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Abstract 

Despite the success of tissue engineered nerve guidance conduits (NGCs) for the 

treatment of small peripheral nerve injuries, autografts remain the clinical gold 

standard for larger injuries. The delivery of neurotrophic factors from conduits might 

enhance repair for more effective treatment of larger injuries but the efficacy of such 

systems is dependent on a safe, effective platform for controlled and localised 

therapeutic delivery. Gene therapy might offer an innovative approach to control the 

timing, release and level of neurotrophic factor production by directing cells to 

transiently sustain therapeutic protein production in situ. In this study, a gene-activated 

NGC was developed by incorporating non-viral polyethyleneimine-plasmid DNA (PEI-

pDNA) nanoparticles (N/P 7 ratio, 2μg dose) with the pDNA encoding for nerve growth 

factor (NGF), glial derived neurotrophic factor (GDNF) or the transcription factor c-Jun. 

The physicochemical properties of PEI-pDNA nanoparticles, morphology, size and 

charge, were shown to be suitable for gene delivery and demonstrated high Schwann 

cell transfection efficiency (60±13%) in vitro. While all three genes showed therapeutic 

potential in terms of enhancing neurotrophic cytokine production while promoting 

neurite outgrowth, delivery of the gene encoding for c-Jun showed the greatest 

capacity to enhance regenerative cellular processes in vitro. Ultimately, this gene-

activated NGC construct was shown to be capable of transfecting both Schwann cells 

(S42 cells) and neuronal cells (PC12 and dorsal root ganglia) in vitro, demonstrating 

potential for future therapeutic applications in vivo. 

 

Keywords: nerve guidance conduit; peripheral nerve repair; non-viral gene therapy 



 

 

1. Introduction 

Peripheral nerve transections occur in 2-3% of all trauma patients[1], requiring over 

half a million neurosurgical procedures to be carried out annually in the US [2]. When 

direct coaptation of the nerve endings is not possible, autografts are used to bridge 

the defect site, which can lead to permanent donor site morbidity and inadequate 

functional repair[3]. Nerve guidance conduits (NGCs), made from both synthetic and 

natural biomaterials, have emerged as an alternative treatment[4,5]. The basic 

requirements of biomaterial-based conduits have now been well established[5,6] and 

include providing macroscopic guidance between nerve endings, while being strong 

enough to withstand longitudinal tension and circumferential compression, in addition 

to being mechanically sound to facilitate surgical handling. Despite showing clinical 

success with the treatment of small injuries (< 15 mm)[7], the effective treatment of 

larger injuries with conduits poses an unmet clinical challenge[8,9]. To address this 

challenge, conduits have been used as platforms for the delivery of either cells[9-11], 

or growth factors[12-14] to enhance their regenerative capacity. Although 

encouraging, a lack of consensus on the ideal cell source and a dependency on 

controlled delivery systems[13,15-17] to avoid presenting cells with supraphysiological 

doses of growth factor[18,19] has limited the clinical translation of these approaches. 

 

In this study, the potential to use a conduit as a platform for gene delivery is 

investigated. We have recently developed a biphasic NGC composed of a 

physicochemically optimized collagen-based outer conduit and a neuroconductive 

hyaluronic acid/laminin-based luminal filler[20], demonstrating its capacity to facilitate 

morphological and functional recovery across a 10 mm sciatic nerve injury in Sprague 

Dawley rats within 8 weeks[21]. More recent work from our group has shown that the 

addition of growth factors can enhance the regenerative capacity of existing 

biomaterials[22,23]. However, growth factor delivery for nerve repair poses substantial 

challenges owing to their short half-life in vivo[24], their limited temporal effect at the 

site of injury[25], and their potential to cause aberrant effects when used in 

supraphysiological doses[18,19]. Despite successful efforts by other labs to overcome 

some of these challenges by intricately controlling their delivery or by modifying their 

structure[13,15-17], protein delivery remains dependent on expensive therapeutics 

and delivery systems for high efficacy. In this context, the goal of this study was to 



 

 

develop a gene-activated NGC, using our previously developed conduit as a platform 

for delivery[20] that incorporates polymer-based nanoparticles as non-viral (NV) 

vectors to carry therapeutic genes, and to assess the effects of gene delivery in vitro.  

 

The gene-activated NGC proposed in this study is based on recent pioneering work in 

our lab that has led to the development of a series[26-30] of gene-activated scaffolds 

designed to transfect endogenous cells for a wide variety of applications, including 

accelerating bone and cartilage repair. This approach avoids presenting cells with 

supraphysiological doses of growth factors and takes advantage of host cells to 

produce therapeutic proteins. Focusing on a new clinical application with a distinct 

delivery platform, we envisage a gene-activated NGC to transfect endogenous 

Schwann cells as they migrate through the conduit so that they can produce 

therapeutic proteins, which might then have beneficial effects on Schwann cells but 

also on neuronal cells, potentially enhancing axonal outgrowth and repair. A major 

novelty of this approach lies in the fact that gene therapy approaches for peripheral 

nerve repair have typically focused on ex vivo genetic modification of Schwann cells 

for subsequent grafting[31], while our approach aims to deliver genes to endogenous 

cells in situ. A key determinant of success in this approach is the choice of gene 

delivery vector[32]. Viral vectors for example, which are widely used to genetically 

modifying Schwann cells ex vivo prior to grafting them[33,34], are associated with 

many disadvantages including the risk of insertional mutagenesis and the potential to 

elicit a strong immune response, which can lead to uncontrolled protein expression 

and aberrant peripheral nerve repair[18,19,31]. Therefore, NV gene delivery vectors 

can potentially overcome the limitations of viral vectors while providing sustained but 

transient and local gene expression[35]. However, efficient transfection of cells is a 

challenge with NV vectors and the lack of an established NV gene delivery vector to 

efficiently transfect Schwann cells is a major challenge for gene therapy and the 

development of a gene-activated NGC[36]. 

 

In this study, the cationic polymer polyethyleneimine (PEI) is utilized as a NV vector. 

PEI is a potent NV gene delivery vector that has been widely used both in vitro and in 

vivo since its first application as a transfection agent[37]. Previously, our group has 

optimized PEI-pDNA nanoparticles for transfection of bone marrow-derived 

mesenchymal stem cells although to the best of our knowledge[27], no studies have 



 

 

evaluated PEI as a potential gene delivery vector for peripheral nerve repair. While 

PEI is renowned as a potent transfection agent[35], it is also well established that it 

can potentially render polymer-associated cytotoxicity[36], effects that are highly cell-

specific and can be minimized through optimization[38,39]. This study evaluated its 

benefits and potential risks in vitro for peripheral nerve repair application. 

 

Genes encoding for nerve growth factor (NGF)[40] and glial derived neurotrophic 

factor (GDNF)[41,42] were used in this study due to the bioactivity of the proteins they 

encode. NGF promotes the survival and axonal outgrowth of sensory neurons[43], 

while GDNF is an important survival factor of motor neurons and sensory neurons[44], 

and also stimulates the migration and proliferation of Schwann cells[41]. Genes 

encoding for these proteins have previously been used with varying success[45]. For 

example, permanent overexpression of GDNF by Schwann cells has led to enhanced 

repair in the short term, but ultimately aberrant effects including axonal trapping at the 

site of injury[18,19,46]. Although undesirable, these results demonstrate the promise 

of gene therapy and highlight the requirement of transient, non-permanent expression 

for high efficacy. Considering the potentially synergistic effects between NGF, GDNF 

and other neurotrophic factors[12,47], the transcription factor c-Jun encoded by JUN, 

which is involved in Schwann cell reprogramming in response to injury and the 

upregulation of multiple neurotrophic factors[48,49], presents another option that was 

investigated in this study for its potential to be more efficient than either genes 

encoding for NGF or GDNF.   

