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ABSTRACT

Polyethylenimine (PEI) is a cationic polymer that is an efficient transfection reagent marred by high
toxicity and a susceptibility to aggregate in the presence of serum. Dextran is a biodegradable natural
polysaccharide that can be used to reduce the toxicity of PEI and increase its stability in the pres-
ence of serum. In this study, small branched PEI units (800/2000 Da) were attached to dextran (Dex;
15/100-200 kDa) to form dextran-polyethylenimine (Dex-PEI) conjugates. The Dex-PEI conjugates were
then tested as a gene carrier in the model HEK293 cell line. Dex-PEI conjugates displayed significantly
lower cytotoxicity than PEI (25k). Both Dex-PEI and PEI efficiently delivered firefly luciferase encoded
plasmid DNA (pDNA) to the HEK293 cells. Dex-PEI resulted in moderately lower transfection efficien-
cies than PEI 25k when the transfection was carried out in media without serum for 4 h. However, in
the presence of serum, which more accurately predicts the anticipated environment of non-viral vectors
in vivo, Dex-PEIl and unmodified PEI generated similar transfection efficiencies when incubated with the
cells for 4h. When the incubation time of the vectors was increased to 48 h, significantly higher trans-
fection efficiencies were generated by Dex-PEI in comparison to PEL Turbidity measurements showed
that complexes formed between plasmid DNA and unmodified PEI were more susceptible to aggregation
in serum-containing media than complexes formed from pDNA and Dex-PEIl. Dex-PEI conjugates are
therefore believed to have greater potential for translational applications because of lower cytotoxicity
characteristics and improved stability in serum containing environments.

Nanoplexes
Gene delivery
Non-viral

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Gene therapy is a promising technique for the treatment of life-
threatening diseases such as cystic fibrosis (Knowles et al., 1995;
Porteous et al., 1997; Zabner et al., 1993), adenosine deaminase
deficiency (Onodera et al., 1999; Onodera and Sakiyama, 2000),
HIV infection (Buchschacher and Wong-Staal, 2001) and cancer
(Nabel et al., 1993; Rubin et al., 1997; Vogelzang et al., 1994). One
major challenge associated with plasmid DNA based gene ther-
apy is the rapid degradation of unprotected plasmid DNA (pDNA)
when exposed to serum nucleases (Abbas et al., 2008). In addition,
PDNA has a reduced ability to ferry through cell membranes into
the cytoplasm independently due to its large size and net nega-
tive charge. Therefore, delivery vehicles such as cationic lipids or
polymers are often utilized to improve the transfection efficien-
cies of pDNA. Cationic polymers such as polyethylenimine (PEI)
can bind with pDNA electrostatically to form complexes which
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protect DNA from degradation in blood serum (Intra and Salem,
2008, 2011; Pearce et al., 2008). In addition, net positive surface
charges achieved using appropriate nitrogen to phosphate (N/P)
ratios can facilitate the uptake of complexes by cells.

The high efficiency of PEl in transfection has been reported to be
linked to its buffering capacity and the associated proton sponge
effect that occurs after endocytosis (Behr, 1997; Sonawane et al.,
2003). However, PEI is toxic and susceptible to aggregation when
administered in vivo, and it lacks degradability, which allows for
potential accumulation in the body. PEl induces toxicity at the cellu-
lar and systemic levels. At the cellular level, the charge interactions
between PEI and the cell membrane have been reported to induce
apoptosis. At the systemic level, PEI-pDNA complexes aggregate
following interaction with blood components such as serum that
then results in capillary embolism (Ogris et al., 2003; Wightman
et al., 2001). The cytotoxicity of PEI is dependent upon its con-
centration, architecture and molecular weight (Fischer et al., 1999,
2002). In general, lower molecular weight (MW) PEI is less toxic
than higher MW PEI. Therefore, reduced toxicity can be achieved
when small size PEI units are assembled into larger degradable
structures (Thomas et al., 2005). A previous study has described
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the conjugation of PEI 800 into 14-30k architectures using 1,3-
butanediol diacrylate. The lowest cytotoxicity was observed with
the conjugates that had the fastest ester hydrolysis rate (Forrest
et al., 2003).

