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Abstract. The purpose of the present study was to investigate the influence of molecular weights on the
chemical, biophysical, and biological properties of bioreducible oligoethylenimine conjugates. The
cationic conjugates were synthesized by polyaddition between branched oligoethylenimine 800 Da (OEI)
and the disulfide bond containing N,N’-cystamine bisacrylamide (CBA) linker. A correlation between the
copolymer molecular weights and the polyplex transfection properties was found. The OEI-CBA
copolymers differing in molecular weights (from 8.6 to 37 kDa) showed good plasmid DNA binding
ability resulting in compact 90- to 150-nm-sized polyplexes. Colloidal stability of the polyplexes was lost
in reductive environment. A low concentration of dithiothreitol of 5 uM was sufficient to render
polyplexes unstable in size. Reducing conditions at physiological salt concentration triggered polyplex
dissociation. The bioreducible polymers displayed much lower cytotoxicity (ICso~100 pg/mL in cell
culture) than branched polyethylenimine 25 kDa (BPEI) and linear polyethylenimine 22 kDa (LPEI).
Reporter gene transfection experiments were done with CHO-K1 and B16-F10 cells. The largest
(37 kDa) copolymer HC-6-8 demonstrated highest transfection levels among all the bioreducible

copolymers, which was comparable with LPEI and much more effective than BPEI.
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INTRODUCTION

For the success of gene therapy, appropriate carrier
formulations are essential which can protect therapeutic
nucleic acids from enzyme degradation and efficiently deliver
them into the desired cell population. Among the various
synthetic polymers used for non-viral gene delivery (1), high-
molecular weight (HMW) polyethylenimines (linear polyethy-
lenimine 22 kDa, LPEI, or branched polyethylenimine 25 kDa,
BPEI) can deliver plasmid DNA (pDNA) into many types of
cells with high efficacy in vitro and in vivo.(2,3). This mostly
depends on their inherent “proton sponge” effect to facilitate
the endosomal release of the polyplexes (4,5). However, the
non-degradable PEIs are known to induce significantly cyto-
toxic side effects. The strategy of preparing HMW polycations
from low-molecular weight (LMW) oligocations via biode-
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gradable linkages has been proven to reduce toxicity while
retaining the gene transfer ability of the polyplexes. Up to now,
several examples had been reported (6-21). Hydrolysable
PEIs were developed by cross-linking oligoethylenimine 800
Da (OEI) with ester bond bearing monomers or polyesters (6—
12). Biocleavable PEIs were prepared by thiolation of LMW
PEI (13,14) or by cross-linking of OEI with disulfide bond
containing linkers, including dimethyl 3, 3’-dithiobis(propioni-
midate) and dithiobis (succinimidyl propionate) (6,15,16).
Bioreducible copolymers from N,N’-cystamine bisacrylamide
(CBA) linker and different primary amines or oligoamines
were explored too (17-21). The polyplexes from these hydro-
lysable or bioreducible polycations were designed to keep
stable in extracellular environment while dissociate efficiently
upon intracellular delivery when exposed to reducing intracel-
lular condition (22-24).

Although encouraging results about bioreducible poly-
cations have already been described, only few examples
discuss the influence of polymer synthesis and purification
conditions on the chemical, biophysical, and biological
properties of the resulting polycations. In the current study,
we synthesized a set of bioreducible BPEI analogs with
different molecular weights starting from OEI and CBA via
the Michael addition reaction (17,20,21). The synthesis and
purification procedures were optimized by evaluating differ-
ent OEl/cross-linker feed ratios, monomer concentrations,
and molecular weight cutoffs (MWCO) of dialysis mem-
branes to obtain polycations with high transfection efficiency
but low toxicity. The resulting compounds were structurally
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characterized by 'H NMR spectra and gel permeation
chromatograph (GPC) measurement. Their biophysical
properties were investigated by pDNA binding and
cytotoxicity assay. The dissociation kinetics of the reducible
polyplexes was thoroughly examined by particle size
measurement and gel electrophoreses assay. Furthermore,
the gene transfer properties of the copolymers were tested in
B16-F10 and CHO-K1 cells. The results suggest that the
better defined copolymers with high molecular weights and
narrow molecular weight polydispersity were able to transfer
pDNA efficiently in both cell lines with low cytotoxicity. The
transfection efficiency is comparable to that of LPEI, while
much higher than that of the BPEI control.

