 Having assessed the mechanical properties of alginate-PCL composites, PCL 

porous constructs of 6 mm in diameter by 5 mm in height (Fig.A.7.A) were 3D printed 

and cast with the developed hydrogels to form osteochondral bilayer constructs. The 

osseous region was filled with either control or gene activated ALG-Ca bioinks containing 

MSCs and nHA-pBMP2 complexes. The cartilaginous region was filled with either ALG-

MC control or with gene activated ALG-MC bioinks containing either pTGF-pBMP2 or 

pTGF-pBMP2-pSOX9 chondrogenic gene combinations. 

 These mechanically reinforced gene activated bilayers were cultured in vitro for 

4 weeks and analysed for their biochemical and histological composition (Fig.7.10). The 

control group (Fig.7.10.A) showed similar levels of GAG (Fig.7.10.A and E), collagen 

(Fig.7.10.A and F) and calcium (Fig.7.10.A and G) in both the chondro and osteo layer. In 

contrast, significant differences between the levels of GAG (Fig.7.10.E), collagen 

(Fig.7.10.F) and calcium (Fig.7.10.G), could be observed between the chondro and osteo 

layer of both, pTGF-pBMP (Fig.7.10.B) and pTGF-pBMP-pSOX groups (Fig.7.10.C). While 

the chondro layer of both gene activated groups showed significant higher levels of GAG 

(Fig.7.10.B, C and E) and collagen (Fig.7.10.B,C and F) in comparison to their osteo layer 

and both layers of the control groups, it showed reduced levels of calcification 

(Fig.7.10.B, C and G). Immunohistochemical examination of the chondro layers of all the 

3 groups (Fig.7.10.H) revealed higher collagen type II staining in the chondro layers of 

both gene activated groups, and collagen type I staining in the pTGF-pBMP group. 
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Fig.7.10. Spatial therapeutic gene delivery in mechanically reinforced alginate gels in 

vitro. Histological analysis of GAG, collagen and calcium of the control (A), nHA-

pBMP/RALA-pTGF-pBMP (B) and nHA-pBMP/RALA-pTGF-pBMP-pSOX (C) groups after 

28 days of in vitro culture. Quantification of levels of DNA (D), GAG/DNA (E), 

collagen/DNA (F) and calcium/DNA (G) in the chondro and osteo layers of the control 

and gene activated groups after 28 days of in vitro culture. (H) Immunohistochemical 

analysis of the chondro layers of the control and gene activated hydrogels. Scale bar = 1 

mm in the high magnification images and 0.2 mm in the rest of the images. (*) Denotes 

significance (n=4, p<0.05) in comparison to the rest of the groups; (**) denotes 

significance (n=4, p<0.01) in comparison to the rest of the groups; (***) denotes 

significance (n=4, p<0.001) in comparison to the rest of the groups; (!!) denotes 

significance (n=4, p<0.01) in comparison to the osteo layer of the control; ($$) denotes 

significance (n=4, p<0.01) in comparison to the gene activated groups; ($$$) denotes 

significance (n=4, p<0.001) in comparison to the gene activated groups; (&) denotes 

significance (n=4, p<0.05) in comparison to the chondro layers of both gene activated 

groups.  
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 In order to assess the in vivo therapeutic potential of the developed bilayered 

constructs, the day after fabrication, mechanically reinforced control and gene activated 

constructs were implanted subcutaneously in a nude mouse model. After 4 weeks in 

vivo, the mineralization and histological composition of the constructs was analysed. 

MicroCT scans of the implants showed increased mineralization (Fig.7.11.D) in the osteo 

and chondro layer of both the control (Fig.7.11.A) and pTGF-pBMP (Fig.7.11.B) groups, 

in comparison to the pTGF-pBMP-pSOX9 group (Fig.7.11.C), with mineralization 

localized to the osteo layer in all the implanted constructs. H&E staining also revealed 

significantly higher vascularization of the osteo layers of both gene activated groups 

(Fig.7.11.B, C and E) in comparison to their condro layers and both layers of the control 

group (Fig.7.11.A and E). GAG staining of the constructs showed intense staining of cell 

aggregates in the pTGF-pBMP-pSOX group (Fig.7.11.C) which also stained positive for 

collagen type II (Fig.7.11.F) and negative for collagen type X (Fig.7.11.G). In contrast, the 

osteo layers of all the groups stained positive for collagen type II and X (Fig.7.11.F and 

G), and the chondro layer of the pTGF-pBMP group showed positive collagen type X 

staining (Fig.7.11.G).  
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Fig.7.11. Spatial therapeutic gene delivery in mechanically reinforced alginate gels in 

vivo. MicroCT, Histological analysis of H&E, GAG, collagen and calcium staining of the 

control (A), nHA-pBMP/RALA-pTGF-pBMP (B) and nHA-pBMP/RALA-pTGF-pBMP-pSOX 

(C) groups after 4 weeks of in vivo implantation. Black arrows highlight areas of blood 

vessel activity. Quantification of levels of bone volume (D) and blood vessels (E) in the 

chondro and osteo layers of the control and gene activated groups after 4 weeks of in 

vivo implantation. Immunohistochemical analysis of the chondro and osteo layers 

collagen type II (F) and type X (G) content of the control and gene activated hydrogels 

after 4 weeks of in vivo implantation. Scale bar = 1 mm in the high magnification images 

and 0.2 mm in the rest of the images. (*) Denotes significance (n=4, p<0.05) in 

comparison to chondro layer of all the groups; (**) denotes significance (n=4, p<0.01) in 

comparison to the chondro layer of all the groups; (!) denotes significance (n=4, p<0.05) 

in comparison to the osteo layer of the control; (!!) denotes significance (n=4, p<0.01) in 

comparison to the osteo layer of the control. 
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7.4. Discussion 
 