Dextran is a natural biodegradable polysaccharide. It can be
slowly depolymerized by enzymes present in various organs such
as the liver, spleen and kidney (Larsen, 1989; Rosenfeld and
Lukomskaya, 1957). In vitro and in vivo experiments have shown
that chemical modification may reduce the de-polymerization
rate of dextran by enzymes (Vercauteren et al., 1990, 1992). A
number of studies have evaluated dextran-PEI (Dex-PEI) conju-
gates as gene carriers in recent years (Azzam et al.,, 2002; Sun
et al., 2008a,b; Tseng et al., 2004, 2005). The Dex-PEI conjugates
used in these studies were constructed with relatively low Mw
PEI (MW 600, 800) and dextran (MW <70-90k). These Dex-PEI
conjugates showed reduced toxicity as well as reduced trans-
fection efficiencies. However, grafting small dextran 1.5k to PEI
25k results in higher transfection efficiency and reduced toxic-
ity at low conjugation degrees compared to PEI 25k alone (Tseng
et al., 2004). Conjugation of the dextran to the PEI resulted
in pegylation-like shielding effects and improved stability of
the complexes in the presence of BSA. One potential challenge
with this more efficacious construct was that the PEI compo-
nent had an Mw (25k) that remained above the renal clearance
cut-off and would potentially still have intrinsic toxicity once
the dextran had degraded. As such, these studies prompted us
to build on these previous findings and evaluate Dex-PEI con-
jugates that utilized PEI with MWs that were higher than the
600-800Da PEI that had not previously enhanced transfection
efficiencies and lower than the 25kDa PEI that is expected to
still have intrinsic toxicity. We also evaluated for the first time,
whether the conjugation of dextran to PEI could be used to
enhance transfection efficiencies when tested in serum contain-
ing media, which more accurately represents the environments
we anticipate these systems would be exposed to when utilized
in vivo.

2. Materials and methods
2.1. Materials

Dextran with an average MW 15k and 100-200k was obtained
from USB (Cleveland, OH, USA). Sodium cyanoborohydride, PEI
800 and 2000 were purchased from Sigma-Aldrich (St Louis, MO,
USA). Sodium periodate and PBS (phosphate buffer solution tablet)
were supplied by Fluka (St Louis, MO, USA). Glycerin and glacial
acetic acid were obtained from Fisher (Pittsburgh, PA, USA). PD-10
columns were purchased from Amersham (Piscataway, NJ, USA).
MicroBCA Assay Kit and snake skin dialysis tubing with MWCO
10,000 were purchased from Pierce (Rockford, IL, USA). Agarose was
purchased from Bio-Rad (Hercules, CA, USA). DMEM (Dulbecco’s
Modified Eagle’s medium), trypsin and penicillin-streptomycin
were obtained from Gibco (Carlsbad, CA, USA). FBS (fetal bovine
serum) was supplied by Atlanta Biologicals (Lawrenceville, GA,
USA). MTS (CellTiter 96® AQueous Non-Radioactive Cell Prolifera-
tion Assay Kit) was purchased from Promega (Madison, WI, USA).
All other reagents were used as received at analytical grade. VR1255
plasmid DNA encoding luciferase was amplified and purified using
a QIAGEN Giga plasmid purification kit (QIAGEN, CA, USA) accord-
ing to the manufacturer’s protocol.

2.2. Cell culture

Human embryonic kidney cells (HEK293) and African green
monkey kidney cells (COS7) were obtained from the American Type

Culture Collection (ATCC, Rockville, MD). The cells were maintained
in DMEM supplemented with 10% FBS, streptomycin at 100 p.g/ml,
penicillin at 100 U/ml, and 4 mM L-glutamate at 37 °C in a humidi-
fied 5% CO,-containing atmosphere.

2.3. Synthesis of Dex—PEI

A modified method based on a previous study was followed
to prepare the Dex-PEI conjugate polymer (Azzam et al., 2002).
Dextran (178 mg, 1 mM) was dissolved in 2 ml HAc/NaAc buffer
(0.1 N, pH5.0) and equilibrated in ice/water bath. Sodium periodate
(10/21 mg, 0.046/0.098 mM) was dissolved in 400 !l HAc/NaAc
buffer and added to the dextran solution for 30-min oxidation. The
reaction was stopped by the addition of (100 .1, 1.35 mM) glycerin.
An Amersham PD-10 column (Mr 5000) was used to separate oxi-
dized dextran. PEI 165 or 330 mg was dissolved in 5 ml HAc/NaAc
buffer, and the oxidized dextran was added to the PEI solution
slowly. After overnight conjugation, NaCNBH3 (58 mg, 0.92 mM)
was dissolved in 1 ml HAc/NaAc buffer and added to the reaction
solution for a second overnight reduction. Dex-PEI was recovered
after dialysis using Pierce tubing (MWCO 10,000) and lyophilization
respectively.