 

The overall objective of this study was thus to ‘activate’ our previously developed 

conduit[5] with PEI-pDNA nanoparticles incorporating genes encoding for NGF, GDNF 

and c-Jun and to assess their effect on Schwann cells and neuronal cells in vitro. 

Specifically, we first evaluated the physicochemical properties of PEI-pDNA 

nanoparticles for gene delivery. Secondly, we assessed Schwann cell transfection 

efficiency in 2D monolayer. Thirdly, we assessed the biological response of Schwann 

cells, and neuronal cells, to the optimized PEI-pDNA nanoparticles carrying genes 

encoding for NGF, GDNF and c-Jun. Lastly, the optimized PEI-pDNA nanoparticles 

were incorporated into the luminal filler of the conduit[5] in order to assess Schwann 

cell transfection in the 3D microenvironment and the functionality of the gene-activated 

NGC in terms of its effect on Schwann cells and neuronal cells in vitro.  



 

 

2. Materials and methods 

2.1 Evaluation of the physicochemical properties of PEI-pDNA 

nanoparticles  

2.1.1 Gene propagation 

To evaluate PEI-pDNA nanoparticles, two reporter genes encoded into pDNA 

constructs were used in this study: pGreen Fluorescent Protein (pGFP) supplied by 

Amaxa, Lonza, Cologne, Germany, and pGaussia luciferase (pGLuc), purchased from 

New England Biolabs, Massachusetts, USA. Therapeutic genes encoding human 

nerve growth factor (pNGF, accession number NM_002506), glial derived 

neurotrophic factor (pGDNF, accession number NM_199231), and c-Jun (pJUN, 

accession number NM_002228), were cloned into the multiple cloning site (MCS) of 

pcDNA3.1-C-eGFP plasmids (GenScript, Piscataway, NJ, USA) using BamH I and Not 

I restriction sites. The plasmid contains the DNA sequence coding for reporter GFP 

downstream of the MCS, and thus provides a quick means to verify whether 

transfection has been successful. All plasmids were propagated by transforming DH5α 

chemically competent E. coli cells according to the manufacturer’s protocol (Cat # 

18258012; Thermo Scientific, Ireland). The pDNA was then purified using Qiagen 

Endofree plasmid maxi kit as per manufacturer’s instructions (Cat # 12362; Qiagen, 

Manchester, UK). Purified pDNA was subsequently quantified using Nanodrop 2000 

spectroscopy. The plasmids were then diluted and used at a concentration of 0.5 μg/μL 

in TE buffer. 

 

2.1.2 Nanoparticle formulation 

25 kDa PEI (Cat # 408727; Sigma-Aldrich, Ireland), was complexed with anionic pDNA 

by electrostatic interaction at an N/P ratio of 7. PEI-pDNA nanoparticles were 

formulated carrying a 2 μg dose of pDNA[27]. Lipofectamine 2000™ (Cat # 11668019; 

Thermo Scientific, Ireland) was used as a control and formulated according to 

manufacturer’s instructions. As PEI has previously been shown to be cytotoxic, 7.3 

kDa chitosan (Novamatrix, Norway) nanoparticles, at an N/P ratio of 10 carrying a 2 

μg dose of pDNA, were also tested[26].  

 



 

 

2.1.3 Assessment of nanoparticle size and morphology 

PEI-pDNA (N/P 7, 2 μg pDNA) and Lipofectamine 2000-pDNA nanoparticles (2 μg 

pDNA) formulated as previously described in Section 2.1.2 without fixation and 

assessed with transmission electron microscopy (TEM) using a protocol adapted from 

the literature[50]. Briefly, samples (5 μL) were placed on a 200-mesh copper grid 

coated with silicon monoxide/formvar for 10 minutes. Excess sample was removed 

using Whatman filter paper. Negative staining was then carried out with 5 μL uranyl 

acetate (2%) for 2 minutes. Excess stain solution was removed by Whatman filter 

paper and the grid was dried at room temperature. Electron micrographs were taken 

with a Hitachi H7650 transmission electron microscope at an accelerating voltage of 

100 kV. To determine the morphology and diameter of nanoparticles, post image 

analysis was carried out using Fiji (ImageJ) software[51]. 

 

2.1.4 Assessment of nanoparticle degradation characteristics  

For efficient gene delivery in vivo, the vector should have the capacity to protect pDNA 

from enzymatic degradation. To assess this capacity, a DNA degradation assay was 

carried out. Nanoparticles were formulated as described in Section 2.1.2. MgSO4 was 

added to a final concentration of 0.1 μM. Samples were incubated with 8 units of 

deoxyribonuclease I (DNase I) per 1 μg of pDNA for 30 minutes at 37 °C. Samples 

were loaded into a 1% agarose gel containing SYBRGreen (Cat # S7563; Thermo 

Scientific, Ireland) and run at 100 V for 2.5 h. The gel was imaged using 

AlphaImagerMini UV-transilluminator set to 365 nm. To determine the effect of 

enzymatic degradation, DNA banding patterns were assessed by post image analysis 

carried out using Fiji (ImageJ) software[51]. 

 

2.1.5 Assessment of nanoparticle complexation efficiency and stability  

To determine complexation efficiency between PEI and pDNA in the formation of 

nanoparticles, an exclusion assay was carried out using SYBRSafe (Cat # S33102; 

Thermo Scientific, Ireland), which fluoresces upon binding to DNA. However, 

complexation with PEI prevents the dye from intercalating with DNA, thus ‘excluding’ 

it, and quenching fluorescence. Nanoparticles were formulated as described in Section 

2.1.2 and then diluted to 1.5 ml with 20 mM NaCl. SYBRSafe was then added and the 

fluorescent signal was measured with a spectrophotometer (Perkin Elmer LS 50B) at 

an excitation wavelength of 488 nm and an emission wavelength of 522 nm. The 



 

 

complexation efficiency was estimated by calculating the ratio between the 

fluorescence measured from PEI-pDNA nanoparticle (N/P 7, 2 μg pDNA) samples and 

the fluorescence measured from an equivalent amount of non-encapsulated pDNA. 

Nanoparticle stability was then estimated by calculating the same as a function of time 

spent by the nanoparticles at 37 °C, thus the exclusion assay was carried out at 

various time points up to 28 days in vitro, to assess their long-term stability.  

 

2.2 Assessment of PEI-pDNA nanoparticle transfection efficiency  

2.2.1 Schwann cell (S42 cell line) culture 

The rat Schwann cell line[52] (S42 cells) (Cat # CRL-2942; ATCC, Virginia, US), was 

used as a model of non-myelinating, pro-regenerative, endogenous Schwann cells, 

and were expanded in tissue culture plastic with DMEM (Cat # D5546; Sigma-Aldrich, 

Wicklow, Ireland) supplemented with 10% fetal bovine serum, 2mM L-glutamine and 

1% penicillin-streptomycin, at 37°C and 5% CO2. Their Schwann cell phenotype was 

verified using immunocytochemistry, staining for S100B and GFAP (Supplementary 

1). 

