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ABSTRACT : The emergence of gene therapy has attracted attention in the recent years 
a'.s this technology enables a myriad of diseases to be treated at the root of the cause. The 
generation of a non-viral gene delivery vector with high transfection efficiency is highly 
required for this treatment strategy to be successful. Dextran-spermine (D-SPM) is a 
biodegradable polycation capable of compl~xing with plasmid DNA (pDNA). Yet, no study 
has been performed on its transfection efficiency in the lung via intranasal delivery technique. 
In this study, first, we showed that the in vitro transfection efficiency for D-SPM is higher than 
its PEGylated form. Next, we determined the optimal conditions for reporter gene expression 
in the lungs of mice via instillation delivery of the D-SPM/pDNA complex. Three conditions 
tested were: (i) different weight-mixing ratios of the complex, (ii) amount of pDNA in the 
complex and (iii) its expression time-point profile. The size of the D-SPM/pDNA complex 
was also evaluated. Results showed that the maximum reporter gene expression level in the 
mouse lungs was observed at weight-mixing ratio of 16, with 13.5 µg of pDNA and at day 
1 post-treatment. The size measurement of the complexes was evaluated at different DNA 
concentrations with weight-mixing ratio kept at the ratio that gave the highest reporter 
gene activity. The results show that the sizes of the complexes were in a nanometer range and 
were directly proportional to the amount of pDNA. In conclusion, this study has shown that 
the D-SPM/pDNA is a polymeric nanoparticle able to transfect mouse lungs, albeit at 
moderate efficiency. 

KEYWORDS: Gene delivery, lung instillation, non-viral vector, nanoparticle, gene therapy 

167 



Wai Yeng Wendy-Yeo, Sabariah Abdul Rahman, 
Rozita Rosli and Syahril Abdullah 

INTRODUCTION 

The promise of gene therapy to cure human genetic diseases at the root of their cause, that 

is, at the level of defective genes, has drawn much attention. Earlier studies have shown 

that the primary challenges for successful gene therapy application in the lung are the gene 

transfer efficiency and the safety of the gene delivery vector used. Therefore, major efforts 

have been directed to develop a safe and effective vector, which is capable of delivering 

therapeutic gene into target cells effectively and safely, for functional repairing, genetic 

modification and therapeutic level of gene expression. 

A number of DNA delivery vector systems have been developed to improve the efficiency 

of gene transfection into target cells. The two main gene vector systems are classified into 

viral and non-viral vectors. The viral vectors have received a remarkable attention for its high 

transfection efficiency, persistent gene expression and its ability to transduce many cell types 

(EI-Aneed, 2004; Lundstrom & Boulikas, 2003; Robbins & Ghivizzani, 1998). To date, about 

two thirds of the clinical trials for gene therapy are employing viral vectors (Edelstein et al., 

2007). However, viral vectors face serious drawback from the safety aspect, as they pose 

immunogenicity and toxicity risks or even the likeliness of mutagenesis in the transduced 

cells (Kushibiki & Tabata, 2004). 

On the contrary, the non-viral vectors are much safer and can be easily modified (Jo & 

Tabata, 2008; Li & Huang, 2007). One of the prospective non-viral vectors for efficient and 

safe gene delivery is the polycationic dextran-spermine (D-SPM). Based on the study by 

Hosseinkhani et al., 2004), dextran-spermine is a polycationic polysaccharide capable of 

transfecting cell lines and tissues in vivo via intramuscular and intravenous routes in mice. 

eliyahu et al., {2006), corroborated the findings by showing that the same polycation was 

efficient at delivering reporter gene to mice, via a combination of intramuscular and intranasal 

administrations. 

However, to date, no study has been performed to determine the efficacy of this polycation 

to deliver gene exclusively to the lung, via intranasal delivery. Therefore, this study seeks to 

address whether dextran-spermine is capable to efficiently transfer gene to the lung of mouse, 

in the prospect of developing a potential nanoparticle vector for lung disease gene therapy 

in the near future. 
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MATERIALS AND METHODS 

Preparation of plasmid DNAs 

Gene Transfer Into Mouse Airways Using Polycation Based 
Nanoparticle Gene Delivery System 

Plasmid pCIKLux expressing luciferase reporter gene was generously provided by the 
Gene Medicine Research Group, Oxford University, UK. The pCIKLux was replicated 
in the high-copy AG 1 competent cells (Stratagene, USA). The plasmids were cloned and 
purified into larger quantity by using S.N.A.P.™ Midiprep Kit (lnvitrogen, USA). Following the 
plasmid DNA (pDNA) extraction, the purified plasmids were verified based on their size by 
restriction enzyme analysis in 1 % agarose gel electrophoresis. 