2.4. 'H NMR characterization of Dex—PEI

Dex-PEI samples were dissolved in D,0 at 5 mg/ml, and '"H NMR
spectra were recorded with a Fourier transform nuclear magnetic
resonance spectrometer (Bruker AVANCE 300MHZ). The scanning
number was set at 16.

2.5. Preparation of Dex-PEI/pDNA complexes

Plasmid (VR1255) encoding firefly luciferase was used to quan-
tify the expression level of foreign genes in the host cells. All
polymer/pDNA complexes were freshly prepared before use. Equal
volumes of polymer solution and plasmid solution were mixed
together with gentle vortexing, and incubated for 30 min at room
temperature.

2.6. Agarose gel retardation assay on Dex-PEI/pDNA interaction

Agarose gel (0.8%) dyed with ethidium bromide (0.5 g/ml) was
used to investigate the particle condensation between Dex-PEI
and pDNA. Samples of the complexes (1 g pDNA/100 ]l com-
plexes) and corresponding amounts of polymers were prepared
at N/P ratios of 5, 10 and 15. Complexes (10 1) from each sam-
ple with appropriate amounts of 10x gel-loading buffer were
loaded and electrophoresed on gel in TAE buffer at 80 mV for
45 min. The pDNA in the gel was visualized using a UV transil-
luminator (Spectroline TE-312S, Spectroline, Westbury, NY) and
photographed.

2.7. Size and zeta potential measurement of the complexes

The size and zeta potential of polymer/pDNA complexes were
measured using a Zetasizer (Malvern Nano ZS, Malvern, South-
borough, MA). Particle samples (4 g plasmid/800 .l complexes)
at various N/P ratios were prepared with corresponding amounts
of Dex-PEI and with PEI controls. The size measurements were
performed at 25°C using a 173° back scattering angle. The mean
hydrodynamic diameter was calculated by cumulative analysis. The
zeta potential values were determined based on the complexes
electrophoretic mobility in the aqueous medium, using folded cap-
illary cells designated to automatic mode.
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2.8. Turbidity measurements to represent stability of complexes
in serum

Complexes (50 pl) containing 5wg pDNA and an appropriate
amount of polymer based on the target N:P ratio were transferred
to 96-well plates. 50 wl DMEM supplemented with 10% fetal bovine
serum (FBS) or deionized water were added to make up the vol-
ume to 100 pl. Changes in turbidity are represented by OD values
measured with a UV-Vis spectrophotometer (SpectraMAX Plus384,
Molecular Device, Sunnyvale, CA) at 600 nm.

2.9. Cytotoxicity evaluation using the MTS assay

The MTS assay was used in HEK293 cells to evaluate the cytotox-
icity of Dex-PEI polymers. The MTS assay was performed according
to a protocol from Promega. HEK293 cells (10% cells/well) in 50 .l
DMEM culture medium were seeded in 96-well plates 24 h prior
to using the MTS assay. Polymer stock solutions were also pre-
pared in DMEM at 5-10 mg/ml and sterile filtered. Serial dilutions
of the polymers were prepared using DMEM. Sample solutions
(50 wl) were transferred to each well followed by 4 h incubation.
MTS solution (20 wl) was added to each well for 2 h incubation.
The absorbance readings representing viability were recorded at
490 nm using a spectrophotometer (SpectraMAX Plus384, Molecu-
lar Device). The relative cell viability was calculated using untreated
cells as control.

2.10. Evaluation of luciferase expression

2.10.1. Luciferase gene transfection in serum-free culture media
(4 h incubation)

The transfection efficiencies of Dex-PEI-pDNA complexes were
quantified with HEK293 and COS7 cells by the level of firefly
luciferase expression. HEK293 cells were seeded in a 24-well plate
at 10°/well and incubated at 37 °C under 5% CO, for 24 h prior to
transfection in 1 ml DMEM medium supplemented with 10% FBS.
Dex-PEI complexes were prepared as described above. A volume
of 500 il DMEM (serum-free) was used to replace culture media
immediately before transfection. Freshly prepared 100 pl complex-
containing suspensions at various N/P ratios containing 1 pg pDNA
were added to each well. The transfection media was removed
and replaced by 1000 .1 DMEM with 10% FBS after 4 h. Cells were
further incubated for 44 h. The luciferase expression level of har-
vested cells was determined with Promega luciferase assay kit
using a luminometer (Berthold Lumat LB 9507). Cells transfected
with naked pDNA, PEI 800, PEI 2000 and PEI 25k were used as
controls.