 

2.2.2 Neural progenitor cell (PC12 cell line) culture 

The rat neural progenitor cell line[53] (PC12) (Cat # CRL-1721; ATCC, Virginia, US), 

was used as a model of neuronal cells, and were grown in collagen type-IV (0.1 mg/ml) 

(Cat # C5533; Sigma-Aldrich, Wicklow, Ireland) coated tissue culture plastic with 

RPMI-1640 medium (Cat # R0883; Sigma-Aldrich, Wicklow, Ireland) supplemented 

with 10% horse serum, 5% fetal bovine serum, 2mM L-glutamine and 1% penicillin-

streptomycin, at 37°C and 5% CO2. Their neuronal phenotype was verified using 

immunocytochemistry, staining for β-tubulin and neurofilament (Supplementary 1). 

 

2.2.3 Dorsal root ganglia isolation and culture 

For completeness, we also decided to assess the response of adult DRG, a mixed 

population of cells consisting of both Schwann cells and neuronal cells, and to 

determine whether the process of axonal outgrowth could be enhanced in the 

presence of PEI-pDNA nanoparticles loaded with therapeutic genes. DRG tissue 

isolated from adult male Wistar rats (285-350 g) was used in this study, and kindly 

donated by fellow researchers at the Tissue Engineering Research Group in keeping 



 

 

with the 3Rs. Post-mortem tissue harvesting was approved by the RCSI Research 

Ethics Committee (REC1236). DRG were isolated according to a protocol adapted 

from Päiväläinen et al. 2008[54]. DRG were extracted from 3 rats, with 3 DRGs 

removed from each animal. Thus, n of 3 takes into account recordings from 9 DRGs. 

The spinal cord was placed in ice-cold PBS, and the DRG were identified and removed 

using tweezers. Nerve roots were trimmed as close as possible to the body of the 

DRG. Once isolated, DRG were placed in tissue culture wells and cultured with ice-

cold neurobasal (NB) media (Cat # 21103049; Gibco, Ireland) containing N2 

supplement (Cat # 17502001; Gibco, Ireland). Within an hour, DRG were placed in 

37°C and 5% CO2, and cultured in suspension overnight. 24-well plates were coated 

with Matrigel (Corning, Amsterdam, The Netherlands) diluted 1:4 in NB media. DRG 

were allowed to adhere to the bottom of the wells and cultured with 200 µl NB media 

overnight to promote attachment. 

 

2.2.4 Transfection protocol  

At 24 h prior to transfection, cells were seeded at a density of 13,000 cells/cm2 in 

adherent well plates. The growth media was removed 1 hour pre-transfection and 

replaced with OptiMEM (Cat # 31985070; Gibco, Ireland). Nanoparticles were 

formulated as described in Section 2.1.2 and following complexation, were mixed with 

OptiMEM and added to the cells. The transfection media was removed 4 hours post-

transfection, cells were washed in PBS and cells were returned to growth media. 

 

2.2.5 Assessment of the transgene expression and the transfection efficiency in 

transfected cells 

To determine the transgene expression of transfected Schwann cells, the reporter 

gene pGLuc encoding for the luminescent protein luciferase was used. Nanoparticles 

were formulated as described in Section 2.1.2 and Schwann cells were transfected as 

described in Section 2.2.4. Media samples from transfected cells were collected at 1, 

3, 7, 14, 21 and 28 days post-transfection to assess transgene expression over a 

physiologically relevant timeframe. The luciferase in these samples was quantified 

using the Pierce Gaussia Luciferase Flash Assay Kit (Cat # 16158; Thermo Scientific, 

Ireland) following the manufacturer’s instructions. To determine the percentage 

transfection efficiency of nanoparticles, pDNA encoding green fluorescent protein 

(pGFP) was used. Schwann cells were transfected with PEI-pGFP nanoparticles (N/P 



 

 

7, 2 µg pGFP) and images of fluorescent cells expressing GFP were captured after 3, 

7 and 14 days of culture with a Leica DMIL microscope to verify GFP expression (Leica 

Microsystems, Switzerland). The transfection efficiency was estimated as the 

percentage of GFP+ cells in the population and quantified using flow cytometry with 

FACS Canto 11 DIVA software using day 3 as transfection efficiency percentage.  

 

2.2.6 Evaluation of nanoparticle cytotoxicity  

To assess cell proliferation post-transfection, a Quant-iT PicoGreen dsDNA assay kit 

(Cat # P11496; Life Sciences, Ireland) was used to quantify dsDNA concentration in 

transfected cells and compared to non-transfected cells. Lysis buffer (0.2 M carbonate 

buffer, 1% Triton X) was used to lyse cells, and the lysate was then assessed using 

the manufacturer’s protocol. The dsDNA concentration was deducted using a standard 

curve and related to non-transfected cells as the 100% control. To assess metabolic 

activity post-transfection, the one step MTS Cell Proliferation assay (Cat # G3582; 

Promega, Ireland) was used according to manufacturer’s instructions. Photometric 

absorbance at a wavelength of 490 nm was measured and related to that of non-

transfected cells as the 100% control. Metabolic activity and dsDNA concentration 

assays were carried out after day 1, 3, 7 and 14 to determine if PEI had short-lived or 

permanent cytotoxicity effects. 

 

2.3 Assessment of the cellular response to optimized nanoparticles 

carrying pNGF, pGDNF and pJUN 

In order to assess the biological response to genes encoding for NGF, GDNF and c-

Jun, optimized nanoparticles made up of PEI (N/P 7, 2 µg pDNA) and each therapeutic 

gene, were formulated as previously described in Section 2.1.2 and used to transfect 

(i) Schwann cells (S42 cells), the target population in vivo, (ii) neural progenitor cells 

(PC12 cells) to assess the response of neuronal cells, which may potentially become 

transfected in vivo, and (iii) adult dorsal root ganglia (DRG) to assess the effect of 

transfection on a mixed cell population and the potential to enhance axonal outgrowth. 

 

2.3.1 Assessment of the response of Schwann cells to pNGF, pGDNF and pJUN 

To determine if Schwann cells (S42 cells) had been successfully transfected with 

pNGF, pGDNF and pJUN, GFP expression was assessed 7, 14 and 28 days post-



 

 

transfection using a Leica DMIL microscope (Leica Microsystems, Switzerland) to 

verify determine long-term therapeutic transgene expression. To assess the effect on 

Schwann cell growth and proliferation, metabolic activity (MTS) assays were carried 

out as previously described in Section 2.2.6 on transfected cells after 7 days of culture 

and compared to non-transfected cells. To quantify the levels of therapeutic protein 

produced by Schwann cells in response to transfection, the levels of NGF, GDNF, 

CNTF, and myelin associated glycoprotein (MAG) were quantified using ELISAs 

following the manufacturer’s instruction (Cat # DY556, DY212, DY557 and DY538; 

R&D Systems, UK) and compared to non-transfected cells. NGF and GDNF 

expression levels were assessed to confirm overexpression post-transfection, while 

CNTF, a promoter of neuronal survival and outgrowth, was assessed since it displays 

a limited increase in expression post-injury, and MAG was assessed because its 

expression level is inversely related to Schwann cell proliferation[25,52]. 