 The overall objective of this study was to 3D print a mechanically robust, gene 

activated construct capable of controlling the spatial differentiation of stem cells to 

enable the engineering of an osteochondral tissue. To this end, a pore-forming bioink 

was first developed by blending alginate and methylcellulose. Secondly, reporter gene 

delivery in this pore-forming bioink was explored, which enabled accelerated release of 

non-viral vector-pDNA complexes and an enhanced capacity to transfect encapsulated 

MSCs over time. These gene activated hydrogels were also tested in vivo, highlighting 

the capacity of these gels to transfect host and transplanted cells. Next, therapeutic 

gene delivery was assessed to modulate MSC phenotype. RALA-mediated gene delivery 

in 3D printed ALG-MC gels of two different chondrogenic gene combinations (pTGF-

pBMP and pTGF-pBMP-pSOX) resulted in enhanced chondrogenesis of MSCs in vitro and 

in vivo. In contrast, nHA-mediated gene delivery of pBMP2 in ALG-Ca gels promoted 

calcification in vitro and vascularization in vivo. Finally, the nHA and RALA gene activated 

alginate-based hydrogels were spatially cast into a mechanically functional 3D printed 

PCL scaffold, forming bilayered constructs able to zonally direct the differentiation of 

encapsulated MSCs. In vitro, increased deposition of GAG and collagen were observed 

in the chondrogenic layers of the gene activated constructs, while calcification was 

observed only in the osteogenic layer. In vivo subcutaneous implantation of the gene 

activated constructs resulted in stable chondrogenesis in the chondrogenic layer 

containing pTGF-pBMP-pSOX genes, whereas vascularization and mineralization of this 

construct was generally confined to the osteogenic layer, recapitulating key aspects of 

the biochemical gradients present in the native osteochondral unit. 

 Methylcellulose is the simplest cellulose derivative, synthetized by the 

etherification of cellulose (Nasatto et al., 2015). The hydroxyl groups in the 

methylcellulose molecular structure (Fig.7.1.A) provide high solubility in aqueous 

solutions, while the methyl groups prevent aggregation and crystallization (Nasatto et 

al., 2015). Due to its inverse thermal gelling nature, this biopolymer can also gel at high 

temperatures depending on its molecular weight, concentration and the presence of 

salts (Nasatto et al., 2015; Schütz et al., 2015; Thirumala et al., 2013). Precisely, the lack 

of gelling of the methylcellulose in the ALG-MC paste, due to the need of higher 
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temperatures than those used during fabrication and in vitro culture (Nasatto et al., 

2015; Thirumala et al., 2013), allowed for the methylcellulose to be released from the 

ALG-MC constructs. One day after fabrication, histological and cryoSEM analysis of the 

hybrid hydrogels revealed dramatic changes on their macro structure (Fig.7.1.C) and 

increased micro-porosity (Fig.7.1.D and G). In addition, the wet weight of the hybrid gels 

decreased by about 20% (Fig.7.1.E). 

 Hydrogels, such as alginate, although considered as promising bioinks for 3D 

bioprinting (Malda et al., 2013), usually lack sufficient viscosity to be able to extrude 

continuous filaments when 3D printed and maintain their structural integrity after the 

printing process (Daly et al., 2017; Malda et al., 2013). Partial gelation of alginate, usually 

through the addition of divalent cations such as Ca2+, has been explored to satisfy the 

rheological requirements for extrusion printing (Chung et al., 2013; Ozbolat and 

Hospodiuk, 2016). But poor ink homogeneity due to uncontrolled gelation (Chung et al., 

2013; Kuo and Ma, 2001) and possible effects of high concentrations of calcium ions on 

stem cell viability (Cao et al., 2012a), might hinder the application of this strategy for 3D 

bioprinting. To solve these issues, the development of hybrid multicomponent gels 

through the addition of biopolymers which do not contribute to hydrogel crosslinking, 

and therefore can be washed away after construct fabrication, such as cellulose, in the 

form of methylcellulose or nanofibrillated cellulose, has been previously explored 

(Markstedt et al., 2015; Müller et al., 2017; Schütz et al., 2015). In this study, the addition 

of methylcellulose to alginate to form printable ALG-MC hybrid gels resulted in 

increased rheological properties (Fig.7.2.A and B) which enable an accurate fiber 

deposition, and a comparable printability to partially crosslinked alginate (Fig.7.2.C and 

D-G), similar to previous reports (Schütz et al., 2015). Furthermore, the encapsulation of 

either GFP or dtTomato genetically modified MSCs in ALG-Ca and ALG-MC gels 

respectively, resulted in defined spatial patterns of both cell populations (Fig.7.2.I) when 

simultaneously printed using a multi-head system, thus enabling the engineering of 

integrated multiphase tissues. 

 According to the shift in the biofabrication window proposed by Malda et al. 

(2013), bioinks must not only be printable but also they must be cytocompatible and 

allow for cell differentiation and tissue formation (Malda et al., 2013). 3D printing of 
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stem cell laden ALG-MC hybrid constructs showed significantly higher cell viability in 

comparison to ALG-Ca (Fig.7.3.B and C), similar to previous reports which showed higher 

cell dead in ALG-Ca bioinks (Cao et al., 2012a). Also, in vitro chondrogenic differentiation 

of the encapsulated cells showed similar levels of chondrogenesis in both bioinks. 

