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Abstract: 

Recent developments within the field of tissue engineering (TE) have shown that biomaterial 

scaffold systems can be augmented via the incorporation of gene therapeutics. The objective of this 

study was to assess the potential of the activated polyamidoamine dendrimer (dPAMAM) 

transfection reagent (SuperfectTM) as a gene delivery system to mesenchymal stem cells (MSCs) in 

both monolayer and 3D culture on collagen based scaffolds. dPAMAM-pDNA polyplexes at a mass 

ratio (M:R) 10:1 (dPAMAM : pDNA) (1ug pDNA) were capable of facilitating prolonged reporter gene 

expression in monolayer MSCs which was superior to that facilitated using polyethylenimine (PEI)-

pDNA  polyplexes (2ug pDNA). When dPAMAM-pDNA polyplexes  (1ug pDNA) were soak loaded onto 

a collagen-chondroitin sulphate (CCS) scaffold prolonged transgene expression was facilitated which 

was higher than that obtained for a PEI-pDNA polyplex (2ug pDNA) loaded scaffold. Transgene 

expression was dependent on the composite nature of the collagen scaffold with varying expression 

profiles obtained from a suite of collagen constructs including a collagen alone, collagen-CCS, 

collagen-hydroxyapatite, collagen-nanohydroxyapatite and collagen-hyaluronic acid scaffold.  

Therefore, the dPAMAM vector described herein represents a biocompatible, effective gene delivery 

vector for TE applications which, via matching with a particular composite scaffold type can be 

tailored for regeneration of various tissue defects. 
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1. Introduction: 

Significant injury or trauma can often result in irrevocable damage to bodily tissues, with treatment 

largely confined to the transplantation of tissue from a healthy site to the defect area in the form of 

an autograph or allograph. Associated clinical limitations such as the development of donor site 

morbidities and the consistent risk of disease transmission  have encouraged the development of 

tissue engineering (TE) strategies which aim to regenerate, rather than replace damaged tissues via 

the creation of therapeutically augmented, surgically implantable constructs (1). It is widely 

accepted that augmenting TE constructs with growth factors can function to further enhance the 

regenerative capacity of the system (2). Medtronic’s INFUSE bone graft, a commercial TE construct 

which delivers recombinant human bone morphogenetic protein-2 (rhBMP-2) on a collagen based 

sponge during spinal fusion procedures  is associated with numerous drawbacks such as the large 

supraphysiological doses of rhBMP-2 protein required (3). While the delivery of a therapeutic 

protein directly from a scaffold system in an effective, safe manner is feasible via the use of 

controlled delivery systems such as micro-particles or hydrogels (4), the incorporation of therapeutic 

gene cargos such as plasmid DNA (pDNA) encoding particular growth factors is hypothesized to be 

more advantageous as it exposes the host to lower levels of the therapeutic agent, facilitating 

spatio-temporal controlled release of the gene at the disease site and thus potential prolonged 

transgene expression with reduced toxicity (5). However, the uptake of naked plasmid DNA encoding 

therapeutic proteins into cells is an extremely inefficient process and thus the creation of a “gene 

activated scaffold” system relies heavily on the field of vector assisted gene therapy. Viral systems 

are perhaps the most efficient mechanism of delivering exogenous nucleic acid to cells (6), however 

they are plagued by a large number of manufacturing and safety concerns (7). Non-viral systems 

have thus far been widely adopted in the scientific research field due to their ease of manufacture 

and minimal safety concerns (8). 

Gene activated scaffolds were first conceptualized as constructs which could facilitate the in-vivo 

transfection of host cells as they migrate throughout the scaffold system (9).  The principal cell type 

targeted for TE applications is mesenchymal stem cells (MSCs), an undifferentiated multipotent stem 

cell source which possess both high proliferative and self-renewal capacities as well as 

differentiation potential into different tissues of the mesoderm following the application of 

biological queues (10). Collagen scaffolds have been previously utilized in a range of TE applications 

such as the regeneration of burnt skin, conjunctival tissue and to induce peripheral nerve repair (11-

13). Indeed within our laboratory we have developed a range of collagen based scaffolds which are 

amenable to multiple tissue regeneration applications .These include the use of collagen-chondroitin 

sulphate (collagen-CCS) (14), collagen-hyaluronic acid (CHyA) (15), collagen hydroxyapatite (collagen-

HA) (16) and collagen-nanohydroxyapatite (collagen-nHA) (17) scaffolds which can be applied to 

numerous TE applications including bone (18), cartilage (19), cardiac (20) respiratory (21), skin (22), 

corneal and peripheral nerve regeneration. Numerous non-viral vectors have been assessed for the 

delivery of nucleic acids from these 3D scaffolds including polyethyleneimine (PEI) (23), chitosan (24) 

and nano-hydroxyapatite (nHA) (25). While promising levels of transgene expression have been 

achieved with these vectors to date, none are without their limitations, for example, PEI possesses a 
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well-documented toxicity profile (26) while nHA has a low transfection efficiency thereby hindering 

its more broad use in TE, outside of that of osteogenic applications (25). Herein, we outline the 

potential of a different class of non-viral vector, dendrimeric polymers which are commonly used 

non-viral systems as monolayer transfection reagents (27), for their application in TE. 

A dendrimer is a nano-sized, symmetrical molecule which possess a well-defined, homogenous 

architecture consisting of tree-like arms or branches radiating from a central core  (28). To date, 

dendrimers have received relatively little interest from the field of TE, with limited reports on their 

transfection capability in 3D (29). One of the most widely used dendrimer families is that of the Poly 

(amidoamine) (PAMAM) dendrimers. The development of an “activation” process during which the 

mass of the dendrimer is reduced results in the formation of an “activated dendrimer”  (30) with 

reports of up to a 50 fold magnitude increase in transfection capability (27). Realisation of this 

potential is illustrated in the commercialisation of a G6 activated PAMAM dendrimer (dPAMAM) as 

SuperfectTM Transfection Reagent (Qiagen Ltd.) which is capable of facilitating transgene expression 

in the presence of serum and was notably utilized to deliver a 60Mb artificial mammalian 

chromosome into murine and hamster cells (31). Indeed the efficiency at which SuperfectTM 

facilitates nucleic acid delivery into cells has been established in a number of studies covering a 

range of cell types (32-34). However, relatively few literature articles are available on the application 

of SuperfectTM for MSC transfection (35), one of the principal cell types used in TE, or in the 

formation of a gene activated scaffold system for TE (36).  

The objective of this study was thus to further explore the potential of the dendritic architecture in 

the field of TE using the commercially available dPAMAM SuperfectTM reagent and determine how 

varying the composite nature of a collagen scaffold can influence transgene expression. Using a 

series of reporter gene cargos, Gaussia Luciferase plasmid (pGLuc) & green fluorescent protein 

plasmid (pGFP) the transfection capability of the dPAMAM structure in MSCs was confirmed. 