 

2.3.2 Assessment of the response of PC12 cells to pNGF, pGDNF and pJUN, and 

immunofluorescence staining 

PC12 cells were transfected as described in Section 2.2.4, and assessed for neurite 

outgrowth 7 days post-transfection. Neurite outgrowth assays were carried out in 24-

well plates at a seeding density of 25,000 cells/cm2. The functional bioactivity of gene 

products was validated by assessing the autocrine (i.e. GFP+ cells with neurite 

outgrowth) and paracrine-mediated (i.e. GFP- cells with neurite outgrowth) induction 

of neurite outgrowth. Immunofluorescence staining was carried out to identify neurite 

outgrowth (β-tubulin III) and c-Jun expression post-transfection as these cells do not 

natively express it, while a nuclear stain Hoechst 33258 was used for counterstaining. 

Briefly, samples were incubated with rabbit anti-β-tubulin III (200kDa) or rabbit anti-c-

Jun (Cat # ab18207 and ab32137; Abcam, Cambridge, UK) at 1:200 dilutions following 

cell fixation with 10% formalin (1 hour), and permeabilization with 0.1% Tween20 (30 

minutes). Alexa Fluor 546 anti-rabbit secondary antibody (Cat # A-11035, Thermo 

Scientific, Ireland) was used at 1:500 dilution (2 hour incubation) and Hoechst 33258 

was added as per manufacturer’s instruction (10 minutes incubation) (Cat # 861405; 

Sigma-Aldrich, Wicklow, Ireland) and samples were washed prior to imaging. 

 



 

 

2.3.3 Assessment of the response of adult DRG to pNGF, pGDNF and pJUN 

After successful attachment (24 hours), DRG were transfected as described in Section 

2.2.4. Axonal outgrowth was assessed using immunofluorescence staining for β-

tubulin III 14 days post-transfection, as longer timepoints are unsuitable for DRG 

culture. The length of axonal outgrowth from transfected DRG was then quantified by 

post-image analysis using Simple Neurite Tracer Fiji (ImageJ) plugin[51,55] in 

comparison to that of non-transfected DRG to assess enhanced growth. 

 

2.4 Fabrication of a gene-activated NGC and assessment of Schwann 

cell transfection in 3D 

2.4.1 Fabrication of a gene-activated NGC 

To fabricate a gene-activated NGC, the optimized PEI-pDNA nanoparticles were 

incorporated into the hyaluronic acid (HyA)-based luminal filler of our previously 

developed NGC as a model natural polymer-based conduit[20] via a soak-loading 

technique that has been used in our lab to successfully gene-activate collagen-based 

scaffolds for osteochondral repair[26,27,29]. To determine whether transgene 

expression could be recapitulated in 3D, nanoparticles carrying pGLuc were 

incorporated into the NGC. Samples of HyA luminal filler (1 cm2 x 4 mm) were 

prepared as described in our previous study[20] and PEI-pGLuc nanoparticles (N/P 7, 

2 μg pDNA) were incorporated by soak-loading directly onto the material following 

complexation. After a 15 minute incubation at room temperature, 5 x 105 Schwann 

cells (S42 cell line) were seeded onto gene-activated samples in OptiMEM and 

incubated for 4 hours at 37 °C, and then returned to growth media in order to assess 

in vitro whether the gene-activated NGC might lead to transient gene expression 

(Schem. 1). Conditioned culture media was collected after 3, 7, 10, 14, 21, and 28 

days of culture and evaluated using the luciferase assay described in Section 2.2.5. 

 



 

 

 

Schematic 1: Gene-activated nerve guidance conduit  
Schematic of the gene-activated nerve guidance conduit composed the conduit and PEI-
pDNA nanoparticles, which are incorporated into the luminal filler. First inset shows interaction 
between the positively charged polymer and the negatively charged pDNA, while second inset 
shows envisaged take up of nanoparticles by host cells as they migrate through the porous 
luminal filler, resulting in gene-activated cells.  

 

2.4.2 Functional assessment of the gene-activated NGC 

A series of gene-activated NGCs were prepared by incorporating PEI-pDNA 

nanoparticles (N/P 7, 2µg pDNA) carrying either pNGF, pGDNF or pJUN, in the luminal 

filler of the biphasic NGC previously developed in our research group[20]. Schwann 

cells (S42 cell line) were seeded on the gene-activated luminal fillers to assess 

transfection with pNGF, pGDNF and pJUN in 3D, and to assess the paracrine effects 

of transfected Schwann cells on PC12 cells as described in Section 2.3.2. GFP 

expression was assessed in 3D to verify that Schwann cells had been successfully 

transfected in the gene-activated luminal fillers with each of the three genes. The 

culture media was collected 14 days after transfection in 3D to quantify the NGF and 

GDNF production levels using ELISA kits following the manufacturer’s instruction 

(R&D Systems, UK) as described in Section 2.3.1. A neurite outgrowth assay was then 

carried out on PC12 cells using this culture media collected after 3, 7 and 14 days to 

determine the paracrine effect of transfected Schwann cells in 3D as described in 

Section 2.3.2. 

 

2.5 Statistical analysis 

Results are expressed as mean ± standard deviation. In Figures 3C, 4C, 5C, 6B and 

Supplementary B statistical significance was assessed using one-way ANOVA 



 

 

followed by Tukey post-hoc analysis. In the case of Figures 2A, 2B, 2C, 3B and 

Supplementary A two-way ANOVA analysis was carried out followed by Bonferroni 

post-hoc analysis. The sample size was n=3, unless stated otherwise, and p≤0.05 

values were considered statistically significant where * p<0.05, ** p<0.01, *** p<0.001 

and **** p<0.0001. 

 

  



 

 

3. Results 

3.1 Evaluation of the physicochemical properties of PEI-pDNA 

nanoparticles 

The physicochemical properties of the PEI-pDNA nanoparticles were assessed to 

ensure that they meet precise standards in order to have high efficiency: they should 

have a diameter of approximately 100 nm, carry a positive charge, protect pDNA from 

enzymatic degradation, and they should have a high complexation efficiency and 

stability over time.  

 

The zeta potential of PEI-pDNA nanoparticles with a range of N/P ratios has previously 

been determined[27], and nanoparticles with N/P 7, carrying 2 µg of pDNA, were 

shown to have a zeta potential of approximately +30 mV[56] rendering them suitable 

for cellular uptake by Schwann cells, which have a membrane potential of 

approximately -70 mV. To ensure they meet the size threshold of approximately 100 

nm for cell uptake, PEI-pDNA nanoparticles (N/P 7, 2 µg pDNA) were prepared and 

visualized using TEM and compared to Lipofectamine 2000-pDNA nanoparticles in 

terms of morphology and size (Fig. 1A). TEM analysis showed that homogenous 

nanoparticle formation is achievable with PEI, generating nanoparticles with an 

average diameter of 40±10 nm and a regular, spherical morphology. In comparison, 

using Lipofectamine 2000 resulted in more irregular nanoparticles with an average 

diameter of 56±15 nm and a much less defined morphology, with supercoiled pDNA 

found protruding from some nanoparticles, suggesting that pDNA was poorly retained. 