However, statistically significant calcium deposition (Fig.7.3.G) and positive collagen 

type X staining (Fig.7.3.H) was observed in the ALG-Ca gels suggesting chondrocyte 

hypertrophy and endochondral progression. In a recent study by Müller et al. (2017), 

chondrocyte laden alginate-nanocellulose gels were assessed for the maintenance of 

hyaline cartilage phenotype, resulting in a fibrocartilage phenotype with high collagen 

type I deposition (Müller et al., 2017). In contrast, the observed stable chondrogenic 

phenotype in the ALG-MC gels, characterized by high deposition and homogenous 

distribution of collagen type II, could be due to the decrease in Young´s modulus of these 

hybrid gels (Fig.7.1.F), as soft substrates have been reported to promote TGF-β-

mediated MSC differentiation (Park et al., 2011); whereas stiffer substrates have been 

shown to enhance MSC osteogenic differentiation and chondrocyte hypertrophy 

(Navarrete et al., 2017). Also, enhanced cell condensation due to the release of the 

methylcellulose and increased gel macro porosity, as evident in the histological 

examination (Fig.7.3.H), might have influenced stem cell chondrogenic differentiation 

(Ghosh et al., 2009). Further reasons for the development of stable chondrogenesis in 

the ALG-MC bioink in comparison to the fibrocartilage observed in the alginate-

nanocellulose gels by Müller et al. (2017) might be the use of sulfated alginate which 

promoted cell adhesion and spreading and a more fibroblastic phenotype (Müller et al., 

2017). 

 Driving in vivo stem cell differentiation towards a specific phenotype remains 

challenging in tissue engineering and, in particular, within 3D printed tissues. While 

recombinant protein administration presents many limitations, genetically engineering 

cells to act as factories for the production of growth and transcription factors has been 

hypothesized as a promising alternative option to direct the phenotype of host and 

transplanted cells at the site of injury (Evans, 2014; Heyde et al., 2007). Moreover, the 

addition of gene therapeutics in the form of non-viral nanoparticle-gene complexes to 

bioinks might allow for spatial distribution of the gene product to drive zonal MSC 
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differentiation and recapitulate the biochemical gradients found in native tissues (Daly 

et al., 2017). Nanoparticle-based vectors such as RALA and nHA have been previously 

explored for sustained matrix-based gene delivery for different applications (Ali et al., 

2017; Castaño et al., 2014; Curtin et al., 2012, 2015). Previously, in the fourth chapter of 

this thesis, transfection of MSCs with reporter and therapeutic genes, revealed the 

effects of these two nanoparticles on MSC chondrogenic and osteogenic differentiation. 

While RALA-pDNA complexes enhanced chondrogenic differentiation of transfected 

MSCs, nHA drove mineralization of MSCs and endochondral ossification. Although the 

entrapment of these nanoparticle-pDNA complexes into 3D printable hydrogels could 

finely localize their delivery in vivo, their release and availability to transplanted and host 

cells would be limited by the slow degradation profile of easy printable high molecular 

weight alginates (Alsberg et al., 2003; Daly et al., 2017). Modulating micro-porosity of 

alginate hydrogels may provide temporal control over the release and uptake of 

encapsulated non-viral gene therapeutics (Huebsch et al., 2014). 

 In the current study, the addition of methylcellulose to gene activated alginate 

hydrogels enhanced the release of the nanoparticle-pDNA complexes over time, and 

facilitated complex uptake by encapsulated MSCs as evidenced by higher luciferase 

expression in the 1:1 and 1:2 ratio ALG-MC gels in comparison to the alginate control 

(Fig.7.4). The luciferase overexpression was maintained over 10 days, suggesting 

continuous RALA-pLUC uptake by encapsulated cells, in comparison to monolayer 

transfection as shown in the fourth and fifth chapter, in which luciferase production 

peaked at day 3 after transfection and significantly decreased at day 7. The observed 

enhanced release and transfection could be due to the higher pore diameter of around 

700 nm (Fig.7.1.D and G) in the ALG-MC group, which might have facilitated the uptake 

of RALA-pDNA complexes, of around 60 nm in diameter (McCarthy et al., 2014), in 

comparison to the pores in the bulk alginate gel which were shown to be around 20 nm 

(Fig.7.1.D and G). 3D printed ALG-MC cell laden gene activated constructs also showed 

same transfection trends when RALA-pDNA and nHA-pDNA complexes were delivered 

(Fig.7.5.G and Fig.A.4), in comparison to ALG-Ca. In this group, gene delivery could have 

been hindered not only due to the pore size of the alginate matrix, but also by the CaCl2 

used to partially crosslink the hydrogels. Although, calcium cations have been shown to 
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directly interact with pDNA, facilitating liposome-mediated pDNA delivery at CaCl2 

concentrations between 5 and 25 mM, CaCl2 concentrations of 50 mM and higher were 

shown to have an opposite effect and significantly diminish transfection (Lam and Cullis, 

2000). Thus, the CaCl2 concentrations used for alginate pre-crosslinking could have had 

a negative effect on cell transfection.  

 ALG-MC 3D printed gels were also tested as a platform for gene delivery in vivo. 

When implanted subcutaneously, delivery of RALA and nHA-pLUC complexes in acellular 

ALG-MC gels showed early transfection of host cells that peaked at day 7 and decreased 

progressively until day 21 (Fig.7.6.H). In contrast, ALG-Ca hydrogels offered a peak of 

transgene expression at day 14 which was maintained until day 21 (Fig.7.6.H). MSC-

laden ALG-MC gene-activated constructs also showed increased transfection in vivo in 

comparison to ALG-Ca gels. But, although levels of transgene expression were higher in 

the cell laden groups than in the acellular, luciferase expression in the MSC containing 

gels peaked at day 3 and decreased until day 21 (Fig.7.6.E-G and I). The observed 

decrease could be due to short lifespan of transplanted MSCs as previously reported in 

literature (Deschepper et al., 2011; Eggenhofer et al., 2014; Logeart-Avramoglou et al., 

2010). Mineralization of these constructs after implantation was also assessed showing 

higher calcification of the ALG-Ca gels in comparison to ALG-MC constructs (Fig.A.5.2). 