Transgene expression facilitated by various manufacturer recommended mass ratios (M:R) was 

assessed in 2D and comparatively analysed against a non-viral system widely used in TE, 

polyethyleneimine (PEI), which we have previously optimised in our laboratory for delivery of pDNA 

to MSCs in both 2D and 3D (23) as were the effects of treatment with dPAMAM-pDNA polyplexes on 

MSC cell viability. Finally, dPAMAM-pDNA polyplexes were incorporated into a suite of composite 

collagen based scaffolds developed within our laboratory including collagen-CCS, collagen-HyA, 

collagen-HA and collagen- collagen-nHA scaffolds which have demonstrated potential in numerous 

TE applications. 
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Results: 

Physicochemical characterisation of dPAMAM-pGLuc polyplexes 

To confirm the ability of the dPAMAM reagent to condense pDNA and thus its suitability as a 

transfection reagent, polyplex size (nm) and concentration/ml were determined using nanoparticle 

tracking analysis (NTA) (Fig. 1A and 1C) for all three dPAMAM-pGLuc Mass Ratios (M:Rs) (2:1, 5:1 & 

10:1 Superfect ; pDNA). NTA demonstrated that all three dPAMAM-pGLuc M:Rs are capable of 

forming nano-sized polyplexes which are below the target 200nm threshold to facilitate MSC 

transfection . A dPAMAM-pGLuc M:R 10:1 resulted in the smallest diameter polyplexes with an 

average size of 133.1 ± 5.7nm, however this was not statistically different to that of the dPAMAM-

pGLuc M:R 2:1 (150.8 ± 9.3nm) or M:R 5:1 (138.8 ± 12.8nm) formulations. This size range was further 

confirmed using transmission electron microscopy (Fig. 1D (i-iii)) which indicated the presence of 

well defined, <200nm, spherical polyplexes in all three dPAMAM-pGLuc formulations. Furthermore, 

we confirmed a consistent cationic charge on formed polyplexes which was >18mV for all three 

dPAMAM-pGLuc M:Rs (Fig 1B). The determination of polyplex concentration is an important 

consideration as it may have ultimate influence on numerous properties of the formulation such as 

toxicity, transfection efficiency and stability. In this regard, a dPAMAM-pGLuc M:R 10:1 resulted in a 

statistically higher number of polyplexes/ml (5.91x109 ± 2x107 polyplexes/ml) compared to that of 

the M:R 2:1 (2.79x109 ± 9.85x108) (p<0.01) and M:R 5:1 (3.35x109 ± 9.8x108) (p<0.05) formulations.   

Effect of Mass Ratio (M:R) of dPAMAM-pGLuc polyplexes on monolayer MSC transgene expression 

To date, relatively little work has assessed the transfection capability of dPAMAM-pDNA polyplexes 

in MSCs. Therefore, we investigated the effect that varying the mass ratio had on MSC transgene 

expression in order to ascertain the optimal formulation for use in TE applications. In this regard, the 

dPAMAM-pDNA M:R was found to have a significant effect on the transgene expression profile 

facilitated in MSCs when pGLuc was utilised as a reporter plasmid. Figure 2A demonstrates that a 

dPAMAM-pGLuc M:R 10:1 resulted in statistically higher levels of luciferase production compared to 

a dPAMAM-pGLuc M:R 2:1 & 5:1 at days 7 (p<0.001), 10 (p<0.001) and 14 (p<0.01) with a peak at 

day 7 (6.4x106 ± 2.1 x106 RLUs). Both the dPAMAM-pGLuc M:R 2:1 & 5:1 both resulted in peak 

expression at the later time-point of day 14 with respective values of 2.5x106 ± 3.3x105 and 3.1x106 

±6.7x105 RLUs. 

Comparative analysis of dPAMAM-pGLuc M:R 10:1 (1ug pGLuc) & PEI-pGLuc N/P 7 (2ug pGLuc) 

transgene expression in monolayer MSCs 

In this study, the pGLuc transgene expression profile facilitated by the optimal dPAMAM-pGLuc M:R 

10:1 (1ug pGLuc) formulation was assessed over the longer time span of 21 days whilst also 

comparatively analysing it against an optimised PEI-pGLuc N/P7 (2ug pGLuc) formulation. The results 

illustrated in Fig. 2B have been normalised to delivered pGLuc dose (dPAMAM-1ug pGLuc, PEI-2ug 

pGLuc). dPAMAM-pGLuc M:R 10:1 (1ug pGLuc) resulted in a statistically higher level of transgene 

expression compared to PEI-pGLuc N/P7 (2ug pGLuc) at days 7, 10 & 14 (p<0.001). Both vectors were 
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capable of facilitating a prolonged transgene expression profile up to day 21 which peaked at day 7 

with values of 6.4x106 ± 2.1 x106 RLUs and 3.3x106 ± 6.3 x105 RLUs for dPAMAM-pGLuc M:R 10:1 and 

PEI-pGLuc N/P 7 polyplexes respectively.  

 

Comparative analysis of dPAMAM-pGFP M:R 10:1 (1ug pGFP) and PEI-pGFP N/P 7 (2ug pGFP) 

transfection efficiency in monolayer MSCs 

While determination of luciferase production enables assessment of the transgene expression 

profile of non-viral vectors, the use of green fluorescent protein plasmid DNA (pGFP) allows for the 

definitive quantification of the number of MSCs transfected. In this regard, when normalised to 

delivered pGFP dose (Fig. 3A) there was no statistical difference found between the dPAMAM-pGFP 

M:R 10:1 (1ug pGFP) and PEI-pGFP N/P 7  (2ug pGFP) formulations, despite an increased dose 

delivered in the case of the PEI-pGFP formulation. Both PEI-pGFP and dPAMAM-pGFP obtained peak 

transfection efficiency at day 7 with pGFP (ug) normalised levels of 22.93 ± 1.2% and 20.8 ± 3.0% 

respectively.  By day 14 the percentage transfection efficiency had reduced in both formulations to 

3.83 ± 0.2% (PEI-pGFP N/P 7 2ug pGFP) and 4.16 ± 0.1% (dPAMAM-pGFP M:R 10:1 1ug pGFP). Visual 

confirmation of successfully transfected cells producing green fluorescent protein is illustrated in Fig. 

3B (i) for PEI-pGFP N/P 7 2ug pGFP and Fig. 3B (ii) for dPAMAM-pGFP M:R 10:1 1ug pGFP. Overall, 

the dPAMAM-pDNA formulations assessed (both pGLuc & pGFP) resulted in more efficient transgene 

expression at a lower pDNA dose compared to that of the PEI-pDNA formulations (pGLuc & pGFP). 

Assessment of the effects of dPAMAM-pDNA polyplex treatment on MSC viability 

The dPAMAM structure is known to possess a degree of cytoxicity which is highly dependent on the 

cell type utilised (37). To date, little work has been carried out on its potential cytotoxic effects in 

MSCs. As such, MSCs were treated with the dPAMAM pGLuc M:R 10:1 (1ug pGLuc) formulation and 

cell metabolic activity quantified using an MTT assay at 24, 72 & 168 hours post-treatment (Fig. 4A).  

Comparative analysis was performed against PEI-pGLuc N/P 7 (2ug pGLuc) polyplexes  with results 

expressed as a percentage of the metabolic activity of untreated MSCs. Overall, the dPAMAM-pGLuc 

formulation resulted in a greater percentage MSC metabolic health compared to treatment with PEI-

pGLuc at all three time-points (p<0.001). Initial metabolic activity of MSCs treated with the 

dPAMAM-pGLuc formulation was 69.64 ± 3.6% which increased to 71.29 ± 2.7% by 168 hours.  The 

PEI-pGLuc treated MSCs had a significantly reduced metabolic activity determined to be 35.63 ± 

7.6% at 24 hours which further decreased to 19.09 ± 11.9% by 168 hours. The enhanced metabolic 

activity of MSCs treated with the dPAMAM-pGLuc M:R 10:1 formulation compared to the PEI-pGLuc 

N/P 7 formulation is visually evident in Fig. 4B with a clear reduction in the number of formazan 

crystals present (indicating lower metabolic activity) in the PEI-pGLuc treated wells (Fig. 4B (iii)) 

compared to the untreated control (Fig. 4B (i)) and the dPAMAM-pGLuc treated well (Fig. 4B (ii)). 