To ensure efficacy, pDNA should be protected from enzymatic degradation until it is 

taken up by cells. When PEI’s capacity to protect pDNA from enzymatic degradation 

was assessed, results showed that incubation with deoxyribonuclease I (DNase I) for 

30 minutes at 37 °C was sufficient to completely degrade free pDNA as suggested by 

the lack of banding formation in gel electrophoresis (Fig. 1B, Lane 3) compared to the 

typical pDNA banding pattern (Fig. 1B, Lane 2). In contrast, pDNA complexed with PEI 

was retained in wells (Fig. 1B, Lane 4), suggesting a high complexation efficiency 

between PEI and pDNA. Nanoparticles incubated with DNase I for 30 minutes prior to 

loading resulted in the same banding pattern (Fig. 1B, Lane 5), suggesting that PEI 

can protect pDNA from enzymatic degradation. In terms of complexation efficiency 

between PEI and pDNA, an initial complexation efficiency of 92% was recorded 



 

 

immediately after nanoparticle formation. After 28 days incubation at 37 °C, in excess 

of 90% of the initial pDNA dose was still in complex with PEI, highlighting the stability 

of these nanoparticles at 37 °C (Fig. 1C).  

 

 

Figure 1: Physicochemical characterization of PEI-pDNA nanoparticles 
A) TEM images of PEI-pDNA nanoparticles and Lipofectamine 2000-pDNA nanoparticles. 
PEI-pDNA nanoparticles had a smooth and round morphology in contrast to Lipofectamine 
2000-pDNA nanoparticles, which had an irregular morphology and showed evidence of 
disassociation between supercoiled pDNA and the polymer. The average diameter of PEI-
pDNA and Lipofectamine 2000-pDNA nanoparticles was 40 and 56 nm, respectively. B) Image 
of agarose gel showing that PEI renders protection to pDNA from enzymatic degradation 
suggested by the banding pattern after digestion with DNase. C) Complexation efficiency 
between PEI and pDNA expressed as a function of time, showing the stability of the 
nanoparticles over time. Data plotted represents mean ± standard deviation, n = 3. 
 

3.2 Assessment of PEI-pDNA nanoparticle transfection efficiency  

Schwann cells (S42 cells) were transfected with PEI-pGLuc nanoparticles (N/P 7, 2 

µg pGLuc) to determine transgene expression and compared to transfection using 

Lipofectamine 2000-pGLuc. Luciferase expression was evaluated for 28 days after 

transfection with pGLuc, and transient expression profiles were obtained for both 



 

 

vectors and compared to non-transfected cells (Fig. 2A). Cells transfected using PEI-

pGLuc led to significantly higher (p<0.0001) transgene expression compared to cells 

transfected using Lipofectamine 2000, with significant differences in expression 

observed at 3 and 7 days post-transfection. Based on these transgene expression 

results, Lipofectamine 2000 was not carried further into the study. 

 

To determine if the PEI-pGLuc nanoparticles negatively affected Schwann cell viability 

post-transfection, DNA quantification and metabolic activity assays were carried out. 

Results suggest that PEI had a negative impact on cell proliferation within 3 days of 

transfection (Fig. 2B), with cells proliferating on average 21% (p<0.0001) less than 

non-transfected cells after 7 days. However, the effect of PEI on cell proliferation 

became less significant (p<0.01) 14 days post-transfection, with only a 14% lower level 

in cell proliferation compared to non-transfected cells. Moreover, results show that 

cells had 30% (p<0.0001) lower metabolic activity 3 days after being transfected with 

PEI compared to non-transfected cells, and an even lower level after 7 days 

(p<0.0001) (Fig. 2C). Despite this, cells showed increased metabolic activity 14 days 

post-transfection compared to earlier timepoints, with less significance difference 

compared to non-transfected cells (p<0.001).Taken together, these results suggest 

that PEI-pDNA nanoparticles had a limited cytotoxic effect following Schwann cell 

transfection in 2D, lowering both their proliferation and metabolic activity immediately 

after transfection but without long-term effects, and well within the maximum accepted 

toxicity of 35% in 2D transfections[27]. Due to the significant reduction in cell viability 

caused by the PEI-pDNA nanoparticles, a vector known to have limited cytotoxicity 

issues, chitosan, was tested at a formulation previously optimised for mesenchymal 

stem cell transfection (N/P 10, 2 µg pDNA). However, the low transfection efficiency 

of <5% was deemed unsuitable so chitosan was not used for further studies 

(Supplementary 2A). 

 

In order to quantify the transfection efficiency, Schwann cells (S42 cells) were 

transfected with pDNA encoding GFP. Fluorescent green cells were found throughout 

transfected cultures, indicating successful transfection with GFP (Fig. 2D). 

Quantification of these results show that peak Schwann cell transfection efficiency is 

60±13%, and a reduction in GFP+ cells over time suggests that their transgene 

expression is transient as desired. Additionally, we tried to optimize the transfection 



 

 

efficiency by increasing the pDNA dose but found that this led to increasing cytotoxicity 

due to increased PEI concentration necessary to maintain the N/P ratio constant 

(Supplementary 2B). Collectively, these findings suggest that the optimal nanoparticle 

formulation consists of PEI-pDNA nanoparticles carrying a 2 μg dose of pDNA with an 

N/P ratio of 7. 

 

 

Figure 2: Assessment of transfection efficiency 
A) Gaussia Luciferase gene expression as a function of time in Schwann cells transfected with 
PEI-pGLuc and Lipofectamine 2000-pGLuc nanoparticles compared to non-transfected cells. 
Both vectors rendered a transient gene expression profile compared to non-transfected cells, 
however, PEI led to significantly higher gene expression than Lipofectamine 2000, 3 and 7 
days after transfection. B) Schwann cell viability following transfection with PEI in terms of 
DNA quantity and C) metabolic activity, suggesting that PEI-mediated cytotoxicity is limited 
and does not last long-term. D) Fluorescent microscopy images superimposed over brightfield 
images showing examples of cells expressing GFP in comparison to non-transfected cells up 
to day 14, scale bar 100 µm. Flow cytometry reported a transfection efficiency of 60±13% 3 
days post-transfection, while flow cytometry side scatter plots show a decrease in GFP+ cells 
over time. Data plotted represents mean ± standard deviation, n = 3. **, *** and **** denotes 
p<0.01, p<0.001 and p<0.0001, respectively, two-way ANOVA. 

 



 

 

3.3 Assessment of the cellular response to PEI nanoparticles carrying 

pNGF, pGDNF and pJUN 

Having determined that PEI-pDNA nanoparticles are capable of transfecting Schwann 

cells (S42 cells), we next sought to assess the effects of delivering genes encoding 

for therapeutic proteins. Schwann cells were transfected with PEI nanoparticles 

carrying pNGF, pGDNF and pJUN coding for NGF, GDNF and c-Jun, respectively. 

Fluorescent green Schwann cells (GFP+) were evident throughout transfected cultures 

suggesting that they had been successfully transfected with each of the three genes 

(Fig. 3A). Moreover, some Schwann cells were found to be GFP+ up to 28 days after 

transfection, suggesting that therapeutic protein production was, although transient, 

sustained for sufficient time to potentially have a beneficial effect in a peripheral nerve 

repair application. The viability of Schwann cells post-transfection was assessed and 

results suggest that each of the three genes were capable of mitigating PEI-associated 

cytotoxicity (Fig. 2C), with transfected cells showing no significant difference in 

metabolic activity compared to non-transfected cells 7 days post-transfection (Fig. 3B).  