CaCl2 crosslinked alginate constructs have been previously shown to calcified upon in 

vivo implantation (Davey et al., 2000), due to phosphate interaction and hydroxyapatite 

crystals formation (Lee et al., 2010). Lack of mineralization of ALG-MC constructs, 

possibly due to disruption of the alignment of alginate polysaccharide chains (Lee et al., 

2010), highlights the therapeutic relevance of this approach for soft tissue engineering.  

 Once reporter gene delivery was assessed in the ALG-MC hybrid constructs in 

vitro and in vivo, therapeutic gene delivery was investigated to modulate MSC 

differentiation towards either osteogenic or chondrogenic phenotype. BMP2 nHA-

mediated gene delivery was used in 3D printed ALG-Ca gels to promote MSC 

osteogenesis, while two different gene combinations, pTGF-pBMP and pTGF-pBMP-

pSOX, were tested, in combination with ALG-MC gels, to promote chondrogenesis. nHA-

mediated delivery of pBMP2 promoted in vitro calcification (Fig.7.7.D and G), and 

enhanced mineralization and vascularization in vivo, in comparison to the ALG-MC 
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groups (Fig.7.8). In contrast, the RALA-mediated co-delivery of pTGF-pBMP and pTGF-

pBMP-pSOX promoted chondrogenesis of MSCs in vitro and in vivo (Fig.7.7 and 7.8). 

Even though both chondrogenic combinations were shown to promote GAG and 

collagen type II deposition, pTGF-pBMP co-delivery revealed positive staining for 

collagen type I in vitro (Fig.7.7.G) and for collagen type X in vivo (Fig.7.8.F), suggesting 

the progression of encapsulated MSCs towards the endochondral ossification pathway 

(Lyama et al., 1991). The addition of SOX9 to BMP2 and TGF-β3 overexpression, as a 

regulator of chondrocyte hypertrophy, offered a more stable hyaline cartilage 

phenotype, probably due to the inhibition of RUNX2 transactivation as previously 

described (Liao et al., 2014; Yamashita et al., 2009).  

 Native biological tissues and organs are not homogenous, they exhibit fine 

spatial organization of cell types, extracellular matrix (ECM) components and bioactive 

cues. Successful tissue engineering strategies should aim to recapitulate this structural 

complexity for the fabrication of functional musculoskeletal tissues. In addition, the 

need of mechanically robust constructs, able to withstand the mechanical stresses once 

implanted, poses an additional challenge for the success of tissue engineered orthopedic 

devices. Due to the aforementioned issues, we aimed to engineer a gene activated, 

mechanically reinforced bilayer construct for the recapitulation of the osteochondral 

unit, comprising a superficial layer of hyaline cartilage over an underlying osseous layer 

(Martini et al., 2009). PCL printed constructs, with bulk mechanical properties similar to 

those of articular cartilage (Fig.7.9), were used as scaffolding for the spatial distribution 

of the developed nHA and RALA gene activated bioinks. In vitro, nHA-mediated delivery 

of pBMP2 to the osteo layer and co-delivery of either pTGF-pBMP2 or pTGF-pBMP-pSOX 

for the chondro layer, resulted in the zonal distribution of calcified and cartilaginous 

tissues which did not occur in the non-transfected controls (Fig.7.10). After 4 weeks of 

in vivo implantation, this bioprinted construct promoted mineralisation and 

vascularisation of the osteogenic layer, and the formation of GAG and Collagen type II 

rich cell clusters in the chondrogenic layer (Fig.7.11), thus spatially guiding cell 

differentiation and spatial ECM deposition, and highlighting the potential of this 

approach for in vivo osteochondral repair.   
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7.5. Conclusion 

 

 3D printable alginate-based materials could be used to zonally deliver pDNA 

encoding for growth and transcription factors, guiding spatial stem cell differentiation 

in vitro and in vivo. This study highlights the potential of biomaterial-guided gene 

delivery to engineer spatially complex musculoskeletal tissues that could be of clinical 

relevance for the treatment of injuries and disorders involving disruption of biological 

interfaces.  

 In this final experimental chapter, the optimization of the gene delivery vector, 

gene combination and bulk material presented in previous chapters, enabled the 

engineering of a multiphasic construct to spatially direct the differentiation of MSCs in 

vitro and in vivo, thus condensing all previous results into a tissue engineering strategy 

of therapeutic relevance for the treatment of osteochondral defects.  
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CHAPTER 8 
 

Discussion 

8.1. Summary 
 

 The objective of this thesis was to explore the combination of nanoparticle-

based non-viral gene delivery and biofabrication techniques to develop a multiphasic 

gene activated construct for osteochondral TE. Non-viral gene delivery of therapeutic 

genes is a promising approach to direct MSC differentiation, but the success of this 

technique ultimately depends on the choice of gene delivery vector. Different non-viral 

gene carriers were assessed to this end, with results identifying nHA and the RALA 

peptide as optimal for osteogenesis and chondrogenesis of MSCs respectively. Also, 

delivery of genes encoding for different growth and regulatory factors, alone or in 

combination, was explored to identify the best gene combination to successfully direct 

MSCs differentiation towards the desired phenotype. To gain spatiotemporal control 

over gene transfection and MSC differentiation, these delivery vectors were then 

incorporated into alginate-based bioinks that were able to transfect transplanted MSCs 

and host cells in vivo and to support MSC differentiation and de novo tissue formation. 