Endotoxin-free Mega-Preparation of pDNA 

QIAGEN EndoFree® Plasmid Mega kit (Qiagen, Germany) was used for preparing a 
large-scale plasmid for the purpose of animal studies. As stated by the manufacturer, 
EndoFree Mega Kit would produce less than 0.1 Endotoxin Unit (EU)/µg pDNA . . 
The elimination of the endotoxin from the lipopolysaccharides of E.coli post pDNA 
extraction will ensure that the pDNA for in vivo use will not elicit toxic response in animal. 

D·SPM/pDNA and PEGylated D·SPM/pDNAComplex Preparation 

For the cell culture study, dextran-spermine (D-SPM) and pDNA complexes were prepared 
at various D-SPM/pDNA weight-mixing ratios of 4 to 14 (µg dextran-spermine/ µg pDNA) 
(w/w). The PEGylated dextran-spermine (PEGylated D·SPM) and pDNA complexes were 
also prepared at similar weight-mixing ratios as for the D-SPM/pDNA complexes. Increasing 
amount of D-SPM or PEGylated D-SPM solutions was added to 0.5 µg pDNA solution, each 
accounting for the increasing N/P weight ratio, in a microcentrifuge tube to obtain a final 
volume of 200 µI by topping up with Opti-MEM (lnvitrogen, Carlsbad, CA, USA). The 
complexes were vortexed briefly and incubated at room temperature for 30 min prior to being 
used. 

For the in vivo study, complexes of D-SPM and pDNA were prepared at various D-SPM/ 
pDNA weight-mixing ratios of 13 to 18 (µg D-SPM/ µg pDNA) (w/w). D-SPM solutions were 
added to 10 µg of pDNA solution to a final volume of 100 µI for dosing. The resulting solution 
was vortexed briefly and allowed to stand at room temperature for 30 min prior to use to allow 
spontaneous complex formation. 

To determine the most optimal amount of pDNA in complex that would give the highest level 
of expression in vivo, varying amounts of pDNA (7.5 to 17.5 µg) were added to D-SPM with 
the w/w kept at a constant ratio. The resulting solution was vortexed briefly and allowed to 
stand at room temperature for 30 min prior to use. 
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Following the determination of the D-SPM/pDNA weight-mixing ratio and amount of pDNA in 

the complex that would give the highest level of expression in vivo, the mice were dosed with 

the complex at its optimal conditions and the reporter gene activities were measured over a 

period of 7 days post-treatment. 

Cell Culture 

For the in vitro assays, African green monkey kidney fibroblast (COS-7) cell line 

was used. The COS-7 cell lines were cultured in Dulbecco's Modified Eagle's 

Medium (DMEM) (Sigma-Aldrich, USA) supplemented with 1 O % fetal bovine serum 

(Gibco BRL, UK), 4.5 g/L D-glucose, 1.0 mM sodium pyruvate and 1.5 g/L sodium 

bicarbonate (Sigma-Aldrich). The cells were kept at 37 °C in humidified 5 % C02 

atmosphere. 

Transfection of cells grown in vitro 

Prior to the transfection experiment, COS-7 cells were seeded at a density of 5 x 104 cells/ 

well in a 24-well plate. The adherence cells were grown in 1 ml of DMEM/FBS at 37 °C for 

about 24 hr in order to reach 90 % confluency at the day of transfection. Each transfection 

experiment was done in triplicate. On the day of transfection, the cell growth medium was 

aspirated and replaced with a final volume of 200 µI D-SPM/pDNA complexes or PEGylated 

D-SPM/pDNA complexes in Opti-MEM medium at various weight-mixing ratios (4 to 14 w/w). 

After the incubation period, the cells were washed with PBS and lysed by using 1 X reporter 

lysis buffer (RLB) (Promega, USA). 