2.10.2. Luciferase gene transfection in serum-containing culture
media (4 h incubation)

The method used for transfection experiments was the same as
experiments carried out in serum-free media (4 h incubation), with
the exception that the transfection media was replaced with 500 .1
DMEM with 10% FBS.

2.10.3. Luciferase gene transfection in serum-containing culture
media (48 h incubation)

The method used for transfection experiments were similar to
experiments carried out in serum-containing media for 4 h incuba-
tion with the exception that transfection media was not removed
by 4 h but left as the incubation media for 48 h. Transfection exper-
iments were also carried out using COS7 cells as a substitute for
HEK293 cells under otherwise identical conditions.

Dextran|| D,O Dextran PEI
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Fig. 1. "H NMR spectra of DP4 (Bruker AVANCE Il 300 MHz): §5.0-4.9 (C1-H, dex-
trose), 4.8 (H, H,0), 64.1-3.4 (C2-C6-H, dextrose), and §2.8-2.5 (PEI-H).

2.11. Intracellular trafficking of complexes prepared with
Alexa-labeled Dex-PEI

Alexa 568 succinimidyl ester was used to label PEI and Dex-PEI.
The labeling protocol followed Invitrogen instructions. Amersham
PD-10 columns were used to separate unreacted dye from PEI or
Dex-PEI. Alexa 568 labeled PEI or DP3 was finally recovered by
lyophilization. HEK293 cells were plated in 0.01% (w/v) poly-L-
lysine coated 4 well chamber slides (Lab-Tak) at 5 x 104 cells/well
and incubated overnight. The cells were incubated with 75nM
LysoTracker Green DND-26 (Invitrogen) containing DMEM for 1h
prior to transfection to stain lysosomes and endosomes. Then cells
were transfected with complexes made with Alexa 568 labeled DP3
and PEI 2000/25k carrying 0.5 g pDNA (N/P=10) in fresh DMEM.
At 2 h post-transfection, the cells were washed with PBS and fixed
with 4% paraformaldehyde, mounted with Vectashield Mounting
Medium with DAPI for nucleus staining (Vector Laboratories, UK).
The slides were covered with coverslips followed by 4 °C storage in
the dark before visualization under a multiphoton/confocal micro-
scope (Bio-Rad Radience 2100MP) with 60x oil immersion lens.

2.12. Statistical analysis

All results were presented as mean + standard deviation. Differ-
ences between groups were determined by ANOVA with a Tukey
post-test analysis. Levels of significance were accepted at p <0.05.
Statistical analysis was performed using Prism 5 (Graphpad Soft-
ware Inc, San Diego, CA).

3. Results and discussion

3.1. Dextran-PEI conjugates are synthesized and characterized
by TH NMR

Oxidation followed with conjugation is a convenient method
to prepare dextran-oligoamine conjugate structures (Azzam et al.,
2002; Mehvar, 2000). The imine bond formed between oxidized
dextran and PEI can be further reduced to amine. After this, the
linkage becomes irreversible in aqueous solution. Fig. 1 shows char-
acteristic peaks of dextrose (dextran’s monomer) and PEI in the
TH NMR spectra of the conjugate polymer. The nitrogen normal-
ized MW (N-Mw) of Dex-PEI was calculated based upon the peak
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Table 1

Characterization of Dex-PEIs (-1: low oxidation/substitution degree, 11 mg sodium
periodate added; -h: high oxidation/substitution degree, 21 mg sodium periodate
added; N/A: not applicable).