While nHA-pDNA complexes entrapped in ionically pre-crosslinked alginate were shown 

successful to drive endochondral ossification of MSCs, alginate-methylcellulose hybrid 

gels containing RALA-pDNA complexes were observed to support stable non-

hypertrophic chondrogenesis of MSCs. Finally, both gene activated bioinks were 

employed, in combination with PCL, to engineer a mechanically robust bi-phasic 

osteochondral construct, capable of spatially directing MSC differentiation and tissue 

production to recapitulate key biochemical aspects found in the native osteochondral 

unit.  

 This thesis began by investigating the capacity of nHA to transfect MSCs 

encapsulated in alginate hydrogels for bone and cartilage TE (chapter 3). nHA has been 

previously explored for bone tissue engineering due to its osteoinductive nature 

(Cunniffe, Curtin, Thompson, Dickson, & O’Brien, 2016), enhanced transfection 

efficiency in comparison to commercial CaP, and high biocompatibility, offering better 
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cell viability than Lipofectamine 2000 (Curtin et al., 2012). Gene therapeutics can be 

combined with biomaterials for a prolonged, sustained and localized in situ production 

of a protein of interest. This approach may overcome the limitations associated with 2D 

transfection (Dinser et al., 2001; Madry et al., 2003) and direct injection which are not 

ideal for targeting a specific tissue or cell type (Madry and Cucchiarini, 2014). Therefore, 

after confirming successful nHA-mediated transfection of MSCs in 2D, nHA-pDNA 

complexes were entrapped in 3D alginate gels and the delivery of reporter and 

therapeutic genes to MSCs was analysed. Characterization of reporter gene expression 

and nHA-pDNA complex uptake confirmed effective sustained transfection of MSCs over 

time. Therapeutic gene delivery of TGF-β3 and BMP2 promoted sGAG and collagen type 

II production when the two genes were delivered in combination, or calcification and 

collagen type X deposition when these genes were delivered in isolation. This capacity 

of nHA-mediated gene delivery to enhance osteogenesis and hypertrophy of MSCs was 

explored in later chapters to enhance in vivo bone formation and for the osseous layer 

of a multiphasic osteochondral gene activated construct. In contrast, the use of nHA 

might be limited for cartilage tissue engineering by its inherent osteogenicity. The 

addition of low concentrations of nHA to collagen scaffolds has been reported to 

significantly enhance bone repair in a rat cranial defect, thus demonstrating its 

osteoinductivity (Cunniffe, Curtin, Thompson, Dickson, & O’Brien, 2016). Also, in vivo 

nHA-mediated transfection in a collagen scaffold exhibited higher vascularization and 

bone repair than the use of PEI as gene delivery vector, suggesting a synergistic effect 

between nHA and the overexpression of BMP2 and VEGF (Curtin et al., 2015). Therefore, 

recognizing the limitations of nHA as a gene delivery vector for stable chondrogenesis 

of MSCs, different non-viral nanoparticle-based vectors were assessed in the following 

chapter for this purpose.   

 In chapter 4 novel and established non-viral vectors were compared for 

chondrogenic and osteogenic differentiation of MSCs. Cationic polymers (PEI), inorganic 

nanoparticles (nHA) and amphipathic peptides (RALA peptide) were assessed for the 

modulation of stem cell fate after reporter and therapeutic gene delivery. Cationic 

polymeric gene delivery vectors such as PEI have been traditionally used as gold 

standard for non-viral gene delivery (Santos et al., 2011). However, their potential 
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cytotoxicity (Lv et al., 2006; Yin et al., 2014) and sensitivity to media supplementation 

with serum and antibiotics (Baker et al., 1997) limit their use in tissue engineering. 

Inorganic particles, such as nHA, and different classes of peptides, such as the RALA 

amphipathic peptide could be promising alternatives to cationic lipids and polymeric 

vectors due to their excellent biocompatibility, long term stability and low cell toxicity 

(Curtin et al., 2012; McCarthy et al., 2014). Although the three gene carriers offered 

comparable transfection efficiencies, they exerted unique effects on metabolic activity, 

cellular morphology and the phenotype of MSCs. Moreover, when reporter genes were 

delivered, MSCs transfected with PEI underwent adipogenesis, whereas MSCs 

transfected with nHA and RALA underwent osteogenesis when cells were cultured in 

osteo-adipo media. These differential phenotypes could be due to the observed 

transfection-induced morphological and cytoskeletal tension changes. Increased 

cytoskeletal tension and focal adhesions (as seen when nHA and RALA were used) have 

been reported to enhance osteogenesis of MSCs, while a more rounded morphology (as 

observed when PEI was used) can lead to a switch towards the adipogenic pathway 

(Feng et al., 2010; Kilian et al., 2010; Rodríguez et al., 2004; Sonowal et al., 2013). In 

order to understand the influence of the delivery vector when complexed with 

therapeutic genes, we next evaluated the delivery of pDNA encoding for the growth 

factors TGF-β3 and BMP2, in combination or in isolation, on MSC differentiation. While 

nHA promoted significantly lower transgene expression than the other vectors, it 

induced MSC mineralization in 2D and accelerated MSC hypertrophy and endochondral 

ossification in 3D pellet culture. In contrast, RALA exhibited a reduced osteogenic 

potential and promoted a more stable hyaline cartilage-like phenotype in pellet culture. 