MATERIALS AND METHODS
Chemicals and Reagents

Dimethylsulfoxide (DMSO, water-free) was obtained
from Fluka (Fluka Chemie GmbH, Deisenhofen, Germany).
CBA was purchased from Polysciences Europe Gmbh
(Eppelheim, Germany). LPEI was purchased from Polyplus
Transfections (Strasburg, France). BPEI, OEI, DTT, ethi-
dium bromide (EtBr), and 2,5-diphenyl-3-(4, 5- dimethyl-2-
thiazolyl) tetrazolium bromide (MTT) were all obtained from
Sigma-Aldrich (Munich, Germany). Cellulose dialysis bags
with different MWCO (6-8 and 3.5 kDa) were obtained from
Spectrum Medical Industries, Inc. (CA, USA). Cell culture
media, antibiotics, and fetal calf serum (FCS) were all
purchased from Life Technologies (Karlsruhe, Germany).
Cell culture lysis buffer and D-luciferin sodium salt were
obtained from Promega (Mannheim, Germany). EGFP-N1
and pCMV-Luc [Photinus pyralis luciferase under control of
the CMV enhancer/promoter, described by Plank et al. (25)]
plasmid DNAs were purified with the EndoFree plasmid kit
from Qiagen (Hilden, Germany). Water was used as purified
Millipore water (MQ).

Synthesis and Purification of the Bioreducible PEI Analogs

In a typical synthetic procedure, CBA and OEI stock
solutions (both 1.0 M in DMSO) were mixed at certain molar
ratios. The reactions were continued for 2 days at 40°C.
Afterwards, the reaction mixtures were neutralized to pH
value of 6-7 by 1.0 M hydrogen chloride solution and dialysed
against MQ water using MWCO membranes of either 6-8 or
3.5 kDa. The final products were obtained after freeze drying.

Chemical Structure and Molecular Weight Characterization

'H NMR spectra of the products was recorded on an
Eclipse 500 spectrometer from JOEL (Tokyo, Japan) in D,O
at 500 MHz. The copolymer molecular weights [weight
average (M) and number average (M,) molecular weights]
and the coresponding polydispersity indexes (PDI, M/M,,)
were determined by GPC measurement (Agilent
Technologies, Waldbronn, Germany). The GPC was
equipped with multi-detectors (refractive index, UV and
viscosity detectors), a NOVEMA 10-mm pre-column and a
NOVEMA 300 analytical column (PSS, Mainz, Germany).
An acidic mobile phase [0.1% (v/v) HCOOH and 0.1 M NaCl
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in MQ, pH 2.8] at a flow rate of 1.0 mL/min were selected.
Pullulans with different molecular weights were used as
standards for calibration curve determination (12).

DNA Binding Ability Determined by EtBr Exclusion Assay

Aliquots of OEI-CBA copolymer, LPEI, or BPEI stock
solution was added to 20 pg/mL pCMVLuc pDNA solution in
HBG [20 mM HEPES and 5% (w/v) glucose, pH 7.4]
containing 400 ng/mL EtBr. The decrease of fluorescence
intensity was measured by a Varian Cary Eclipse fluorescence
spectrophotometer at A.x=510 nm and A.,=590 nm (Varian
Eclipse, Mulgrave, Australia). The fluorescence intensity of
EtBr/DNA complexes was set as 100% prior to polycation
addition (9).

Polyplex Particle Size and Zeta Potential Measurements

Polyplexes were prepared by adding polymer solutions
to 10 pg/ml pDNA solution at various polymer to pDNA
weight ratios (c/p ratios). All polymer and pDNA solutions
were prepared in HBG. The polyplex mixture was incubated
for at least 20 min at room temperature before the measure-
ments. The particle sizes and zeta potentials of the polyplexes
were determined by a Malvern Zetasizer ZS (Malvern
Instruments, Worcestershire, UK) (26).

Stability of the Polyplexes Under Reducing Conditions

Polyplex dissociation in the presence of DTT was studied
by particle size measurement and gel electrophoresis assay.
Polyplexes were prepared in HBG solution and pre-incubated
for 1 h at 37°C water bath. Oxygen-free HBG buffer was used
where oxygen had been removed by argon bubbling for
30 min. Polyplexes were treated either with 5 mM DTT or
kept untreated; particle sizes were then measured after
additional 1-h incubation. Two different DTT final concen-
trations of 5 uM and 5 mM were selected to investigate the
kinetics of polyplex dissociation. The polyplex particle size
was recorded every 2 min for at least 40 min.