Effect of dPAMAM-pGLuc mass ratio (M:R) on 3D pGLuc transgene expression from a collagen-

chondroitin sulphate scaffold 

As varying the dPAMAM-pGLuc M:R had an effect on transgene expression in MSC monolayer 

culture, the ability of all three dPAMAM-pGLuc M:Rs of 2:1, 5:1 & 10:1 to facilitate pGLuc transgene 

expression from a collagen-CCS scaffold was assessed when formulated using 1ug pGLuc. All three 

formulations were capable of facilitating transient pGLuc expression from the CCS scaffold over the 

14 day period (Fig. 5A). The dPAMAM-pGLuc M:R 2:1 formulation resulted in the lowest levels of 
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transgene expression which peaked at day 7 at 8.2x103 ± 3.7x103 RLUs, further falling to 2.9x103 ± 

2.0x103 RLUs by day 14. The dPAMAM-pGLuc M:R 5:1 formulation facilitated a higher level of pGLuc 

transgene expression which peaked at day 3 at 3.6x104 ± 1.1x104 RLUs, falling to 7.2x103 ± 2.1x103 

RLUs by day 14. In agreement with results observed in monolayer culture, a dPAMAM-pGLuc M:R 

10:1 (1ug pGLuc) formulation resulted in statistically higher levels of luciferase production than both 

M:R 2:1 & 5:1 polyplex systems at days 3, 7 & 10 (p<0.001). The highest levels of pGLuc expression 

by dPAMAM-pGLuc M:R 10:1 was facilitated on day 3 at 8.8x104 ± 3.5x104 RLUs which reduced to 

2.1x104 ± 6.8x103 RLUs by day 14. 

For comparative purposes, the pGLuc transgene expression capability of the lead formulation of 

dPAMAM-pGLuc M:R 10:1 (1ug pGLuc) was assessed against that of an optimised PEI-pGLuc N/P10 

(2ug pGLuc) formulation (23) (Fig. 5B) using a collagen-CCS scaffold. Data has been normalised to the 

pGLuc dose delivered. Despite the reduction in the delivered pGLuc dose within the dPAMAM-pGLuc 

formulation, it facilitated statistically higher levels of luciferase production compared to that of PEI-

pGLuc on all of days 3, 7, 10, 14 (p<0.001), 21 & 28 (p<0.05). In this instance, the peak expression 

level of dPAMAM-pGLuc M:R 10:1 (1ug pGLuc) increased to 2.1 x105 ± 3.5x104 RLUs at day 3 which 

may reflect a slight variation in MSC response compared to the previous experiment on the effect of 

M:R on 3D pGLuc expression. In both the dPAMAM-pGLuc and PEI-pGLuc gene activated scaffolds a 

transient transgene expression profile was obtained, however the dPAMAM-pGLuc gene activated 

scaffold provided a more sustained profile, with consistent luciferase expression maintained from 

days 3-10 in the region of 2x105 RLUs, while PEI suffers a rapid decrease in luciferase production 

from day 7 onwards. Indeed at day 28, the dPAMAM-pGLuc M:R 10:1(1ug pGLuc) formulation 

facilitated a pGLuc expression of 7.2x104 ± 2.1x104 RLUs compared to that of PEI-pGLuc N/P10 (2ug 

pGLuc) which resulted in a pGLuc expression of 8.8x103 ± 4.0x103 RLUs. 

Assessment of the metabolic and proliferative health of MSCs seeded onto dPAMAM-pGLuc 

Collagen-CCS scaffolds 

The ability of a gene activated scaffold to facilitate the transfection of host MSCs holds great 

promise for the healing of multiple tissue defects. Such a construct requires prompt cell infiltration, 

matrix formation and vascularisation once inserted in-vivo to ensure maximal tissue regeneration. 

An MTS assay was utilised to assess the metabolic activity of MSCs seeded on a CCS gene activated 

scaffold which was loaded with one of dPAMAM-pGLuc M:R 2:1, 5:1 or 10:1 (1ug pGLuc) as well as 

PEI-pGLuc N/P 10 (2ug pDNA) at 24, 72 & 168 hours post seeding (Fig. 6 (A)). In this regard, a 

significant decrease in the metabolic activity of each scaffold system, either dPAMAM-pGLuc (M:R 

2:1, M:R 5:1 or M:R 10:1) or PEI-pGLuc N/P10 was not evident compared to the untreated control 

group (100% metabolic activity). All dPAMAM-pGLuc gene activated scaffolds suffered from a 

reduction in MSC metabolic activity at the 72 hour time point which was most pronounced for the 

dPAMAM-pGLuc M:R 10:1 (1ug) formulation which had an initial metabolic activity of 94.70% ± 7.3% 

at 24 hours which fell to 83.31% ± 10.7% by 72 hours before recovering to 93.29% ± 12.3% metabolic 

activity by 168 hours. This trend for a recovery of MSC metabolic activity was evident in all 

dPAMAM-pGLuc gene activated scaffolds by the 168 hour time point. The PEI-pGLuc N/P10 (2ug 

pGLuc) gene activated scaffold followed a similar trend with a reduction in the metabolic activity 

from 108.25% ± 3.0% at 24 hours to 96.44% ± 4.9% at 72 hours followed by a recovery to 102.72% ± 

3.3% by 168 hours. Taken together these results suggest that the formation of a gene activated 

scaffold does not affect the metabolic health of MSCs when compared against a non-gene activated 

scaffold system. 

©    2017 Macmillan Publishers Limited. All rights reserved.
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The effect that incorporation of dPAMAM-pGLuc polyplexes of M:R 10:1 (1ug pGLuc) into a collagen-

CCS scaffold had on MSC cell proliferation  was assessed via quantification of dsDNA present 

following 24, 72 and 168 hours post seeding (Fig. 6B). Comparative analysis was performed using 

PEI-pGLuc N/P 7 (2ug pGLuc) polyplexes. MSCs seeded onto a non-gene activated control scaffold 

display a typical proliferation profile whereby the concentration of DNA present per scaffold 

increases over time from 152.4 ± 28.8 ng/scaffold at 24 hours to 187.4 ± 7 ng/scaffold at 168 hours. 

Similar to the MTS assay, there was no observable decrease in dsDNA in either of the PEI-pGLuc or 

dPAMAM-pGLuc gene activated scaffolds with quantification levels of dsDNA of 183 ± 28.8 

ng/scaffold and 181.3 ± 46.2 ng/scaffold respectively at 168 hours post seeding. 

Live/Dead imaging allows for differential visualisation of subpopulations of live (green) and dead 

(red) MSCs seeded onto the dPAMAM-pGLuc M:R 10:1 (1ug pGLuc) collagen-CCS scaffold. At 72 

hours post seeding (Fig. 6C (i)) the majority of live MSCs appear at the periphery of the scaffold 

structure with relatively few dead cells visible. However, by 168 hours (Fig. 6C (ii)) the surface of the 

scaffold appears covered in live MSCs whilst still retaining a relatively reduced number of dead cells 

thereby confirming that the structure can support MSC adherence and proliferation. Confocal 

microscopy (Fig. 6C (iii)) was utilised to confirm the ingress of MSCs into the scaffold structure with a 

majority of live MSCs displaying a typical morphology of cell spreading below the top surface of the 

scaffold at 168 hours post seeding.  