The PEI treated MSCs failed to undergo either osteogenesis or chondrogenesis in 2D and 

3D pellet culture despite high levels of therapeutic protein production. These results 

further confirmed the osteogenic potential of nHA-mediated gene delivery to induce 

MSC osteogenesis and hypertrophy, and highlighted RALA as a promising option for the 

stable chondrogenesis of MSCs and cartilage tissue engineering.  

 Having identified RALA as a promising gene delivery vector for cartilage tissue 

engineering, in chapter 5 RALA-mediated gene delivery of chondrogenic growth and 

regulatory factors was explored, in both normoxic and hypoxic culture conditions, to 
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promote chondrogenesis of MSCs and to suppress hypertrophy and endochondral 

ossification. Bone marrow-derived MSCs (BMSCs) are the most common type of MSC 

used for musculoskeletal tissue engineering applications (Goldberg et al., 2017). 

Although BMSCs are able to differentiate in vitro into chondrocytes, they typically 

terminally differentiate along an endochondral route, which presents a significant 

challenge for the engineering of stable articular cartilage (Hellingman et al., 2011; 

Mueller and Tuan, 2008; Pelttari et al., 2006; Vinardell et al., 2012). While delivery of 

genes encoding for growth factors such as TGF-β3, BMP2 and BMP7 has been explored 

for chondrogenesis of MSCs (Hao et al., 2008; Mason et al., 1998; Zachos et al., 2007), 

the risk of hypertrophy still persists. Following RALA 2D transfection optimisation to 

maximise transfection efficiency and minimise cell death, pDNAs encoding for TGF-β3, 

BMP2 and BMP7 were delivered in combination or isolation to BMSCs in hypoxia. The 

co-delivery of TGF-β3 and BMP2 was shown to initiate robust in vitro chondrogenesis of 

MSCs, showing higher levels of GAG deposition and collagen type II but no collagen type 

X. As oxygen levels are a determinant factor to influence stable BMSC differentiation, 

gene delivery of the chondrogenic regulators CHM1, GREM1, HDAC4 and SOX9 was 

assessed on BMSCs in normoxia. In 20% pO2, MSCs transfected with both TGF-β3 and 

BMP2 exhibited high levels of GAG and collagen type II deposition but also 

mineralisation and collagen type X, suggesting endochondral progression. In contrast, 

when either CHM1, GREM1 or SOX9 genes were co-delivered with TGFβ3 and BMP2 

absence of calcium deposition or collagen type X was observed, suppressing 

endochondral progression of BMSCs. The results of this chapter confirmed the 

therapeutic potential of RALA-mediated combinatorial gene delivery for the stable 

chondrogenesis of MSCs. In later chapters, the reported hypertrophy effects of the 

overexpression of TGF-β3 and BMP2 in normoxia were leveraged in combination with 

nHA to drive endochondral bone formation in vivo, while the RALA-mediated co-delivery 

of TGF-β3, BMP2 and SOX9 was explored for stable chondrogenic induction in the 

cartilage layer of a gene activated osteochondral construct.  

  In chapter 6, we sought to explore the osteogenic potential of nHA-mediated 

transfection confirmed in chapter 4, and the gene activated alginate hydrogels in 

chapter 3, to engineer gene activated bioinks for the 3D printing of mechanically robust 
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constructs for in vivo bone TE. Emerging biofabrication techniques, such as 3D 

bioprinting, are promising solutions to produce scaled up, mechanically reinforced 

composites for musculoskeletal tissue engineering (Daly et al., 2016, 2017). 

Furthermore, 3D bioprinting allows for the deposition of specific biological cues in 

relevant locations, to drive complex tissue formation (Cooper et al., 2010). But, this is 

not easily achieved through the use of recombinant proteins, as hydrogels commonly 

used as bioinks show diffusive transport characteristics (Daly et al., 2017), and might 

cause non-localised effects (Bonadio et al., 1999). In contrast, engineering cells to locally 

produce growth and transcription factors through gene delivery may enable a more 

precise spatial control within 3D printed constructs. Therefore, MSC-laden gene 

activated hydrogels, containing nHA-pDNA complexes, were co-printed simultaneously 

with reinforcing PCL to engineer mechanically reinforced constructs for bone TE. 

Reporter gene delivery in these gene activated constructs, confirmed sustained 

temporal overexpression of the transgene for 14 days. Therapeutic co-delivery of the 

TGF-β3 and BMP2 genes in the gene activated 3D printed constructs enhanced GAG, 

collagen and mineral deposition when cultured in vitro. These results correlate with the 

results in previous chapters, in which nHA-mediated transfection enhanced 

osteogenesis of MSCs and the overexpression of TGF-β3 and BMP2 promoted 

progression of MSC phenotype towards the endochondral route. These MSC-laden gene 

activated 3D bioprinted constructs were then implanted subcutaneously in vivo, 

exhibiting increased mineralisation and vascularisation at 4 and 12 weeks post-

implantation in comparison to acellular constructs, thus highlighting the therapeutic 

potential of bioink-based nHA-mediated gene delivery for bone TE. The developed 

bioink, capable of de novo bone tissue generation in vivo was explored in the last 

experimental chapter for the osseous layer of an osteochondral construct. 