Cytotoxicity Assay

The metabolic activity of the cells incubated with
polymer solutions was determined by MTT assay. B16-F10
(murine melanoma cells) and CHO-K1 (Chinese hamster
ovary cells) cells were seeded in 96-well tissue culture plates
(TPP, Transdingen, Switzerland) at a density of 5,000 cells per
well in 100 pL of cell culture medium (penicillin 100 U/mL,
streptomycin 100 pg/mL, and FCS 10%). Dulbecco's modified
Eagle's medium (DMEM) or DMEM/HAMS-F12 (1:1) was
used for culturing of B16-F10 or CHO-K1 cell, respectively.
Defined amounts of polymer solution at different final
concentrations were added when cells reached a confluency
of 60-80%. The cell culture medium was exchanged to a fresh
one after 4-h incubation. MTT solution (5.0 mg/ml in
phosphate-buffered saline, 10 pL/well) was added 24 h later.
The medium was replaced by 100 pL. of DMSO after an
additional 2-h incubation. The optical absorbance was
measured at 590 nm (reference wavelength 630 nm) by a
microplate reader (Spectrafiour Plus, Tecan Austria GmbH,
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Austria) (9). The metabolic activity of the polymer treated
cells was expressed as a relative to untreated cell controls
taken as 100% metabolic activity.

Gene Transfection

Gene transfer properties of the synthesized copolymers
were investigated in B16-F10 and CHO-K1 cell lines. Cells
were seeded in 96-well TPP plates at a density of 5,000
cells per well in 100 pL of 10% FCS containing cell culture
medium. The polyplexes in HBG were added at indicated
polymer to pDNA weight ratios 24 h later after cell
seeding. Unless indicated otherwise, the pDNA concentra-
tion was 200 ng per well and the medium was replaced by
100 pL of fresh medium after 4-h polyplex incubation. The
luciferase reporter gene expression levels were determined
by luciferase assay (12). The luciferase activity was
expressed as relative light units per well (RLU/well). In
parallel, the cellular metabolic activity after transfection
was evaluated by MTT assay. Enhanced green fluorescent
protein (EGFP) transfections were studied using an
inverted fluorescence microscope (Axiovert 200, Carl Zeiss,
Jena, Germany) and flow cytometry (Cyan MLE flow
cytometer, Dako, Copenhagen, Denmark). The EGFP
transfection results were shown as percentage of positive
cells compared to untreated cell controls. The optimized c/p
ratio of 0.8 was selected for BPEI and LPEI polyplex
mediated transfection. All data represent the mean out of
three independent measurements and each measurement
was performed in triplicate.

RESULTS AND DISCUSSION

Preparation and Characterization of the OEI-CBA
Copolymers

HMW polyethylenimines (BPEI and LPEI) are consid-
ered to be “golden standard” for non-viral gene delivery due
to their high transfection efficiency in vitro and in vivo (27).
However, both BPEI and LPEI are non-degradable and
display significant toxicities, limiting their clinical application
in gene therapy (28,29). In this study, a set of bioreducible
analogs of PEI, the copolymers OEI-CBA, were prepared
via the Michael addition reaction (Fig. 1). It has been
reported that not only the monomer molar ratios but also
the reaction conditions in Michael-type polyaddition reac-
tions can display important roles regarding the molecular
weights and chemical structure of the resulting copolymers
(30, 31). According to the literature, all reactions were
proceeded at 40°C to produce preferably copolymers with
linear structure (see Fig. 1) (31). Three different CBA to OEI
molar ratios of A (1:1), B (1.2:1), and C (1.4:1) were tested to
optimize the synthesis conditions. Precipitation occurred in
the case of the molar ratio of 1.4:1 already after 24-h reaction
due to the formation of highly cross-linked copolymers.
Neither gelation nor precipitation was obseved for A- and
B-type copolymers with lower monomer molar ratios. The
resulting products were both well water-soluble. In order to
investigate the influences of the purification degree of the
copolymers on both cytotoxicity and transfection efficiency,
dialysis bags with different MWCOs of 3.5 and 6-8 kDa were
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Fig. 1. Scheme for synthesis of bioreducible BPEI analogs from OEI
and CBA

used. Preliminary cytotoxicity studies demonstrated a lower
toxicity of products purified with dialysis membranes of
3.5 kDa compared to polymers purified at a MWCO of 6—
8 kDa. This is consistent with the presence of more LMW
copolymers. Furthermore, B-type copolymers (CBA/OEI=
1.2:1) demonstrated higher toxicity than A (CBA/OEI=1:1),
presumably due to their higher molecular weights (data not
shown).