Assessment of transgene expression from MSCs seeded on a range of dPAMAM-pGLuc gene 

activated collagen scaffolds 

It is well documented that the specific composition of collagen based scaffolds can affect the 

transgene expression profile of incorporated polyplexes due to interactions between the charged 

polyplexes and the individual constituents within the collagen/composite materials (23, 24).  In this 

regard, the dPAMAM-pGLuc M:R 10:1 formulation (1ug pGLuc) was soak loaded onto five different 

collagen based scaffolds and subsequent pGLuc transgene expression determined (Fig. 7). Similar to 

the above experiments, the collagen-CCS scaffold resulted in the highest levels of gene expression, 

peaking at day 3 with an RLU of 3.8x105 ± 8.0x104, slightly higher than was determined in Fig.5B, 

again indicating potential variation in the transfection of MSCs in 3D. The RLU level facilitated on the 

gene activated collagen-CCS scaffold was statistically increased over all other scaffolds at days 3, 7, & 

10 (p<0.001). This superior transgene expression profile was maintained to the later time points of 

day 10-14 as previously observed. From day 21 transgene expression from the collagen-CCS scaffold 

was statistically lower than the collagen-HyA and collagen alone scaffold (p<0.001). All other gene 

activated scaffolds resulted in a lower level of pGLuc transgene expression in the region of 1x105 

RLUs from day 3 onwards.  
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Discussion 

Gene activated scaffolds for TE applications remain hindered by the lack of safe and effective gene 

delivery systems with current widely used non-viral vectors such as polyethylenimine (PEI) plagued 

by toxicity concerns . The overall objective of this study was to assess the potential of dendrimeric 

polymers as non-viral gene transfection vectors in the design of gene activated scaffolds for TE 

applications using an activated polyamidoamine dendrimer (dPAMAM) commercially available as 

SuperfectTM. Specifically, the ability of the dPAMAM vector to condense pDNA and efficiently 

transfect MSCs in 2D monolayer culture without prolonged toxicity effects was confirmed before an 

optimised formulation was soak loaded onto various collagen scaffolds to create a suite of gene 

expression systems with varying transgene profiles potentially applicable to a range of therapeutic 

TE applications.   

To date, a multitude of gene activated scaffolds for TE have been described such as those 

incorporating PEI in both modified and unmodified forms (38, 39), chitosan (24), poly-L-lysine (40), 

nano-hydroxyapatite (41), cationic dextrans (42) and lipid based systems (43) to name but a few. An 

extensive review of current research in this area has previously been described (44). Despite the fact 

that greater than 20 years of research exists confirming the suitability of dendrimers for gene 

delivery, the architecture remains relatively overlooked by the field of TE with limited reports on 

their use within a 3D environment (45, 46). Indeed one of the few reports into its use is that of 

Holladay et al. whom identified that activated dPAMAM-pDNA polyplexes could result in an 

elongated expression profile from a collagen based matrix thereby identifying significant advantages 

of the architecture over other non-viral systems (29).  

PAMAM dendrimers enter cells via endocytosis (47) and thus, to facilitate maximum uptake the 

dPAMAM-pDNA polyplexes should be cationically charged and possess a size range <200nm (48). All 

three manufacturer recommended mass ratios (M:R) of M:R 2:1, 5:1 & 10:1 resulted in the 

formation of nano-sized cationic polyplexes when used to complex pDNA, with M:R 10:1 achieving 

the smallest size of 133.1 ± 5.7nm (Fig. 1A) and a cationic potential of 18.3 ± 2.1mV (Fig 1B). This size 

range is smaller than values reported in the literature for dPAMAM-pDNA particles such as 500-

1660nm (37), however many of these reports predate the use of the more sensitive NTA technique. 

The dPAMAM-pDNA M:R 10:1 formulation resulted in the generation of the highest number of 

polyplexes (5.9x109 ± 2x107 per ml) compared to the 2:1 (p<0.01) and 5:1 (p<0.05) formulations (Fig. 

1C). While there is little published data on the “optimal” concentration of polyplex solution for the 

efficient transfection of cells, this data at the very least suggests an increased probability of 

association between the dPAMAM-pDNA M:R 10:1 formulation and the cell membrane due to a 

fundamental increase in the number of polyplexes present, however it could also potentially 

increase the toxicity of the system. TEM was utilised to further confirm relative size distribution and 

spherical morphology of the polyplexes (Fig. 1D (i-iii)) whereby discrete sub <200nm polyplexes were 

visible using all three M:Rs.  

Holladay et al. have previously demonstrated that a dPAMAM-pGLuc M:R 2:1 is optimal in MSCs, 

achieving an RLU value of approximately 2.5x103 after 24 hours when a dose of 0.5ug pGLuc was 
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delivered. Other groups have utilised the dPAMAM reagent at higher M:R values to achieve superior 

transfection in multiple cell types including both primary cells and cell lines such as M:R 9:1 (49), M:R 

12:1 (50) and M:R 30:1 (51). Here, we demonstrate in Fig. 2A that of all three dPAMAM-pGLuc M:Rs 

examined, M:R 10:1 resulted in the highest levels of pGLuc expression, peaking at day 7 with 6.4x106 

± 2.1x106 RLUs. In direct comparison to a PEI-pGLuc N/P 7 formulation complexed with 2ug pGLuc 

which our laboratory has previously optimised for delivery to MSCs (23), we illustrate superior 

transgene expression when the dPAMAM-pGLuc M:R 10:1 is utilised complexed with half the pGLuc 

dose (Fig. 2B). Within the literature conflicting reports exist on which of the two aforementioned 

vectors are superior with reports both of the superiority of the dPAMAM structure (52) and that of 

PEI (53). Admittedly however, direct comparisons with other studies can be difficult unless thorough 

control of experimental parameters such as cell passage and seeding density are accounted for.   

Figure 3A and 3B illustrates the transfection efficiency and representative fluorescence images when 

dPAMAM-pGFP M:R 10:1 (1ug pGFP) and PEI-pGFP N/P7  (2ug pGFP) polyplexes were utilised to 

transfect MSCs. In this instance, when normalised to the dose of pGFP delivered (1ug for dPAMAM-

pGFP and 2ug for PEI-pGFP) comparable levels of transfection efficiency between the two non-viral 

systems was obtained. PEI-pGFP (2ug pGFP) resulted in a peak level of transfection of 22.93% at day 

7, a finding in agreement with our previous work (24) while the dPAMAM-pGFP (1ug pGFP) 

formulation caused peak transfection efficiency of 20.8% at day 7. Others have demonstrated 

dPAMAM-pGFP transfection efficiencies of between 8% and 35% depending on the cell type used 

and mass ratio, with the trend that higher mass ratios upwards of 45:1 achieved maximum 

transfection in human aortic smooth muscle cells (37). Nevertheless there is a clear dichotomy 

between the pGLuc reporter system (where the dPAMAM-pGLuc polyplex resulted in a significant 

enhancement in transgene expression over the PEI-pGLuc polyplex system) and the pGFP reporter 

system (where both dPAMAM-pGFP and PEI-pGFP have comparable percentage transfection 

efficiencies), a finding which should be borne in mind if only one of the two reporter systems is 

reported upon. 