 In the last experimental chapter, the final two objectives of this thesis were 

addressed. Alginate-methylcellulose (ALG-MC) hybrid gels were explored as gene-

activated pore-forming bionks for enhanced gene delivery, and the capacity of these 

constructs to support cartilage and bone development was assessed. Also, the 

optimization of gene carrier, gene combination and bulk material developed in previous 

chapters, together with the assessment of ALG-MC hydrogels, were used to engineer a 
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biphasic mechanically robust gene activated construct for zonal differentiation of MSCs 

and recapitulation of the biochemical gradients present in osteochondral tissue. As 

previously discussed, the incorporation of non-viral gene delivery into 3D printable 

bioinks could be a promising approach to gain fine spatial control over the 

overexpression of a gene of interest. But the characteristics of alginate hydrogels could 

limit the cellular uptake of entrapped gene therapeutics, specially of those complexed 

to nanoparticles larger than 10 nm (Kearney et al., 2015). Therefore, we initially 

investigated the addition of methylcellulose to alginate gels in order to modulate their 

microposity so as to gain temporal control over the release and uptake of encapsulated 

non-viral gene therapeutics. ALG-MC hybrid gels showed enhanced microporosity and 

printability in comparison to alginate alone, and the hybrid gels also exhibited increased 

gene delivery in vitro and in vivo to encapsulated MSCs. But in terms of in vivo 

mineralization, these ALG-MC hybrid gels showed lower mineral deposition in 

comparison to the CaCl2 pre-crosslinked hydrogels used in chapter 6, thus suggesting 

the potential of the ALG-MC bioinks for cartilage TE. Following reporter gene delivery 

characterization, combinatorial delivery of TGF-β3, BMP2 and SOX9 genes using the 

RALA peptide as delivery vector (combination identified in chapter 5) in ALG-MC, and 

BMP2 using nHA as the delivery vector in CaCl2 pre-crosslinked gels, were used to 

engineer bi-phasic mechanically robust osteochondral constructs able to spatially direct 

MSC differentiation in vitro and in vivo. Also, it should be noted that RALA co-delivery of 

TGF-β3, BMP2 and SOX9 genes, resulted in a more stable chondrogenesis of MSCs than 

the co-delivery of just TGF-β3 and BMP2 in vitro and in vivo, without the reduction in 

GAG and collagen levels observed in chapter 5, possibly due to a more sustained 

biomaterial-mediated transfection of the 3 genes in comparison to direct 2D 

transfection.  

 In conclusion, the optimisation of gene delivery vector, gene combination and 

carrier material developed in the chapters of this thesis, allowed for the achievement of 

the main objective of this thesis, the engineering of novel 3D bioprinted gene activated 

constructs therapeutically relevant for osteochondral tissue regeneration. 
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8.2. Limitations 
 

 The BMSCs used in this thesis were isolated from skeletally immature, 3-4 

months old porcine donors. And although pigs have been considered as a suitable animal 

model for evaluation of stem cell therapies for regenerative medicine (Bharti et al., 

2016), differences still remain between progenitor cells of porcine and human origin 

(Noort et al., 2012). Also, results from cells isolated from young and healthy animal 

donors might not be comparable to results obtained from more therapeutically relevant 

aged and diseased human donors. A recent study showed that human MSCs from elderly 

patients exhibited slower proliferation rates, decreased chondrogenic and osteogenic 

potential, and increased senescence (Marędziak et al., 2016). Also, BMSCs from adult 

rabbit donors showed impaired proliferation, senescence, and chondrogenesis in 

comparison to juvenile cells (Beane et al., 2014). Therefore, the use of adult human cells 

and the comparison between different human and animal donors could validate the 

therapeutic impact of this thesis. Also, the choice of porcine BMSCs as model for non-

viral gene transfection could limit the translation of the results presented in this thesis 

as transfection efficiency has been shown to vary between species (Curtin et al., 2012). 

 In this thesis, all in vivo studies were performed in an athymic mice 

subcutaneous, or ectopic, model. While subcuatenous implantation of TE constructs 

allow for their initial evaluation in a living organism, this model presents many 

limitations as these animals are immunocompromised and the subcutaneous 

implantation doesn´t recapitulate the mechanical stresses present in a knee joint. 

Orthopic evaluation of the therapies explored in this thesis in larger animal models 

might be more suitable for assessing the clinical relevance of these results. Therefore, 

further studies are required to assess the efficacy of this approach.  

 Regarding the delivery of different combinations of therapeutic genes to BMSCs, 

we focused on the tissue engineering outputs of the overexpression of these factors, 

while the molecular mechanisms behind their action were not analysed in depth. 

Although we hypothesised the possible molecular action based on previous literature, 

elucidation of the actual events would be of interest for the understanding of BMSC 

differentiation pathways. Also, despite demonstrating in chapter 5 that combinatorial 
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delivery of TGF-β3 and BMP2 genes together with either CHM1, GREM1 and SOX9 

suppressed hypertrophy of MSCs, the combination of TGF-β3, BMP2 and SOX9 genes 

was chosen in the final experimental chapter as optimal for stable chondrogenesis of 

MSCs. This was selected based on previous literature reports as SOX9 has been 

extensively explored as a regulator of MSC chondrogenesis in combination with factors 

of the TGF-β superfamily (Liao et al., 2014; Park et al., 2012). The other identified 

combinations should be further assessed in future studies.  

 In the final chapter, temporal control of gene delivery was achieved through the 

inclusion of methylcellulose as a sacrificial material in alginate bioinks. Although the 

addition of different concentration of methylcellulose help to modulate vector-pDNA 

release and cellular uptake of the nanoparticle-gene complexes, a more controlled on-

demand delivery might allow more finely controlled sequential delivery of therapeutic 

genes. 

 

8.3. Concluding remarks 
 

 The incorporation of nHA-pDNA complexes into alginate hydrogels to form gene 

activated constructs, allowed sustained transfection of encapsulated MSCs, 

leading to increased transgene expression over at least 14 days of culture. This 

was capable of modulating stem cell fate toward either a chondrogenic or an 

osteogenic/endochondral phenotype. 