Sample Dextran PEI PEI N-MW  Ref code
MW (kDa) MW (Da) wt%

D15P800-1 15 800 N/A N/A

D15P800-h 15 800 N/A N/A

D15P2000-1 15 2000 16.195 266

D15P2000-h 15 2000 27.497 156

D150P800-1 100-200 800 6.5469 648 DP1
D150P800-h 100-200 800 13.026 328 DP2
D150P2000-1 100-200 2000 20.079 214 DP3
D150P2000-h  100-200 2000 36.699 117 DP4

area at 4.9 ppm for dextrose and 2.6 ppm for PEI, by the following
equation:

A(4.9ppm) x 178

“Mw =4
N-Mw =43+ =226 ppm)/a

A lower N-MW value represents a higher amount of PEI in the
Dex-PEI samples. Using the data in Table 1, the extent of PEI con-
jugation is correlated to the amount of sodium periodate added.
Higher doses of sodium periodate result in a higher conjugation
degree and lower N-MW. The MW of dextran used in the reaction
also affects the results. Dextran 15k is not as efficient as dextran
100-200k for conjugation in the reaction, especially with PEI 800.
While examining the reaction efficiency differences between PEI
800 and 2000, we observed that utilizing PEI 800 resulted in lower
degrees of substitution in the conjugates. Amongst all the conju-
gates prepared, dextran (100-200k)-PEI(2000) (DP4) resulted in
the highest degree of conjugation.

3.2. Conjugating dextran to PEI significantly reduces toxicity
when compared to PEI alone

The MTS assay is a modified MTT assay which produces sol-
uble formazan with Amax at 490 nm in living cells. HEK293 cells
are exposed to polymer solutions at various concentrations for 4 h,
followed by 2 h incubation with MTS solution. PEI 800, 2000 and
25k are used as controls. As seen in Fig. 2, the general order of
cytotoxicity is PEI 800 < PEI 2000 < PEI 25k in the range of concen-
trations tested. All Dex-PEI samples show a significantly reduced
cytotoxicity when compared to PEI 25k. DP1 and DP2 show lower

100
90
——DP1
80
0 —#—DP2
—&—DP3
=%
3 50 —%—DP4
=
>
s 40 —%— P800
30 —e—Pp2000
20 —— P25k
10
0 T T T v
0,001 0.01 0.1 1 10

concentration mg/ml

Fig.2. Cytotoxicity profiles of Dex-PEI (4 hincubation with polymer solutionand 2 h
incubation with MTS solution). HEK293 cell treated with Dex-PEls and PEI controls
in the concentration range: DP1: 0.00615-3.15 mg/ml; DP2: 0.00625-3.20 mg/ml;
DP3: 0.00654-3.35 mg/ml; DP4: 0.00674-3.45 mg/ml; P800: 0.01372-7.03 mg/ml;
P2000: 0.01592-8.15 mg/ml; P25k: 0.01104-5.65 mg/ml. Cells were treated with
polymers for 4h. Mean +SD, n=4.

Fig.3. (aandb) Gel retardation assay. Agarose gel electrophoresis of Dex—PEI-pDNA
complexes prepared at N/P ratios of 5, 10 and 15 (nd: naked pDNA).

toxicity, even when compared to PEI 800. DP3 displays similar cyto-
toxicity profiles to PEI 2000. DP4 is slightly more toxic than PEI
2000, but significantly less toxic than PEI 25k. DP1/DP2 was synthe-
sized using PEI 800, and DP3/DP4 was synthesized using PEI 2000.
With equal molar concentrations of PEI, the constructs synthesized
with PEI 2000 have approximate net 2.5 fold higher amounts of
ethylenimine (EI) units relative to PEI 800. Therefore, the concen-
tration of PEl in DP1/DP2 is significantly lower than DP3/DP4 when
formed under similar reaction conditions (Table 1). The higher EI
content of DP3/DP4 corresponds to higher toxicity when compared
to DP1/DP2. This result is consistent with previous studies that
have shown that grafting dextran to PEI can significantly reduce
the toxicity of PEI (Tseng et al., 2004). Either grafting PEI to dex-
tran or grafting dextran to PEI was capable of reducing cytotoxicity
when compared to unmodified PEI. From the Dex-PEI constructs
we have synthesized, the highest degree of conjugation was found
in DP4, which was equivalent to one oxidation on every 19.4 dex-
trose monomers. This is a relatively low degree of oxidation, which
is not expected to affect the enzymatic degradation or cytotoxicity
profile of dextran.