The toxicity of PAMAM dendrimers is an important consideration in their development as TE vectors 

due to previous reports of increased platelet aggregation (54), induction of autophagy (55) and 

apoptotic cell death (56). Toxicity remains hugely dependent on the cell type utilised with studies 

illustrating that dPAMAM-pDNA M:R 10:1 can result in effectively 0% cell viability of human aorta 

endothelial cells while the same formulation retains ~50-60% viability in smooth muscle cells (37). To 

determine the potential cytotoxic effects of transfecting MSCs in monolayer culture with dPAMAM-

pDNA polyplexes we utilised a colorimetric MTT assay. Herein we have demonstrated that treating 

MSCs with the highest dPAMAM-pDNA M:R investigated, M:R 10:1 resulted in an initial reduction in 

MSC metabolic activity to 69.64 ± 3.6% at 24 hours which was maintained by day 7 at 71.2 ± 2.6% 

(Fig.4A). A reduction to ~70% metabolic health in MSCs following treatment with PAMAM 

dendrimers has previously been reported, however this was for a G5 dendrimer formulated at a 

nitrogen : phosphate (N/P ratio) of 8-10 therefore making a direct comparison difficult (57). 

Furthermore, we confirmed the multitude of documented reports of both the acute and prolonged 

toxicity effects of PEI-pDNA polyplexes  (26) which had an initial 24 hour MSC metabolic activity of 

35.6 ± 7.6% which reduced to 19.09 ± 11.9% by day 7. These results are visually observable in Fig. 4B 

(i-iii) whereby a reduction in the number of formazan crystals indicates reduced metabolic activity of 

MSCs. It can be speculated that the toxicity of these systems can be extrapolated to their polymeric 

structure as PEI is inherently non-degradable due to its amine-carbon  backbone and thus may 

accumulate within cells while the PAMAM dendrimer consists mainly of amide bonds and thus is 
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comparatively more degradable (58). Indeed we are just beginning to understand the biological 

consequences of using such nano sized drug delivery systems (59) with reports that the dPAMAM 

vector can interfere with cell signalling cascades involved in cell growth, differentiation, survival and 

apoptosis (60). That said, it has been suggested that the judicious, informed development of 

dendrimer chemistry for a specific biomedical applications can alleviate such concerns (61), an 

approach worth considering in future explorations of this architecture. 

Since the seminal work on gene activated scaffolds (9), there have been numerous reports of the 

creation of gene activated collagen scaffolds including PEI mediated delivery of bone morphogenetic 

protein 4 (pBMP4), pBMP2 and pVEGF (62, 63), calcium phosphate-pBMP-2 (64) and liposomal-

pBMP-2 (65) to name a few. Indeed within our group we have extensive experience working with a 

range of gene activated systems for multiple tissue engineering applications including PEI (23) , 

chitosan (24) and nHA based non-viral systems (41). Initial success aside it is important to 

acknowledge that each vector to date possesses certain limitations such as chitosan being more 

effective in cartilage TE (unpublished data).The field lacks a versatile non-viral system which can be 

applied to multiple TE applications while still achieving superior tissue regeneration compared to a 

scaffold alone approach. Therefore, we initially assessed the ability of the three dPAMAM-pDNA 

M:Rs utilised in 2D, namely M:R 2:1, 5:1 & 10:1 (all 1ug pDNA) to facilitate pGLuc transgene 

expression on a collagen-CCS scaffold system (Fig. 5A).  In agreement with the monolayer 

transfection data, the dPAMAM-pGLuc M:R 10:1 (1ug pGLuc) formulation resulted in the highest 

levels of transgene expression which was statistically higher than dPAMAM-pGLuc M:R 2:1 and M:R 

5:1 at days 3, 7, & 10 (p<0.001) with a peak value of 8.8x104 ± 3.5x104 RLUs at day 3. No statistically 

significant increases in pGLuc transgene expression were observed when the dPAMAM vector was 

utilised to deliver higher pGLuc doses of 2ug or 5ug (Supplementary Figure 1). While there is a 

tendency towards increased transgene expression with the higher pGLuc dose of 5ug this leads to 

increased variability in the levels of luciferase expression. Importantly, the levels of transgene 

expression obtained when using the lower 1ug pGLuc dose in this manuscript is comparable to that 

observed with other vector-pGLuc formulations we have successfully utilised both in-vitro and in-

vivo such as chitosan and PEI (23, 24, 63).  The inclusion of such higher pGLuc doses also necessitates 

a large increase in the amount of dPAMAM vector incorporated within each scaffold which itself 

could lead to associated side effects such as toxicity 

Figure 5B illustrates a comparative analysis of this dPAMAM-pGLuc M:R 10:1 (1ug pGLuc) gene 

activated scaffold against our previously optimised PEI-pGLuc N/P 10 (2ug pGLuc) gene activated 

scaffold (23). Here we demonstrate the superiority of the dendrimeric architecture over the non-

viral vector PEI in achieving efficient 3D transfection of MSCs. The dPAMAM-pGLuc polyplex 

formulation resulted in prolonged transgene expression up to 28 days with a peak expression of 

2.1x105 RLUs compared to that of the PEI-pGLuc formulation of 9.0x104 RLUs. Expression was higher 

for the dPAMAM-pGLuc gene activated scaffold at all days 3, 7, 10, 14 (p<0.001) 21 & 28 (p<0.05). 

The pGLuc expression profile illustrated here is similar to that obtained by Holladay et al. whom 

showed prolonged expression up to day 14 in a dPAMAM-pGLuc collagen matrix achieving an RLU of 

2.5x105 albeit with a lower seeding density of 10,000 cells per scaffold  (29).  The cause for the 

difference in the transgene expression levels obtained in 3D between the dPAMAM & PEI vectors is 

likely due to the interaction of the respective polyplex formulations with the composite collagen 

scaffold which in this case contains a negatively charged chondroitin sulphate component. We 

suggest, as has been previously hypothesised by others (66) that  the cationic charge present on PEI-

pDNA and dPAMAM-pDNA polyplex formulations may, due to electrostatic interactions with the 
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components of the composite collagen scaffold sequester the polyplexes to varying degrees within 

the construct. In any case, use of the dPAMAM-pDNA polyplex system results in a prolonged 

transgene expression profile from the 3D construct, a prized characteristic in the TE field. This is 

most likely due to both the electrostatic interactions mentioned above but also the migratory 

activities of MSCs as they move throughout the structure, becoming transfected over time as 

opposed to a bolus transfection as would occur in 2D monolayer transfection.  

The collagen based scaffolds used in these experiments possess the dual advantage of being both 

biocompatible and biodegradable and as such, toxicity of the system will depend largely on MSC 

interaction with dPAMAM-pDNA polyplexes within the 3D environment. We hypothesised that due 

to the increased surface area available throughout the porous scaffold structure the potential for 

toxicity of dPAMAM-pDNA formulations would be reduced due to a decrease in immediate contact 

between MSCs and dPAMAM-pDNA polyplexes. In agreement with this hypothesis, Fig. 6 (A) 

illustrates the percentage MSC metabolic activity obtained using an MTS assay when all three 

dPAMAM-pDNA M:Rs were utilised to form a gene activated system on a collagen-CCS scaffold. An 

overall trend for both the PEI-pGLuc N/P 10 (2ug pGLuc) gene activated scaffold and the various 

dPAMAM-pGLuc M:R 2:1, M:R 5:1 or M:R 10:1 (1ug pGLuc) gene activated scaffolds was a reduction 

in the metabolic activity of MSCs at 72 hours which then began to recover by the 168 hours. The 

results obtained here are likely caused by the inward infiltration of MSCs into the gene activated 

construct and thus maximal exposure to embedded polyplexes may occur at the 72 hour time point.   