 

 Different classes of commonly used non-viral vectors are not inert and the 

chemical and physical characteristics of these nanomaterials have a strong effect 

on cell morphology, stress fiber formation and gene transcription in MSCs, which 

modulates their capacity to differentiate along the osteogenic, adipogenic and 

chondrogenic lineages. RALA-mediated transfection was able to promote 

chondrogenesis of MSCs, while nHA-mediated gene delivery enhanced 

osteogenic capacity of MSCs and promoted terminal endochondral 

differentiation. 
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 Non-viral gene delivery vectors are a promising tool for combinatorial gene 

therapy, offering a rapid and simple way for the simultaneous delivery of 

multiple genes capable of promoting chondrogenesis of MSCs and suppression 

of hypertrophy. 

 

 Gene activated alginate-based bioinks using nHA-mediated transfection of MSCs, 

were used for the 3D printing of mechanically reinforced composite constructs. 

These were capable of successful therapeutic gene transfection leading to 

enhanced osteogenesis of MSCs in vitro and formation of a vascularized and 

mineralized tissue upon subcutaneous implantation in vivo. 

 

 The development of alginate-methylcellulose hybrid bioinks resulted in pore-

forming hydrogels capable of enhanced non-viral gene delivery in vitro and in 

vivo. 

 

 The developed nHA-alginate and RALA-alginate-methylcellulose bioinks were 

spatially deposited into mechanically robust PCL 3D printed constructs to form 

bi-phasic osteochondral constructs capable of zonal MSC differentiation and the 

recapitulation of the biochemical gradients found in native osteochondral tissue. 

 

8.4. Future work 
 

 As previously discussed, the in vivo results in this thesis were obtained through 

subcutaneous implantation in an athymic mice model. Future work should explore the 

therapeutic potential of this gene activated approaches in orthotopic defects. The 

developed nHA gene activated bioink could be used for improved bone formation in a 

femoral defect, while the osteochondral multiphasic constructs could be assessed for 

the repair of osteochondral defects in a large animal model. Also, the 3D printing 

methodologies used in this thesis to engineer multiphasic constructs could be applied 

to investigate the engineering of anatomically accurate gene activated materials for 

total knee regeneration. 
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 The developed gene activated bioinks were also shown capable of host cell 

transfection in vivo, offering the possibility of the implantation of cell-free 3D printed 

constructs to modulate host cell differentiation without the need of allogenic cell 

transplantation.   

 An important factor for the repair of cartilage injuries in the context of an 

osteoarthritic knee is the inflammatory conditions that might hinder the regenerative 

efforts and the reestablishment of cartilage homeostasis. A promising approach that 

could be explored to favour cartilage repair in a pro-inflammatory environment might 

be the co-delivery of pro-regenerative and immunomodulatory factors that may offer a 

more complete approach for the regeneration of diseased articulations. Gene co-

delivery of TGF-β1 and the anti-inflammatory factor interleukin 1 receptor antagonist 

(IL-1RA) into a rabbit OA disease model resulted in disease reversal and improved tissue 

repair (Zhang et al., 2015b). This promising approach could be explored in combination 

with the developed gene activated bioinks for the localised in situ repair of osteoarthritic 

joints.  
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APPENDIX (A) 
 

 

Fig.A.1. Luciferase expression at day 3 and 7 of MSCs transfected in 2D using nHA 

nanoparticles complexed to 2µg of pLuc; (*) denotes significance (n=3, p<0.05) in 

comparison to the non-transfected control. 

 

 

Fig.A.2. Comparison of gene delivery of pTGF-pBMP2 and pTGF-pBMP-pGFP in 

chondrogenesis of MSCs. Biochemical quantification of DNA (A), GAG (B), calcium (C) and 

collagen (D) deposition after 28 days of in vitro culture (μg/pellet). (E) Imaging of GFP 

positive cells in pGFP and pTGF-pBMP-pGFP transfected groups at day 1 after 

transfection. (F) Histological analysis of GAG, collagen and calcium deposition.  
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Fig.A.3. Cells remain viable within 3D bioprinted constructs containing pDNA encoding for TGF-

β3 and BMP2. Quantification indicated approximately 68% viable cells 24 hours post bioprinting. 

 

 

 

Fig.A.4. In vitro and in vivo nHA-pLUC gene delivery in ALG-MC and ALG-Ca gels. 

Quantification of DNA/ww (A) and luciferase expression (B) levels in 3D printed control 

and gene activated hydrogels at day 1, 3, 7 and 14 of in vitro culture. Quantification of 

bioluminescence in ph/s/sr in the acellular (C) and cell-laden (D) control and gene 

activated gels at day 3, 7, 14 and 21 after in vivo implantation.  



272 
 

 

Fig.A.5. In vivo mineralization of the acellular and cell laden control and gene activated 

hydrogels. Bone volume quantification in the acellular (A) and cellular (B) control and 

gene activated constructs after 3 weeks of in vivo implantation. (C) MicroCT images of 

acellular and cellular control and gene activated constructs after 3 weeks of in vivo 

implantation. 

 

Fig.A.6. ELISA Protein expression quantification of TGF-β3 (A) and BMP2 (B) in the media 

of gene activated 3D printed constructs containing MSCs and either nHA-pBMP2 (nHA-

BMP), RALA-pTGF-pBMP2 (TB) or RALA-pTGF-pBMP2-pSOX9 (TBS).  
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Fig.A.7. (A) Macroscopic appearance of the bilayer constructs at day 1 after fabrication. 

(B) Live/dead imaging of the bilayered constructs 1 day after fabrication.  

 