 

Having determined that there was no significant difference in metabolic activity 

between non-transfected cells and Schwann cells transfected with each PEI complex 

(N/P 7, 2 µg pDNA), the expression of cytokines NGF, GDNF, CNTF and MAG, were 

next assessed at the same time-point (Fig. 3C). Transfection with pNGF led to a 

significant increase in NGF expression (p<0.001) and also a slight increase in GDNF 

expression (p>0.05). Similarly, transfection with pGDNF led to a significant increase 

in GDNF expression (p<0.01) and also an increase in NGF expression (p<0.01). 

Transfection with pJUN led to a significant increase in NGF production (p<0.05), and 

also an increase in GDNF production (p>0.05). Additionally, transfection with pNGF, 

pGDNF and pJUN led to a slight increase in CNTF expression (p>0.05), while also 

supressing MAG expression (p<0.001). Results suggest that while pJUN does not 

directly encode for neurotrophic cytokines, the transcription factor it encodes for, c-

Jun, led to the overexpression of neurotrophic factors NGF, GDNF and CNTF, while 

also downregulating MAG.  

 

Having determined that PEI-pDNA nanoparticles can efficiently deliver therapeutic 

genes to Schwann cells (S42 cells), we next sought to assess their potential effect on 



 

 

neuronal cells. Results showed that PC12 cells could be successfully transfected with 

each gene, leading to neurite outgrowth in contrast to non-transfected cells, which 

retained a rounded cell morphology, thus suggesting that the neurotrophic cytokines 

encoded by these genes were functionally bioactive (Fig. 3D). Moreover, only cells 

transfected with pJUN were found to be c-Jun+, confirming that the expression of c-

Jun led to the production of neurotrophic cytokines, which in turn led to neurite 

outgrowth by both autocrine and paracrine means. 

 

 

Figure 3: Assessment of the response of Schwann cells and PC12 cells to PEI-pDNA 
nanoparticles carrying pNGF, pGDNF and pJUN 
A) Fluorescent microscopy images superimposed over brightfield revealing green fluorescent 
Schwann cells (GFP+) in all groups up to 28 days post-transfection, suggesting that Schwann 
cells were successfully transfected with PEI-pNGF, PEI-pGDNF and PEI-pJUN (N/P 7, 2 µg 
pDNA), scale bar 100 µm. B) Schwann cell metabolic activity was assessed 7 days post-
transfection in cells transfected with PEI-pNGF, PEI-pGDNF and PEI-pJUN, compared to non-
transfected cells suggesting that the gene products are mitigating PEI-associated cytotoxicity. 
Data plotted represents mean ± standard deviation, n = 3. Two-way ANOVA. C) The 
expression levels of NGF, GDNF, CNTF and MAG were assessed in transfected cells after 7 
days of culture and compared to baseline levels of expression in non-transfected cells, 
indicated with a dashed line, showing desired overexpression of neurotrophic cytokines. n = 



 

 

3. *, **, *** and **** denote p<0.05, p<0.01, p<0.001, and p<0.0001, respectively, one-way 
ANOVA. D) Fluorescent microscopy images of PC12 cells with insets highlighting β-tubulin III+ 
neurite outgrowth 7 days post-transfection, suggesting that PC12 cells could be transfected 
with PEI-pNGF, PEI-pGDNF and PEI-pJUN, and that the gene products are functionally 
bioactive, compared to non-transfected cells where neurite outgrowth was not reported, scale 
bar 200 µm. 

 

For completeness, we also decided to assess the response of adult DRG, a mixed 

population of cells consisting of both Schwann cells and neuronal cells, in addition to 

fibroblasts and satellite glial cells, to each gene, and to determine whether axonal 

outgrowth could be enhanced. Results suggest that DRG were successfully 

transfected with each gene, indicated by the presence of bright green GFP+ 

fluorescent DRG cells at 7 days post-transfection compared to non-transfected cells 

(Fig. 4A). Despite not being able to determine which particular cell type had been 

successfully transfected, we did some axonal β-tubulin III+ outgrowth to be GFP+ 14 

days post-transfection (Fig. 4B), suggesting that sensory neurons can potentially also 

be transfected using PEI-pDNA nanoparticles, and that transgene protein production 

is also sustained. Moreover, we found that transfection with PEI-pNGF and PEI-

pGDNF led to significantly longer axonal outgrowth compared to non-transfected DRG 

(p<0.05).  Interestingly, transfection with PEI-pNGF and PEI-pGDNF nanoparticles 

leads to 1.9-fold longer axonal outgrowth compared to non-transfected DRG (p<0.05), 

but transfection with PEI-pJUN led to enhanced axonal outgrowth compared to all 

groups, 2.8-fold longer compared to non-transfected DRG (p<0.001), and 1.5-fold 

longer compared to DRG transfected with PEI-pNGF or PEI-pGDNF (p<0.05) (Fig. 

4C). 

 



 

 

 

Figure 4: Assessment of the response of adult DRG to PEI-pDNA nanoparticles 
carrying pNGF, pGDNF and pJUN 
A) Fluorescent microscopy images superimposed over brightfield shows GFP+ cells in all 
transfected DRG compared to non-transfected after 7 days, suggesting they had been 
successfully transfected with PEI-pNGF, PEI-pGDNF and PEI-pJUN (N/P 7, 2 µg pDNA), 
scale bar 500 µm. B) Images of samples post-immunofluorescence carried out 14 days post-
transfection, showing successfully transfected neuronal cells (GFP+) and axonal outgrowth (β-
tubulin III+), scale bar 500 µm. C) Quantification of axonal outgrowth in transfected DRG, 
demonstrating that transfection with PEI-pNGF and PEI-pGDNF nanoparticles leads to 1.9-
fold longer axonal outgrowth compared to non-transfected DRG, but transfection with PEI-
pJUN led to enhanced axonal outgrowth compared to all groups, 2.8-fold longer compared to 
non-transfected DRG, and 1.5-fold longer compared to DRG transfected with PEI-pNGF or 
PEI-pGDNF. Data plotted represents mean ± standard deviation, n = 3. * and *** denote 
p<0.05 and p<0.001, respectively, one-way ANOVA. 

 

3.4 Fabrication of a gene-activated NGC and assessment of Schwann 

cell transfection in 3D 

We next sought to assess the effect of these genes in a 3D microenvironment within 

a NGC. First, we found that PEI-pDNA nanoparticles carrying genes encoding for 

luciferase could be seamlessly incorporated into the luminal filler of the biphasic NGC 

developed previously to create a gene-activated luminal filler. Results suggest that 



 

 

luciferase expression by Schwann cells in the gene-activated luminal filler have a 

sustained but transient expression profile, similar in comparison to 2D, with an early 

peak in luciferase expression 3 days post-transfection followed by a slow and 

sustained reduction in transgene expression up to day 28 as desired (Fig. 5A). 

Schwann cells (S42 cells) were then successfully transfected in luminal fillers activated 

with each gene, suggested by the presence of GFP+ cells found throughout the 3D 

microenvironment 3 days post-transfection (Fig. 5B). The levels of neurotrophic 

cytokine production by Schwann cells in the gene-activated luminal filler were 

significantly higher than the levels expressed by cells in the gene-free luminal filler 

(Fig. 5C). While the luminal filler activated with either PEI-pNGF and PEI-pGDNF led 

to enhanced levels of NGF (p<0.01) and GDNF (p<0.001) expression respectively, the 

luminal filler activated with PEI-pJUN led to greater levels of both NGF (p<0.01) and 

GDNF (p<0.0001) expression in comparison to both other groups after 14 days. 