The biocompatible nature of these gene activated structures was further confirmed in Fig. 6 (B) 

whereby no statistically significant difference was observed in the concentration of DNA present per 

scaffold on either of a dPAMAM-pGLuc M:R 10:1 (1ug pGLuc) or PEI-pGLuc N/P 10 (2ug pGLuc)  

compared to an untreated, non-gene activated control scaffold at 24 hours, 72 hours and 168 hours 

post seeding with MSCs. To account for the detection of any loaded pGLuc DNA by the DNA 

quantification process the results have been normalised to DNA detected from a respective gene 

activated scaffold (dPAMAM-PGLuc or PEI-pGLuc) not seeded with MSCs. This result demonstrates 

that not only is the gene activated structure biocompatible but it also supports the attachment and 

proliferation of MSCs over time, a key attribute for its ultimate success in an in-vivo setting. 

Furthermore, using a combination of Live/Dead staining and confocal microscopy we confirmed full 

coverage of the dPAMAM-pGLuc M:R 10:1 (1ug pGLuc) collagen-CCs scaffold structure with live 

MSCs 168 hours post seeding (Fig. 6C (ii)) and ingress of the MSCs into the scaffold architecture 

without compromising cell viability (Fig 6C (iii)). MSCs displayed a typical “spreading” morphology 

thereby confirming that the gene activated scaffold can support MSC adherence, proliferation and 

metabolic health.  Taken together, it appears evident that the complex 3D environment of the 

scaffold structure with its interconnected porous network through which MSCs can migrate and 

proliferate will mitigate much of the toxicity profile of non-viral transfection agents. 

Finally, we incorporated the optimal dPAMAM-pDNA M:R 10:1 formulation into a range of collagen 

based scaffolds developed within our laboratory. These included the collagen-CCS scaffold 

previously utilised, a collagen alone, collagen-HyA, collagen-HA and collagen-nHA scaffolds which 

have potential uses in multiple TE applications encompassing bone, cartilage, nerve, skin, cardiac, 

corneal and respiratory tissue regeneration.  In this instance, the collagen-CCS scaffold resulted in 

peak levels of luciferase expression at day 3 (3.8x105 ± 8.x104 RLUs) which was maintained above 

2x105 RLUs past day 10 (Fig. 7). These values are somewhat higher than the levels predicted in Figure 

5 and may reflect a combination of variation in MSC response and the complex interactions of the 
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scaffold-polyplex-MSCs which are occurring. In all instances, all gene activated scaffolds except the 

collagen-HA scaffold resulted in prolonged pGLuc transgene expression, with detectable luciferase 

levels still present at day 28. This reduced transgene expression in the collagen-HA scaffold may be 

explained via hydrogen bonding occurring between the plentiful amino groups present in the 

fractured dendrimer structure and the hydroxyl ions on the surface of hydroxyapatite crystals 

thereby reducing availability of dPAMAM-pGLuc polyplexes for MSC transfection. This is a logical 

hypothesis when it is considered the collagen-nHA scaffold contains approximately half the %w/w 

hydroxyapatite compared with the collagen-HA scaffold (200%w/w in collagen-HA compared with 

100%w/w in collagen-nHA)  and thus the potential for hydrogen bonding is reduced with an 

observable increase in pGLuc transgene expression. 

Overall this study has highlighted the potential of the relatively overlooked dendrimeric polymer 

architecture in the development of gene activated scaffolds for the TE. The dPAMAM vector is an 

efficient non-viral delivery vector which is capable of inducing superior transfection in a difficult to 

transfect cell type, namely MSCs in both 2D and 3D culture at relatively low pDNA doses. 

Furthermore, matching of the dPAMAM vector with a specific composite collagen scaffold facilitates 

temporal control over transgene expression thereby suggesting tailoring of the transgene expression 

profile to a particular tissue defect site is plausible. The nature and architecture of the dendrimeric 

class of vectors therefore possesses significant potential within the TE field for a range of 

applications.  
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Materials and methods: 

All materials were supplied by Sigma-Aldrich, Ireland unless otherwise stated. 

Plasmid propagation & purification 

The reporter plasmids Gaussia Luciferase (pGLuc; New England Biolabs, Massachusetts, USA) and 

Green Fluorescent Protein (pGFP; Amaxa, Lonza, Cologne AG, Germany) were propagated via the 

transformation of Subcloning EfficiencyTM DH5αTM chemically competent Escherichia coli cells (Life 

Technologies, Ireland). pGLuc and pGFP plasmid DNA was isolated and purified using an Endotoxin 

Free Maxi-prep Kit (Qiagen, UK) as per the manufacturer’s instructions.  

Superfect-pDNA & Polyethyleneimine-pDNA polyplex formation 

Superfect (Qiagen, UK)-pDNA polyplexes were prepared as per the manufactures guidelines. Briefly, 

pDNA was added to sterile OptiMEM serum free media (Gibco, Ireland) followed by addition of the 

required volume of SuperfectTM
 reagent. Superfect-pDNA polyplexes were formed at mass ratios of 

2:1, 5:1 & 10:1 (Superfect: pDNA). In all polyplex solutions, 1ug pDNA was utilised.  Following 

addition, the mixture was allowed to equilibrate at room temperature for approximately 5-10 

minutes before use. 

Branched PEI was purchased from Sigma Aldrich (Ireland) and purified via a dialysis method. For this, 

PEI was dissolved in deionised water and loaded into Cellu-Sep H1 membranes (25kDa MWCO). This 

was dialysed against a 400 fold excess of deionised water a total of four times over night before the 

remaining PEI was lyophilised for use. Previous optimisation within our laboratory concluded that 

N/P 7 (nitrogen :phosphate ratio) results in optimal transfection efficiency in 2D culture, while N/P 

10 is most suitable for 3D transfection (both formulations contain 2ug pDNA) (23). Briefly, pDNA was 

added to sterile molecular grade water followed by dropwise addition of PEI and 30 minutes 

equilibration at room temperature.  

Physicochemical characterisation of Superfect-pDNA polyplexes 

Polyplex diameter (nm) and concentration (number of polyplexes/ml) were assessed via 

nanoparticle tracking analysis (NTA) utilising a Nanosight NS300 (Malvern, UK). Samples were 

prepared as previously described in a 50µl volume in ultrapure water before being diluted to 0.5ml 

for measurement following equilibration. Samples were loaded into a laser module sample chamber 

which allowed for temperature control at 220C. Real time video analysis of the polyplexes was 

recorded via an in-built sCMOS camera with computer controlled motorized focus.  Automatic data 

analysis was performed on recorded data using the NTA 2.3 software. For zeta potential (mv) 

analsysis, polyplexes were prepared as previously descibed before being diluted to 1ml and assessed 

using a Malvern Zetasizer ZS 3000. 

To further confirm the size of Superfect-pDNA polyplexes transmission electron microscopy was 

utilised.  Briefly, Superfect-pGLuc poyplexes were made as previously described. A drop of polyplex 

suspension was placed on a silicon monoxide carbon-coated copper grid (200 mesh, Mason 

technologies). Samples were allowed to air dry for approximately 10-15 minutes before being 

stained with 2% uranyl acetate solution. Excess stain was removed using filter paper and the grids 
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allowed to air dry fully before analysis. Imaging was preformed using a Hitachi H-7650 Transmission 

Electron Microscope (Hitachi High Technologies, Berkshire, UK) at 120kV.  

Mesenchymal stem cell isolation and expansion 

Rat Mesenchymal Stem Cells (rMSCs) were isolated from flushed tibiae and femora bone marrow of 

Sprague-Dawley rats. Cells were cultured in T175 adherent cell flasks (Sarstedt, Germany) at an 

initial seeding density of 1x106 cells per flask in complete culture media consisting of Dulbecco’s 

Modified Eagles Medium (DMEM) supplemented with: 2% penicillin/streptomycin, 1% glutamax, 1% 

L-glutamine, 1% non-essential amino acids and 10% FBS. Flasks were maintained in an incubator at 

370C with 5% CO2 and 90% humidity.  All experiments were performed using passage 5 rMSCs.  