Experimental Mouse and Anaesthesia 

Female BALB/c mice, age from 6 to 8 weeks were used in the experiment, with n=6 for 

each experimental group unless stated otherwise. Mice were maintained under conventional 

housing conditions. They were fed with standard chow and water ad libitum and were allowed 

to acclimatize for at least 7 days prior to procedures being performed. All animal experiments 

were carried out in accordance with the Guidelines for Animal Experiments of Universiti Putra 

Malaysia. 

The mice were anaesthetized in a fume hood until a balanced state of anesthesia 

was achieved. After dosing, mice were allowed to recover in a warmed environment and 

monitored for any signs of illness. Mice were euthanized by neck-dislocation. The lung and 

trachea of the mice were harvested for reporter gene expression analysis. 
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Luciferase Assay 

Gene Transfer Into Mouse Ai1Ways Using Polycation Based 
Nanoparticle Gene Delivery System 

The Luciferase Assay System (Promega, USA) was used for luciferase reporter 
quantification in mammalian cell lines. A total volume 20 µI from each sample was used to 
measure luciferase activity using a luciferase assay kit (Promega, USA) on a GloMax™ 20/20 
luminometer (Promega, USA). 

The obtained relative light units (RLUs) from luciferase assay were normalized against 
protein concentration in the cells extracts, which was quantified using a Bio-Rad DC Protein 
Assay (Bio-Rad Laboratories, CA, USA) based on colorimetric assay. 

Size Determination of D-SPM/pDNA Complex 

The size of D-SPM/pDNA complexes formed at various mass ratios was determined by using 
a particle size analyzer (Nanophox, Sympatec, Germany). D-SPM/pDNA complexes were 
prepared by using the same amount of D-SPM with varying amount of pDNA. All samples 
were dispersed in nuclease-free water and three measurements were taken for each sample 
to be certain that there was no clump that could affect the reading. 

Statistical Analysis 

Distribution free, non-parametric Mann-Whitney U test was used to compare two 
unpaired groups of variable, whereas ANOVA parametric test was applied to multiple group 
comparison. Data were presented as value ± SEM and considered to be statistically 
significant if p values were < 0.05. Analyses were performed using SPSS for Windows, 
Version 15.0. 

RESULTS AND DISCUSSION 

In Vitro Transfection Efficiencies of D-SPM/pDNA and PEGylated D-SPM/pDNA with 
Different Weight-Mixing Ratios 

Several studies have shown that better stability and higher transfection efficiencies were 
achieved when the positive charge of the polycation is concealed by hydrophilic polymers, 
such as polyethylene glycol (PEG) (Guosen et al., 2008; Lee & Kim, 2005; Sung et al., 2003). 
In this study, we evaluated the transfection efficiency of dextran-spermine-based polycation 
conjugates and itsPEGylated form in COS-7 cell line. The cells were transfected with 0.5 µg 
of pDNA complexed with different amount of D-SPM or PEGylated D-SPM. 
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For the D-SPM/pDNA complexes, reporter gene activity was negligible at weight ratio of 4 

to 10 (Figure 1). Maximum level of expression of D-SPM/pDNAwas detected at the weight

mixing ratio of 12 with reading reaching 2.9 x 106 RLU/mg protein. On the other hand, 

PEGylated D-SPM showed negligible reporter gene expression at the weight-mixing ratio of 

4 but then gradually increased until it reached a maximum level of 1.3 x 105 RLU/mg protein 

at w/w ratio of 10. Unfortunately, further increase in the weight-mixing ratio resulted in a 

decrease of the reporter gene expression. 

Surprisingly, the D-SPM/pDNA exhibited higher gene expression when compared to 

PEGylaed D-SPM/pDNA for all various weight-mixing ratios, with significant differences at 

w/w ratio of 12 and 14. This discrepancy could be explained by the different strength of 

electrostatic interaction between the DNA helices of each plasmid and the D-SPM and 

the grafted D-SPM with PEG, which may play a significant role in the efficiency of cell 

transfection. As the D-SPM exhibited the higher luciferase activity in the cell culture, D-SPM 

was chosen for subsequent in vivo studies. 
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Figure 1. T ransfection efficiency of D-SPM/pDNA and PEGylated D-SPM!pDNA 

complexes at various weight-mixing ratios with 0.5 µg pCIKLux in COS-7 cells. Luciferase 

expression was measured as RLU!mg protein at 48 h post-transfection. Data are presented 

as mean ± S.E.M of experiments conducted in triplicate. Asterisks signify significant 

statistical differences 
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Optimal w/w Ratio of Complex Preparation in Vivo 