 

 



 

 

 

Figure 5: Assessment of Schwann cell transfection in gene-activated NGC 
A) Gaussia Luciferase gene expression was monitored over 28 days from Schwann cells 
transfected with PEI-pGLuc nanoparticles (N/P 7, 2 µg pDNA) in the gene-activated luminal 
filler. Gene expression was transient over 28 days, peaked 3 days post-transfection, and 
followed the same trend as previously observed in 2D experiments. Data plotted represents 
mean ± standard deviation, n = 3.  B) Schwann cells were transfected in luminal fillers 
activated with PEI-pNGF, PEI-pGDNF and PEI-pJUN. Fluorescence imaging showing 
representative images of successfully transfected GFP+ Schwann cells in the gene-activated 
luminal fillers after 3 days. C) Quantification of the levels of NGF and GDNF expressed by 
Schwann cells in gene-activated luminal fillers after 14 days compared to the levels expressed 
by cells in the gene-free luminal filler (dashed line), showed that PEI-pJUN led to enhanced 
levels of neurotrophic cytokine production in 3D compared to all other groups. Scale bar 100 
µm. Data plotted represents mean ± standard deviation, n = 3. **, *** and **** denote p<0.01, 
p<0.001, and p<0.0001, respectively, one-way ANOVA. 

 



 

 

We next sought to assess the paracrine effect of Schwann cells (S42 cells) transfected 

within the gene-activated luminal fillers on neurite outgrowth. We found that 

conditioned media from each of the gene-activated luminal fillers, collected 3, 7 and 

14 days after seeding Schwann cells on the constructs, was capable of inducing 

neurite outgrowth from PC12 cells compared to conditioned media from gene-free 

luminal filler, which had very low concentrations of neurotrophic cytokines and was 

incapable of inducing any neurite outgrowth (Fig. 6A). This thus demonstrates the 

sustained, paracrine effect of transfected Schwann cells in the gene-activated luminal 

filler on neurite outgrowth. Notably, conditioned media collected from the luminal filler 

activated with PEI-pJUN led to the most significant enhancement (p<0.01) in terms of 

neurite outgrowth per cell at each time point, suggesting again that the transcription 

factor c-Jun has the greater therapeutic potential than either genes encoding for NGF 

or GDNF (Fig. 6B). 

 

 



 

 

Figure 6: Paracrine effect of Schwann cells transfected in gene-activated luminal filler 
on neurite outgrowth 
A) Neurite outgrowth from PC12 cells after 7 days in response to conditioned media collected 
from luminal fillers activated with PEI-pNGF, PEI-pGDNF and PEI-pJUN, 3, 7 and 14 days 
after seeding Schwann cells on them, compared to conditioned media from gene-free luminal 
filler (control). Cells are stained with β-tubulin III to highlight neurite outgrowth and Hoechst 
33258 to depict cell nuclei. Scale bar 100 µm. B) The conditioned media from luminal filler 
activated with PEI-pJUN led to enhanced neurites per cell at each time-point compared to 
luminal filler activated with either PEI-pNGF or PEI-pGDNF, and gene-free luminal filler, 
highlighting the greater therapeutic potential of c-Jun. Data plotted represents mean ± 
standard deviation, n = 3. *, ** and *** denote p<0.05, p<0.01 and p<0.001, respectively, one-
way ANOVA.  



 

 

4. Discussion 

In this study, a gene-activated NGC was developed, and assessed in vitro, by 

incorporating NV PEI-pDNA nanoparticles encoding for therapeutic genes into the 

luminal filler of the biphasic NGC developed previously[20]. This platform 

demonstrated the capacity to efficiently deliver genes encoding for therapeutic 

proteins, NGF, GDNF and c-Jun and elicit a beneficial response from Schwann cells 

and neuronal cells in vitro. The gene encoding for c-Jun was found to have greater 

effects in terms of enhancing pro-regenerative cell activity, including neurotrophic 

factor production and axonal outgrowth, than genes encoding for either neurotrophic 

factors. Ultimately, the ability of a gene-activated NGC to deliver pDNA was 

demonstrated in vitro resulting in a conduit that could elicit sustained but transient 

levels of enhanced neurotrophic protein production over time, which can lead to 

beneficial paracrine effects such as promoting neurite outgrowth. 

 

While viral gene therapy for the correction of genetic disorders has led to recent 

successes[57-59], the main hurdle facing NV gene therapy for tissue engineering, and 

the development of a gene-activated NGC for peripheral nerve repair, is the lack of an 

efficient NV gene delivery vector[31]. In this study, pDNA was complexed with PEI with 

an N/P ratio of 7 and carrying 2 µg of pDNA to form PEI-pDNA nanoparticles of suitable 

size, morphology and charge for gene delivery. Previous studies have shown that the 

physicochemical properties of PEI-pDNA nanoparticles are a key determinant of gene 

delivery success[60,61]. The characteristics of the PEI-pDNA nanoparticles used in 

this study, with an average diameter of 40 nm and an overall cationic charge of +30mV, 

meet the criteria for efficient cell uptake. Although the mechanism of entry into the cell 

remains unknown, the combination of these properties potentially promotes 

nanoparticle binding to syndecans[62], which are negatively charged heparan sulfate 

proteoglycans in cell membranes, and subsequent internalization via endocytic 

vesicles[63]. Additionally, the findings from this study suggest that PEI protects pDNA 

from DNase degradation while maintaining its stability long-term for up to 28 days. 

These properties are also highly advantageous considering that transfection within a 

gene activated NGC is envisaged to be spaced out over time, i.e. as Schwann cells 

come into contact with nanoparticles as they migrate throughout the length of the 

luminal filler. Furthermore, morphology analysis revealed that PEI-pDNA 



 

 

nanoparticles retained their structural integrity in contrast to Lipofectamine 2000-

pDNA nanoparticles, which showed evidence of dissociation. Other studies 

corroborate our findings, suggesting that PEI-pDNA nanoparticles are also highly 

stable in human serum, and only aberrant conditions such as alkaline pH and high 

heparin content are capable of dissociating pDNA from PEI[64]. Taken together, these 

findings suggest that the physicochemical properties of PEI-pDNA nanoparticles are 

highly suitable for gene delivery in neural applications.  

 

Despite their NV nature, PEI-pDNA nanoparticles were found to be highly efficient at 

transfecting Schwann cells (S42 cells) with an efficiency of 60±13%. This high 

efficiency is comparable to that achieved in Schwann cell transduction using viral 

vector AAV6 with a multiplicity of infection of 1000[65], but significantly less cytotoxic 

effects compared to the 90% cell death associated with viral gene delivery[65]. It is 

also higher compared to the 10-48% transfection efficiency achieved using other 

commercially available cationic polymer-based transfection reagents[66,67]. 

Moreover, transfection using PEI led to sustained but transient gene expression, which 

is far more desirable for nerve repair than permanent over-expression since 

supraphysiological protein expression can lead to axonal trapping and other aberrant 

side-effects seen with viral gene delivery[18,19]. When the transfection efficiency of 

PEI-pDNA nanoparticles was compared to that of chitosan-pDNA nanoparticles 

(Supplementary 1A), chitosan led to a transfection efficiency of < 5% despite 

previously being optimized for efficient bone-marrow derived mesenchymal stem cell 

transfection in successful bone repair applications[26], suggesting that chitosan 

requires further optimization for Schwann cell transfection. Altering pDNA dose 

(Supplementary 2B) was considered another potential variable to further optimise 

gene delivery[26,27], however increasing pDNA dose led to increased cytotoxicity 

likely due to increased PEI concentration used to maintain the N/P ratio constant. 