Demonstration of 2D transfection capability in MSCs 

The reporter plasmids pGLuc & pGFP were utilized in this study to determine transgene expression 

profile and transfection efficiency respectively. In terms of transgene expression; approximately 24 

hours prior to transfection the cells were subjected to 0.25% trypsin/EDTA, counted using a 

haemocytometer and seeded on 6 well CostarTM adherent plates (Fischer Scientific) at a density of 

5X104 cells per well.  Superfect-pGLuc polyplexes at M:R 2:1, 5:1 & 10:1 (all 1ug pDNA) were 

formulated as previously described using OptiMEM serum free media (Gibco, Ireland) and, following 

equilibration diluted in DMEM fully supplemented media. PEI-pGLuc polyplexes were formulated as 

previously described in biological grade H20 and subsequently diluted with OptiMEM. Approximately 

500µl of transfection solution was added to each designated well in triplicate. The plates were 

incubated with the transfection solution for four hours at which point it was removed and each well 

was washed with 1 ml of PBS. 2mls of fully supplemented DMEM was then added to each well and 

each plate incubated at 370C in 5% CO2. Samples were taken for analysis of luciferase production at 

days 3, 7, 10, 14 and 21 via withdrawing 1ml of complete media from each well and replacing it with 

1ml of fresh media. Luciferase content of each sample was determined using a PierceTM Gaussia 

Luciferase Flash Assay Kit (Thermo Scientific, Ireland) as per the manufacturer’s instructions.  

Cells transfected with Superfect-pGFP or PEI-pGFP were first visualised using a Leica DMIL 

microscope (Leica Microsystems, Switzerland) using a 488nm fluorescent filter at 7 days post 

transfection. The cells were then trypsinized and fixed in 5% formalin before being re-suspended in 

200µl of PBS. The cell suspension was then analysed using a fluorescence activated cell sorter (FACS 

Canto II, BD Biosciences, UK) and GFP fluorescence expressed as a percentage of GFP positive over 

GFP negative cells. 

Effect of Mass Ratio (M:R) of Superfect-pDNA polyplexes on MSC cell viability 

The metabolic activity of rMSCs in the presence of Superfect-pDNA polyplexes was determined using 

a colorimetric MTT Cell Growth Assay (Merck Millipore, Ireland). Briefly, MSCs were seeded in 96 

well plates at a density of 10,000 cells per well. Superfect-pGLuc polyplexes at M:R 10:1 carrying 

0.2µg pGLuc were prepared as previously described. This pDNA dose was equivalent to 

approximately 1ug in a 6 well plate with 5x104  cells. Comparative analysis was preformed against PEI 

(N/P 7, 0.4µg pDNA). Following transfection for four hours as described above, each well was 

washed with PBS and replaced with complete growth media. At 24, 72 and 168 hours post 

transfection 10µl of MTT reagent was added to each well. Four hours post MTT addition, produced 

formazan crystals were dissolved in DMSO and the absorbance was determined at 570nm with a 

reference wavelength of 630nm. The absorbance reading obtained from non-transfected cells 

functioned as a 100% viability control with cell viability expressed as a percentage of this control. 
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Formation of gene activated scaffolds using Superfect-pDNA polyplexes 

Five different collagen (SLB, New Zealand) based scaffolds used in this study which included collagen 

alone, collagen-CCS, collagen-HyA, collagen-HA and collagen-nHA scaffolds. In all instances, collagen 

based slurries were formed before an optimised lyophilisation technique developed by O’Brien et al. 

was applied to create the scaffold (67). The specific formation of the collagen-CCS, collagen-HyA and 

collagen-HA slurries have been described elsewhere (24) as has the formation of the collagen-nHA 

slurry (41). Scaffolds were then cross-linked dehydrothermally (DHT) at 1050C for 24 hours in a 

vacuum oven (Vacucell 22; MMM, Germany) and subsequently cut into cylindrical 9.6mm sections 

for all experiments. 

Superfect-pGLuc polyplexes were initially formulated at three different M:Rs 2:1, 5:1 & 10:1 all with 

1ug pDNA while PEI was formulated at N/P10 with 2ug pDNA. Scaffolds were formed as previously 

described and were hydrated in PBS before being chemically cross-linked using a mixture of 6mM N-

(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and 5.5mM N-

hydroxysuccinimide (NHS).  Superfect-pGLuc (1ug pDNA) and PEI-pGLuc (2ug pDNA) polyplexes (both 

formulated as 50ul transfection solutions) were soak loaded onto the scaffolds via applying 25ul of 

transfection solution to one side of the scaffold. The scaffolds were allowed to equilibrate for 10 

minutes before 2.5x105 MSCs were added to the same side of the scaffold in approximately 25ul of 

OptiMEM. The scaffolds were incubated at 370C for 15 minutes, carefully flipped over and the 

additions repeated on the opposite side (25ul transfection solution followed by 25ul (2.5x105) 

rMSCs) such that the final dose of pGLuc per scaffold was 1ug in the case of the Superfect-pGLuc 

constructs and 2ug in the case of the PEI-pGLuc constructs. Approximately 2mls of complete DMEM 

containing 10% FBS (Superfect-gene activated scaffolds) or serum free OptiMEM (PEI-gene activated 

scaffolds) was added to each well. Following 24 hours at 370C the scaffolds were transferred to a 

new plate containing 1ml of complete DMEM media in all wells. At each time point of 3, 7, 10, 14, 21 

& 28 approximately 500ul of supernatant was removed for analysis and replaced with fresh DMEM 

media. Transgene expression was determined using a PierceTM Gaussia Luciferase Flash Assay Kit as 

per the manufacturer’s instructions. 

Assessment of the metabolic activity of MSCs seeded on Superfect-pGLuc & PEI-pGLuc gene 

activated scaffolds 

The cellular viability of rMSCs seeded onto Superfect-pGLuc and PEI-pGLuc gene activated scaffolds 

was investigated using the surrogate markers of cell metabolic activity and DNA quantification. With 

regard to the former, Superfect-pGLuc polyplexes at M:R 10:1 (1ug pGLuc) and PEI-pGLuc polyplexes 

at N/P 10 (2ug pGLuc) were formulated as previously described and soak loaded onto collagen-CCS 

scaffolds. Following 3D MSC transfection as previously described, scaffolds were incubated at 370C 

for the required time of 24, 72 or 168 hours. At each time-point scaffolds were transferred into an 

empty well of a 24 well tissue culture plate and a 4:1 media: MTS (CellTiter 96® AQueous One Solution 

Cell Proliferation Assay System, Promega) solution was added to each well. The plate was incubated 

for a further three hours at 370C before 120ul of the solution was transferred in triplicate to a 96 

well plate. The absorbance of each sample was read at 490nm and values were corrected against the 

background reading for media alone. Data is expressed as a percentage cell metabolic activity 

compared to the non-gene activated collagen-CCS scaffold. For the quantification of dsDNA rMSCs 

were seeded onto PEI-pGLuc or Superfect-pGLuc gene activated scaffolds as previously described 

above and at each time point the scaffold was transferred to 1ml of cell lysis buffer (0.2M carbonate 

buffer with 1% triton X). DNA was quantified using a Quant-iTTM PicoGreen® dsDNA kit (Invitrogen, 
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UK) as per the manufacturer’s instructions. The concentration of DNA present in each sample was 

determined against a generated standard curve and the results have been normalised to DNA 

detected from a respective (PEI-pGLuc (2ug pGLuc) or dPAMAM-pGLuc (1ug pGLuc) gene activated 

scaffold maintained under cell culture conditions but without seeding of MSCs. 