In order to determine the most optimal D-SPM/pDNA weight-mixing (w/w) ratio, BALB/c mice 
were instilled intranasally with 10 µg of pDNA complexed with different amount of D-SPM 
to give w/w ratio ranging from 13 to 18. Reporter gene levels were plotted as a function of 
complex weight-mixing ratio at 2 days post-treatment (Figure 2). The D-SPM/pDNA complex 
ranging from ratio 13 to 15 showed almost similar levels of gene expression to the untreated 
group. The maximal reporter gene expression was observed at weight-mixing ratio of 16, 
where 91.23 ± 30.18 RLU/mg protein was obtained, although, not statistically significant 
compared to the rest of the group., Unfortunately, the subsequent increase ratio of the 
polycation failed to improve the reporter gene activity: It is speculated that increasing the 
w/w ratio may lead to the increase of the cationic dextran moiety and resulted in the increase 
of the size of the complex. This may eventually impedes its uptake once it reaches certain 
size due to the steric effect of the random charge distribution surface of the cationic carrier 
(Eliyahu et al., 2007). 

Subsequent studies to determine the optimal amount of pDNA for complexation and gene 
expressions time point profile employed D-SPM/pDNA w/w ratio of 16, as this ratio has been 
shown to exhibit the highest luciferase activity. 
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Figure 2. Luciferase expression {RLUI mg protein) in the trachea and lung of BALB!c mice 
following the administration of various weight-mixing ratios of D-SPM!pDNA complexes. 
Untreated mice were served as the control. Data are presented as mean± S.E.M from 6 
animals 
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Optimal Amount of pDNA for Complex Preparation 

To evaluate whether pDNA concentration can influence the transfection efficiency of the 
D-SPM at a fixed weight-mixing ratio, mice were intranasally instilled with D-SPM/pDNA 
complexes containing varying amount of pDNA. The weight-mixing ratio of the complexes 
was set to 16 while the amount of pDNA in the complex was varied from 7.5 µg to 17.5 µg 

per mouse. 

A bell-shaped curve is presented in the graph as the amount of pDNA gradually 
increased (Figure 3). The highest gene expression level was detected from the 
D-SPM/pDNA complex containing 13.5 µg of pDNA; accounting for 158.1 ± 79.6 
RLU/mg protein, which was approximately 3-fold higher compared to the untreated 
group. Unfortunately, this result was not significantly different to the rest of the group. 
Increasing the amount of the pDNA beyond 13.5 µg did not improve the level of 
reporter gene expression. Instead, a gradual decrease of luciferase activities was 
observed. As D-SPM/pDNA complex with 13.5 µg pDNA showed the highest reporter gene 
expression, subsequent experiments employed this amount of pDNA, while the w/w ratio 
was kept to 16. 
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Figure 3. Luciferase expression (RLU/ mg protein) in the trachea and lung of BALB!c mice 

following the administration of D-SPM complexed with different amount of pDNA, at 2 days 

post-treatment. Untreated mice were served as the control. Data are presented as mean ± 

S.E.M from 6 animals 
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Time Point Profile 

Gene Transfer Into Mouse Airways Using Polycation Based 
Nanoparticle Gene Delivery System 

In the previous experiments, all the luciferase assays were performed at 2 days post

treatment, as suggested in the luciferase assay protocol (Promega, USA) and based on the 
study done by Hosseinkhani et al., (2004), where it has been shown that the optimum gene 
expression was detected at 2 days post-treatment in mice. As this current study targeted 
different organ and cell types, a new time point that would show the maximal level of gene 

expression needed to be ascertained. To determine the time point, mice were instilled with 
D-SPM/pDNA complex at w/w ratio of 16, with the amount of pDNA kept to 13.5 µg . Maximum 
time point of seven days was chosen as the level of reporter gene expression mediated by 
a non-viral vector would normally reach negligible value by day 4 post-instillation (Gill et al., 
2001 ). The mice were sacrificed and the lungs were harvested for luciferase analysis at 6 hr, 

1, 2, 4 and 7 days post-treatment. 