3.3. The surface charge and size of Dex—-PEI-pDNA complexes is
dependent of the Mw of PEI and the N:P ratio at which the
complexes are prepared

Effective condensation of pDNA by Dex-PEI into nanoparticles
is critical for its successful application as a gene carrier. Conden-
sation protects pDNA from enzymatic degradation and facilitates
uptake of particles by cells. Using agarose gel retardation assays,
Dex-PEI samples and PEI controls (800, 2000 and 25k) were evalu-
ated for their ability to form complexes with pDNA at various N/P
ratios. Fig. 3a shows that PEI 800-based DP1 and DP2 exhibited poor
complexation with pDNA at an N/P ratio of 5, but this improves as
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Fig. 4. Particle size of complexes formed by Dex-PEI conjugates and pDNA and
PEI-pDNA controls at various N/P ratios. Mean +SD, n=3.

the N/P ratio increases above 10. In Fig. 3b, DP3 and DP4, which are
made from PEI 2000, fully retard migration of pDNA at all N/P ratios,
suggesting more compact complexes are formed when compared
to PEI 800 based conjugates. Complexes based on PEI 25k and PEI
2000 display limited migration of pDNA. In contrast, PEI 800 results
in poor pDNA condensation. When comparing DP3/DP4 to PEI 25Kk,
no significant differences in terms of complexation are found.

An appropriate size and net positive charge on the surface of
the nanoparticles is also crucial for endocytosis of the complexes.
Typically, nanoparticles should be less than 300 nm in size for effi-
cient clathrin mediated endocytosis (Marsh and McMahon, 1999).
Consistent with the gel retardation assay results, all Dex—PEI con-
jugates are able to form complexes with pDNA with net positive
surface charges (Figs. 4 and 5). PEI 800 is not as efficient as higher
MwPEIs in the formation of complexes with pDNA. At an N/P ratio
of 5, PEI 800 forms significantly larger particles when compared to
all other groups. Conjugating dextran to PEI 800 results in particles
that are significantly smaller than PEI 800 alone when complexed
with pDNA at an N/P ratio of 5. PE1 2000 complexed with pDNA gen-
erated particle sizes that are less than 210 nm when compared to
particles generated with pDNA complexed with DP1 or DP2. Particle
size can be correlated with the PEI wt¥% values presented in Table 1.
DP3 and DP4 contain higher PEI content and less dextran relative to
DP1 and DP2. The higher charge density associated with higher PEI
content increases the charge interaction between the conjugates
and the pDNA creating more compact particles. Decreased particle
sizes are also observed as the N/P ratios increase, which also results
in increasing the PEI concentration and charge interaction in the
particles composition. At an N/P ratio of 15, particles formed using
DP4 are as small as 83 nm and similar to 89 nm particles created
by complexing pDNA with PEI 25k. The surface charge of the com-
plexes is reversely correlated to increasing particle size. Increasing
N/P ratios result in higher zeta potentials. Complexes formed with
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Fig. 5. Zeta potential of complexes formed by Dex-PEI and pDNA and controls at
various N/P ratios. Mean+SD, n=3.
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Fig. 6. Turbidity of Dex-PEI/pDNA complexes in DMEM (with 10% FBS) at various
N/P ratios. Mean +SD, n=6 (DI: deionized water).
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Fig. 7. Luciferase expression generated by delivery of pDNA using Dex-PEI con-
jugates and PEI controls prepared at various N/P ratios in HEK293 cells. Complexes
were incubated with HEK293 cells for 4 h in serum free media. The media containing
complexes was then removed and cells were cultured in serum containing media
for a further 44 h before measurement of luciferase activity. Mean+SD, n=4 (ND:
naked pDNA).

PEI 25k show the highest zeta potential of around 30 mV at an N/P
ratio of 10 and 15. Dex-PEI/pDNA complexes exhibit lower values
of 15-24mV when compared to complexes prepared from pDNA
and PEI 25k. The surface charge of Dex-PEI-pDNA complexes tend
to range between 15 and 20 mV, which are equivalent to those
generated by pDNA complexed with PEI 800 or PEI 2000 alone.

3.4. Turbidity measurements show that Dex-PEI-pDNA
complexes are less susceptible to aggregation than PEI-pDNA
complexes in the presence of serum

Turbidity is a commonly used method to detect aggregates or
particles in the fluid phase. The turbidity index of a particulate sam-
ple will be reflected by the reduction of the incident beam intensity.
This reduction is represented by OD or absorbance value changes