Live/Dead staining of MSCs seeded on a Superfect-pGLuc M:R 10:1 gene activated scaffold 

Superfect-pGLuc polyplexes at M:R 10:1 (1ug pGLuc) were formulated as previously described and 

soak loaded onto collagen-CCS scaffolds. Approximately 72 or 168 hours post seeding with MSCs 

scaffolds were submerged in 300ul Live/Dead stain (488/570nm) (Invitrogen) for approximately 20 

minutes. Scaffolds were then mounted onto a cover slip, inverted and imaged immediately using an 

Eclipse 90i plus DS R91 microscope (Nikon, Japan). Composite scaffold images were automatically 

formed using NIS Elements software. For confocal imaging, scaffolds were submerged in Live/Dead 

stain as described and mounted onto glass slides. Imaging was performed using a Carl Zeiss 710 

confocal laser scanning microscope with a Plan-Apochromat 40x/1.4 Oil DIC M27 objective lens (Fuji) 

coupled with Zen 2008 software.  

Statistical analysis  

Results are expressed as the mean  ± standard deviation of three independent repeats. All samples 

were run in triplicate for each repeat. Statistical significance was assessed using a One-Way ANOVA 

followed by Bonferroni’s post-hoc analysis unless otherwise stated.  Significance was determined 

using P values of * <0.05, **<0.01 and ***<0.001. 
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Figure Legends 

Figure 1: Effect of dPAMAM-pGLuc Mass Ratio (M:R) on polyplex size and concentration. Illustrated above is 

(A) polyplex diameter (nm) , (B) polyplex zeta potential and (C) polyplex concentration per ml of dPAMAM-

pGLuc polyplexes (1ug pGLuc) at mass ratios 2:1, 5:1 & 10:1 (dPAMAM:pDNA). The polyplex size of each 

formulation was confirmed using (C) transmission electron microscopy (TEM) for each of dPAMAM-pGLuc M:R 

2:1 (i), M:R 5:1 (ii) & M:R 10:1 (iii). All three formulations were capable of forming polyplexes potentially 

suitable for MSC transfection. Results are expressed as the mean ± standard deviation (n=3), **p<0.01 and 

*p<0.05. 

Figure 2: 2D Transfection capability in MSCs using the reporter system pGLuc. (A) The dPAMAM-pGLuc M:R 

10:1 formulation resulted in a statistically higher level of pGLuc transgene expression in MSCs compared to 

both the dPAMAM-pGLuc M:R 2:1 & 5:1 formulations at days 7 (p<0.001), 10 (p<0.001) & 14 (p<0.01). (B) In 

comparison to an optimised PEI-pGLuc N/P 7 (2ug pGLuc) formulation, dPAMAM-pGLuc M:R 10:1 (1ug pGLuc) 

resulted in statistically higher transgene expression at days 7, 10 & 14 (p<0.001). Results are expressed as the 

mean ± standard deviation (n=3), **p<0.01, ***p<0.001.. 

Figure 3: 2D Transfection capability in MSCs using the reporter system pGFP.  (A) Both the PEI-pGFP N/P 7 

(2ug pGFP) and dPAMAM-pGFP M:R 10:1 (1ug pGFP) resulted in a peak transfection efficiency at day 7 of 22.93 

± 1.2% and 20.8 ± 3.9% respectively. No statistical difference in transfection efficiency was found between 

both formulations. (B) GFP positive cells were visually observable for both formulations at day 7. Results are 

expressed as the mean ± standard deviation (n=3). 

Figure 4: Assessment of the effects of dPAMAM-pDNA polyplex treatment on MSC viability. MSC metabolic 

activity (A) was quantified following treatment with dPAMAM-pDNA polyplexes. The dPAMAM-pGLuc M:R 

10:1 formulation maintained a significantly higher percentage cell metabolic activity compared to PEI-pGLuc at 

the time points of 24, 72 & 168 hours (p<0.001). A clear reduction in the amount of formazan crystals present 

is apparent for PEI-pGLuc treated MSCs (B (iii)) compared to the control (B (i)) and dPAMAM-pGLuc (B (ii)) 

treated wells. Results are expressed as the mean ± standard deviation (n=3), **p<0.01, ***p<0.001. 

Figure 5: Gene activated scaffold transgene expression profile. (A) The dPAMAM-pGLuc M:R 10:1 formulation 

facilitated the highest levels of pGLuc transgene expression compared to dPAMAM-pGLuc M:R 2:1 and M:R 5:1 

formulations on a collagen-CCS scaffold. (B) When compared to an optimised PEI-pGLuc N/P 7 (2ug pGLuc), the 

dPAMAM-pGLuc M:R 10:1 (1ug pGLuc) facilitated statistically higher pGLuc expression on days 3, 7, 10, 14 

(p<0.001), 21 & 28 (p<0.05) on a collagen-CCS scaffold. Results are expressed as the mean ± standard deviation 

(n=3), *p<0.05, ***p<0.001. 

Figure 6: Effect of dPAMAM-pGLuc mass ratio (M:R) on 3D MSC metabolic activity.  (A) A significant reduction 

in the metabolic activity of MSCs seeded onto multiple gene activated collagen-CCS scaffolds (dPAMAM-pGLuc 

M:R 2:1, M:R 5:1, M:R 10:1 or PEI-pGLuc N/P 10) was not evident compared that of untreated MSCs. (B) 

Quantification of dsDNA up to 168 hours post seeding of MSCs onto a PEI-pGLuc N/P 10 or dPAMAM-pGLuc 

M:R 10:1 demonstrates no significance changes in DNA content compared to a non-gene activated control 

scaffold. Live/Dead imaging of dPAMAM-pGLuc M:R 10:1 (1ug pGLuc) collagen-CCS scaffolds at 72 hours (C (i)) 

and 168 hours (C (ii)) post seeding with MSCs illustrated complete coverage of the scaffold surface by 168 

hours with ingress of live cells into the scaffold structure confirmed by z-stack confocal microscopy at 168 

hours (C (iii)). Results are expressed as the mean ± standard deviation (n=3).  

Figure 7: Assessment of transgene expression from MSCs seeded on a range of dPAMAM-pGLuc gene 

activated collagen scaffolds. Illustrated above are the pGLuc transgene expression profiles obtained from a 

series of composite collagen scaffolds which have been “activated” with the optimal dPAMAM-pGLuc M:R 10:1 

(1ug pGLuc) formulation. The highest level of transgene expression was observed for a collagen chondroitin 
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sulphate (CCS) scaffold (red) which was significantly higher than all other scaffolds at days 3-14.  Results are 

expressed as the mean ± standard deviation (n=3) ***p<0.001. 

Supplementary Figure 1: The Effect of pGLuc Dose on 3D Transgene Expression. Illustrated above is the 

transgene expression levels obtained when dPAMAM-pGLuc M:R 10:1 formulations were utilised to transfect 

MSCs on a collagen-CCS scaffold using 1ug, 2ug or 5ug pGLuc. No statistically significant increases in pGLuc 

transgene expression were observed when the dPAMAM vector was utilised to deliver higher pGLuc doses of 

2ug or 5ug. Results are expressed as the mean ± standard deviation (n=3). 
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