Collectively, these findings suggest that the optimal PEI nanoparticle formulation for 

Schwann cell transfection consists of PEI and a 2 μg dose of pDNA with an N/P ratio 

of 7. 

 

Having confirmed that PEI-pDNA nanoparticles are suitable the transfection of 

Schwann cells (S42 cells), we next sought to assess their potential therapeutic effects 

in vitro with genes encoding for therapeutic proteins, i.e. neurotrophic factors NGF, 



 

 

GDNF and the transcription factor c-Jun. Since the nanoparticle were optimized for 

Schwann cell transfection, we found that Schwann cells could be readily transfected 

with each of the three genes as expected, leading to 2-fold overexpression of 

neurotrophic cytokines while also overcoming polymer-associated cytotoxicity by 

enhancing Schwann cell proliferation. However, we cannot discount the possibility that 

other cell types in the regenerative microenvironment might also pick up these 

nanoparticles. For example, sprouting axons might also take up these nanoparticles 

and transport the particle contents towards the nucleus via retrograde signalling. To 

test this possibility in vitro, in this study we show that DRG neurons can also be 

transfected, leading to enhanced axonal outgrowth with each of the three genes 

compared to non-transfected DRG neurons. However, the results indicated that the 

gene encoding for the transcription factor c-Jun led to 1.45-fold longer axonal 

outgrowth compared to genes encoding for the neurotrophic cytokines NGF or GDNF, 

and 2.83-fold longer axonal outgrowth compared to the outgrowth in non-transfected 

DRGs. These results reflect the potential of c-Jun[48] to upregulate multiple 

neurotrophic factors including NGF, GDNF and CNTF (as shown in this study), and 

brain derived neurotrophic factor (BDNF), artemin, and neurotrophin 3 (NT-3) as 

shown in another study[49]. Furthermore, it has previously been demonstrated that c-

Jun also regulates the expression of adhesion molecules such as N-cadherin and 

neural cell adhesion molecule (NCAM), while governing the morphogenetic processes 

that transform myelinating Schwann cells to a pro-regenerative phenotype[48] – 

processes that are highly advantageous for nerve repair. A potential caveat of this 

approach is that c-Jun is a known proto-oncogene[68] and might lead to potential 

problems, however a recent study that permanently overexpressed c-Jun in Schwann 

cells raised no concerns in this regard[49]. Results also suggest that although being 

optimized for Schwann cell uptake, a gene-activated NGC approach has the potential 

to lead to axon uptake of nanoparticles[69], which might potentially enhance repair in 

vivo. Corroborating our findings, a recent study[70] has demonstrated the high efficacy 

of transfecting DRG neuronal cells in the spinal nerve of rats with similar PEI-pDNA 

nanoparticles, however, carrying their approach required five times the amount of 

pDNA as in this study – further highlighting the efficiency of our approach. Collectively, 

these findings suggest that multiple cell types can be targeted using a single gene, 

while demonstrating that the gene encoding for c-Jun has greater therapeutic potential 



 

 

than either of the genes encoding specifically for the neurotrophic cytokines, NGF and 

GDNF. 

 

Loading the PEI-pDNA nanoparticles into the luminal filler of the biphasic NGC 

developed previously[20] led to the successful development of a gene activated 

construct, demonstrated by its capacity to transfect Schwann cells (S42 cells) in 3D, 

exhibiting sustained but transient levels of gene expression over 28 days in vitro. A 

series of gene activated conduits were created by seamlessly incorporating 

nanoparticles carrying each of the three genes into the luminal filler. Transfection in 

3D led to > 2-fold overexpression in Schwann cell neurotrophic cytokines using PEI-

pNGF and PEI-pGDNF nanoparticles, and > 3-fold overexpression using PEI-pJUN, 

again highlighting the greater efficiency of the transcription factor c-Jun in vitro.  

Furthermore, the sustained, paracrine and desired effect of transfected Schwann cells 

in the gene activated luminal fillers on neurite outgrowth was demonstrated, with the 

PEI-pJUN-activated luminal filler leading to enhanced neurite outgrowth compared to 

all other groups. Collectively, this study demonstrates in vitro an innovative approach 

to control the timing, release and level of therapeutic protein production by transfecting 

Schwann cells to transiently sustain protein production using a gene-activated NGC 

as the gene delivery platform, while also highlighting the high efficiency of the 

transcription factor c-Jun compared to NGF and GDNF. The next step in the validation 

of this approach should involve in vivo assessment to determine the level of enhance 

nerve repair. 

 



 

 

5. Conclusion 

In this study a gene activated nerve guidance conduit was successfully developed by 

incorporating non-viral PEI-pDNA nanoparticles capable of efficient Schwann cell 

transfection in vitro with genes encoding for therapeutic NGF, GDNF or c-Jun. This 

innovative approach may provide an alternative to conduits used as platforms for the 

delivery neurotrophic factors or genetically modified cells (viral gene therapy), and a 

potential solution for the unmet clinical need to repair large peripheral nerve injury 

effectively; however, further in vivo studies are required to fully demonstrate this 

potential. 

 

 

  



 

 

 

Supplementary 2: Assessment of chitosan-pDNA nanoparticles and increasing pDNA 
dose 
A) Schwann cells were transfected with chitosan-pGLuc nanoparticles (N/P 10, 2 μg pDNA) 
and their metabolic activity and luciferase expression is reported in comparison to that of cells 
transfected with PEI-pGLuc (N/P 7, 2 μg pDNA) and non-transfected cells. While chitosan-
pDNA nanoparticles rendered significantly lower cytotoxicity than PEI-pDNA nanoparticles 
after transfection, the latter had far superior transgene expression than the former. Data 
plotted represents mean ± standard deviation, n = 3. *, *** and **** denote p<0.05, p<0.001, 
and p<0.0001, respectively, two-way ANOVA. B) Schwann cells were transfected using PEI-
pGLuc nanoparticles with increasing pDNA dose (2 μg, 10 μg and 20 μg), and increasing PEI 
concentration to maintain the N/P ratio (7) constant. The effect of increasing pDNA dose was 
assessed in terms of metabolic activity and luciferase expression after 7 days in culture, 
showing stepwise drops in both transgene expression and cell viability in response to 
increasing pDNA dose, also suggested by cells stained with Hoechst 33258 after 7 days in 
culture, showing reduced cell densities in response to increasing pDNA dose. Scale bar 200 
μm. Data plotted represents mean ± standard deviation, n = 3. *, ** and **** denote p<0.05, 
p<0.01, and p<0.0001, respectively, one-way ANOVA. 

 

 



 

 

 

Supplementary 1: Verification of Schwann cell and neuronal phenotypes in S42 and 
PC12 cell lines 
Panels show S42 cells (top) and PC12 cells (bottom) stained using Schwann cell markers 
S100B and GFAP, and neuronal markers β-tubulin III and neurofilament, and DNA is 
counterstained using Hoechst 33258. Scale bar 100 µm. 
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