1.0,408
1.0,407
1.0,406
2 1.040°

S & & O N N
Q@QQ,QQQ'\?’\‘OQOQO

Fig. 8. Luciferase expression generated by delivery of pDNA using Dex-PEI conju-
gates and PEI controls prepared at various N/P ratios in HEK293 cells. Complexes
were incubated with HEK293 cells for 4h in serum containing media. The media
containing complexes was then removed and cells were cultured for a further 44 h
in serum containing media before measurement of luciferase activity. Mean +SD,
n=4 (ND: naked pDNA).
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Fig. 9. Luciferase expression generated by delivery of pDNA using Dex-PEI conju-
gates and PEI controls prepared at various N/P ratios in HEK293 cells. Complexes
were incubated with HEK293 cells for 48 h in serum containing media. Mean +SD,
n=4 (ND: naked pDNA).

measured using a UV-Vis spectrometer. The increase in turbid-
ity is due to the increased average particle size when aggregation
occurs. In Fig. 6, particles formed with PEI 25k shows significantly
higher turbidity in serum containing media than DP4 at N/P 5
(p<0.001). As the N/P ratio increases, the turbidity of PEI 25k com-
plexes alsorises. In contrast, DP4s turbidity decreases when the N/P
ratio increases. This difference suggests that the presence of dex-
tran in the polymer/pDNA complexes results in less aggregation
and is consistent with the hypothesis that dextran chains provide

1.0,407
1.0,40° 4
1.0,405
1.0,404
1.0,40°
1.0,402
1.0,40" 4
1.0,40°

Eas
E310
=15
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Fig. 10. Luciferase expression generated by delivery of pDNA using Dex-PEI conju-
gates and PEI controls prepared at various N/P ratios in COS7 cells. Complexes were
incubated with COS7 cells for 48 h in serum containing media. Mean +SD, n=4 (ND:
naked pDNA).

stabilization, shielding and behavior similar to the properties cre-
ated by pegylation (Tang et al., 2003).

3.5. Dex-PEI conjugates are less effective than PEI at transfecting
cells in serum-free media.

In an earlier examination of polysaccharide-oligoamine con-
jugates as a gene carrier (Azzam et al, 2002), dextran
(20-500kDa)-PEI 600 generated poor transfection efficiencies.

Fig. 11. Confocal microscope images of the localization of PEI 2000-pDNA complexes prepared at an N/P ratio of 10 in HEK293 cells, 2 h post-transfection (w/serum). Nucleus
stained with DAPI (blue); lysosome stained with LysoTracker (green); polymer stained with Alexa 568 (red). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of the article.)
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Fig. 12. Confocal microscope images of the localization of PEI25k-pDNA complexes prepared at an N/P ratio of 10 in HEK293 cells, 2 h post-transfection (w/serum). Nucleus
stained with DAPI (blue); lysosome stained with LysoTracker (green); polymer stained with Alexa 568 (red). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of the article.)

Grafting of dextran (1500 and 10,000) to PEI (25k) greatly reduces
its buffering capacity, cytotoxicity and transfection efficiency, and it
was concluded that dextran grafting prevented pDNA from passing
the cell membrane (Tseng et al., 2004, 2005). However, the struc-
ture of the conjugate polymer in this study is different to previous
conjugates because dextran is used as the core backbone instead
of a grafting material. Two more recent studies bypassed oxidation
and utilized spacer linking between dextran (15-25k and 60-90k)
and PEI (800) (Sun et al., 2008a,b). The dextran-PEI conjugate poly-
mers showed lower toxicity and transfection efficiencies when
compared to PEI 25k at the same N/P ratios. In these studies, how-
ever, the MW of PEI used was relatively low (600, 800). Higher MW
materials can generally result in higher transfection efficiencies
(Godbey et al., 1999). In our studies, PEI 2000 is a strong candidate
for conjugation that still falls into the range of renal clearance.

As shown in Fig. 7, PEI 800 generates the lowest transfection
efficiency, whereas PEI 25k generates the highest transfection effi-
ciency. Naked pDNA exhibits similar transfection efficiency levels
to those achieved using PEI 800 (p > 0.05). Increasing the N/P ratio
at which complexes are prepared increases the luciferase expres-
sion level which is consistent with our previous observations (Intra
and Salem, 2008). All of the dextran-PEI conjugates generate lower
transfection efficiencies than PEI 25k. At an N/P ratio of 15, DP4
shows lower transfection efficiencies than PEI 25k, but this differ-
ence is not significant (p > 0.05). All DPs display similar transfection

profiles regardless of the type of PEl used in the DP construct. These
results are consistent with a number of previous reports (Azzam
et al,, 2002; Sun et al., 2008a,b).