The result shows that the luciferase gene expression peaked at day 1 post-treatment, with 
modestly significant luciferase activity of 234.6 ± 109.8 RLU/mg protein (Figure 4), almost 
4-fold higher than the background level. However, after day 1 post-treatment, the luciferase 

activity declined gradually, such that at day 4 post-treatment, the value was statistically 
insignificant when compared to the background level (57.9 ± 11 .3 RLU/mg protein). 
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Figure 4. Time-profile /uciferase expression (RLU/ mg protein) in the trachea and Jung of 
BALB!c mice following the administration of D-SPM!pDNA at ratio 16, containing 13.5 µg 
DNA. The horizontal dash line represents the approximate sensitivity of the assay. Data are 
presented as mean± S.E.M from 6 animals 
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Taken together, we have shown that the highest reporter gene activity was detected with 
D-SPM/pDNA at w/w ratio of 16, with complex containing 13.5 µg pDNA and at day 1 
post-treatment. Unfortunately, the maximum value detected was only modestly higher 
compared to the untreated animals. This phenomenon could be due to several factors. The 
D-SPM/pDNA complexes could be efficiently removed by the reticuloendothelial system 
from the capillaries in the lung, which consequently resulted in the inefficiency of specific 
targeting capability of the polycation to the lung epithelial cells (Hosseinkhani et al., 2004). 
Another possibility is the tendency of the pDNA to be released from the complex due to 
the interaction of the complexes with the serum proteins such as albumin, which 
consequently reduced the interaction between the intact pDNA with target cells 
(Eliyahu et al., 2007). 

Particle Size of D-SPM/pDNA Complex 

The physical characteristic analysis of D-SPM/pDNA by the size measurement was carried 
out at w/w ratio of 16 and DNA concentrations of 15, 20, 25 and 30 µg . In concordance 
to the observation by Hosseinkhani et al., (2005), all the D-SPM/pDNA complexes formed 
in this study were in nanometer range (Figure 5). At the concentration of 15, 20 and 25 µg 

of pDNA, the approximate mean diameters were 52.44, 68.85 and 93.41 nm, respectively. 
The complex loaded with 30 µg pDNA resulted in the largest complex size with a mean 
diameter of 115.49 nm. The overall results indicate that the size of the particle is directly 
proportional to the amount of pDNA used to prepare the complex. This phenomenon may 
be due to the interaction of the positively charged D-SPM and the increasing amount of 
negatively charged pDNA, which eventually contribute to the formation of less compact 
complexes. 
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Figure 5. Average particle size of D-SPM!pDNA as a function of the pDNA amount loaded 

to D-SPM at wlw ratio of 16, determined by Nanophox particle size analyzer 
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CONCLUSION 

Gene Transfer Into Mouse Airways Using Polycation Based 
Nanoparticle Gene Delivery System 

The main objective of this project was to find the most optimal conditions for D-SPM gene 
delivery in the lungs of mice. Prior to the in vivo experimentation, we have shown that the 
D-SPM was more efficient at gene delivery when compared to its PEGylated form. Due to this 
reason, only the non-PEGylated form of the D-SPM was used in the subsequent in vivo study. 
Three variables examined in the lungs of mice were; (1) the weight-mixing (w/w) ratio of 
D-SPM to pDNA, (2) the amount of pDNA complexed with the D-SPM, and (3) the reporter · 
gene expressions time point profile. We have observed that the highest gene expression 
in the lung was detected at w/w D-SPM/pDNA of 16, carrying 13.5 (g pDNA, and at 24 
hr post-treatment. Although the maximum gene expression value observed was statistically 
significant, it was only a modest increase from the background value of the untreated mice. 
Concurrently, the physical characteristic of the D-SPM/pDNA, in term of its size was also 
analyzed. The size of all D-SPM/pDNA complexes produced was in a nanometer range. A 
directly proportional relationship was seen between the amount of the pDNA added to the 
D-SPM and the size of the complex. In a nutshell, these results demonstrate that D-SPM 
was able to deliver gene to the lung of mouse, with moderate efficiency. Improvement on 
the physiochemical properties of D-SPM may deem necessary to increase the transfection 
efficiency of this polycation in the mouse lung for future use in gene therapy for lung 
diseases. 
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