As mentioned earlier, one of the major obstacles to PEI based
gene delivery is aggregation of complexes in the presence of serum,
which can reduce activity and cause toxicity through subsequent
capillary embolism. For this reason, we were particularly interested
in how Dex-PEI would compare to PEI when tested for transfection
in serum containing environments.

3.6. Dex-PEI conjugates are more effective than PEI at
transfecting cells in serum containing media

As suggested by results from the turbidity experiments,
Dex-PEI-pDNA complexes display reduced particle aggregation in
the presence of serum containing culture media when compared
to PEI-pDNA complexes. We carried out transfection experiments
in DMEM media containing 10% serum. Consistent with trans-
fections carried out in serum free media, PEI 800 is not more
efficient than naked pDNA (p>0.05) at transfecting cells (Fig. 8).
PEI 25k shows the highest transfection efficiency at an N/P ratio
of 15. In general, higher N/P ratios lead to higher transfection
efficiencies. However, in contrast to experiments carried out in
serum free-media, Dex-PEI conjugates show improved efficiencies
of transfection relative to PEl when the experiment is carried out in
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Fig. 13. Confocal microscope images of the localization of DP3-DNA complexes prepared at an N/P ratio of 10 in HEK293 cells, 2 h post-transfection (w/serum). Nucleus
stained with DAPI (blue); lysosome stained with LysoTracker (green); polymer stained with Alexa 568 (red). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of the article.)

serum containing media. The overall expression level of luciferase
generated by Dex-PEls follows the order: DP1<DP2 <DP3 <DP4,
and is correlated with decreasing N-MW values. DP4 generated
high transfection efficiencies that are not significantly different to
PEI 25k (p>0.05).

When the incubation (transfection) time length is extended to
48 h, PEI 800 generates the lowest transfection efficiency when
compared to all other vectors tested (Fig. 9) and generates expres-
sion similar to naked pDNA (p >0.05). The expression of luciferase
generated by PEI 2000 was similar to that generated by PEI 25k,
but PEI 25k has resulted in the death of more cells at the 48 h time-
point. Since PEI 2000 is significantly less toxic than PEI 25k, we
hypothesize that the lower toxicity offsets lower transfection effi-
ciencies to generate similar total luciferase expression levels. DP1
and DP2 generated relatively low transfection efficiencies when
incubated with cells for 48 h in serum containing media. This was
presumably due to the relatively large, loose and unstable com-
plexes formed between pDNA and DP1/DP2 (Figs. 3 and 4) that
would be expected to have lower cellular uptake efficiency and
higher susceptibility to enzymatic degradation during transfection.
However, DP3 and DP4 result in significantly higher transfec-
tion efficiencies than complexes prepared using pDNA and PEI
25k at an N/P ratio of 10 (p<0.001) and 15 (p <0.05) when incu-
bated with HEK293 cells for 48h in serum containing media.
Since the Dex-PEI conjugates generated superior transfections effi-
ciencies when compared to PEI 25k at 48 h incubation in serum

containing media and equivalent transfection efficiencies to PEI 25k
when incubated in serum containing media for 4 h, we hypothesize
that the improved cytotoxicity of Dex-PEI at 4 h results in signif-
icantly enhanced transfection efficiencies by 48 h. In addition, the
significantly improved transfection efficiency of DP3/DP4 is also
attributed to the increased stability of particles in serum containing
media. Transfection experiments carried out in the COS7 cell line
show that theresults observed in HEK293 cells could be reproduced
in alternative cell lines (Fig. 10).

The intracellular fate of DP-pDNA complexes was visualized by
confocal microscopy. Lysosomes and endosomes were stained with
LysoTracker Green. The nucleus was stained with DAPI. Alexa 568
was used to label DP3 or PEI. As shown by confocal microscopy
images in Figs. 11-13, complexes were internalized by cells at 2h
post-transfection. The co-localization of PEI 25k and DP3 with lyso-
somes are represented as a yellow color in the images. DP3/pDNA
complexes showed some level of dissociation with lysosomes. The
relatively rapid color dissociation suggests a faster escape of DNA
cargo from lysosomes into the cytoplasm, which could explain the
high efficiency of Dex-PEI in transfection experiments.

In conclusion, we have synthesized a dextran-PEI conjugate
that can generate transfection efficiencies that are equivalent to
PEI alone when tested in physiologically relevant serum contain-
ing environments, whilst displaying significantly reduced toxicity.
We anticipate that this construct should have significant potential
for future in vivo studies and clinical applications.
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