Hence, the CBA to OEI molar ratio of 1:1 was found as
the best synthesis condition and selected for further optimi-
zation. Two different OEI concentrations of 1.0 and 0.5 M
were applied. The resulting polymers labeled as “HC” (high
concentration) and “LC” (low concentration) were com-
pared. Their molecular weights and corresponding PDIs were
shown in Table I. It was found that different reaction
concentrations and purification conditions resulted in copoly-
mers with different molecular weights. The HC condition led
to products with much higher M, than that of the LC
copolymers. For example, copolymer HC-6-8 had M,, of
37 kDa, which was significantly higher than that of copolymer
LC-6-8, which had 8.7 kDa. Moreover, the selected MWCOs
of dialysis membranes in the purification procedure also
influenced the copolymer molecular weights and, more
obviously, their PDIs. For example, HC-3.5, which was
purified at a MWCO of 3.5 kDa, had a PDI of 13. In contrast,
HC-6-8 (MWCO 6-8 kDa) showed a much lower PDI of 5.5
due to the removal of the lower molecular weight fraction
during dialysis.

Biophysical Characterization
DNA Binding Ability

An EtBr exclusion assay was firstly performed to test the
pDNA binding kinetics of the copolymers (9). As shown in
Table II, copolymers HC-6-8 and HC-3.5 had EBj5y of 0.28
and 0.35, whereas it increased to 0.38 and 0.50 for LC-6-8 and
LC-3.5, respectively. For more detailed studies, the pDNA
binding ability of the copolymers was investigated by gel



448

Yu, Russ and Wagner

Table I. Synthesis Conditions and Molecular Parameters for OEI-CBA Copolymers

Molecular weights®

OEI to CBA molar ratio

Polymers” Monomer concentration (M) M,/10° M,10° PDI Feed ratio Actual ratio®
HC-6-8 1.0 37 6.6 5.5 1.0 0.80
HC-3.5 - 25 1.9 13 - 0.72
LC-6-8 0.5 8.7 4.1 21 - 0.90
LC-35 - 8.6 1.6 5.5 - 0.72
LPEI 59 27 2.2
BPEI 36 9.7 3.6
OEI 0.33 0.15 2.0

“The copolymers prepared at the same monomer concentration were distinguished by the MWCOs of the dialysis bags used for purification.
Copolymer molecular weights and their polydispersity index (PDI, My/M,) determined by GPC. ¢ OEI to CBA molar ratios in the

copolymers determined by / H NMR spectra

electrophoresis assay. It was found that BPEI and LPEI
completely retard pDNA already at c¢/p ratios of 0.5 and 1.0.
There was no free pDNA found for the HC copolymer
polyplexes at a c/p ratio of 1. The LC copolymers, however,
required a c/p ratio of 2 or higher to completely bind and
retard pDNA. Similar results were also found for OEI (see
Table IT). We also found that copolymer HC-6-8 possesses the
same PDI of 5.5 as LC-3.5, but it displayed much better
pDNA binding ability than the latter. Taken together, all
these data clearly demonstrated that the copolymer HC-6-
8 with higher molecular weight and narrower PDI than other
copolymers exhibited the highest pPDNA binding ability. The
molecular weight was obviously the dominating parameter for
an effective pDNA binding.

Particle Size and Zeta Potential Measurement

Dynamic light scattering (DLS) measurements were
performed to examine the hydrodynamic particle sizes of
the polyplexes. As demonstrated in Fig. 2a, all tested
copolymers, LPEI and BPEI, were generally able to compact
pDNA to polyplexes with particle sizes ranging from 80 to
200 nm. In contrast, the complexes formed by OEI and
pDNA tend to aggregate and showed hydrodynamic diame-
ters over 1,000 nm even at a c/p ratio of 8 (data not shown).
Both copolymers of HC-6-8 and HC-3.5 resulted in poly-
plexes about 120 nm at all tested c/p ratios ranging from 2 to
8, which was similar to that of LPEI and BPEI polyplexes.
For copolymers LC-3.5 and LC-6-8 with lower molecular
weights, the measured particle size was over 180 nm at a c/p
ratios of 2. Increasing the c/p ratio, the polyplexes became
smaller. Among all the copolymers, the HC compounds
always resulted in much smaller particles than the LC ones
at the same c/p ratios. It can be concluded that the
copolymers with higher molecular weights could bind and

compact pDNA more effectively due to their higher OEI
contents (see Table I). All these results demonstrated the
good pDNA binding and compacting properties of the OEI-
CBA copolymers.

The surface charges of the polyplexes were determined
by zeta potential measurement. As shown in Fig. 2b, all
polyplexes were positively charged, while the surface charges
increased with raised c/p ratios. The polyplexes from HC
copolymers generally had higher surface charges than those
from LC ones at the same c/p ratios. This can be explained by
the lower pDNA compacting ability of LC copolymers,
resulting in less tightened particles and diffused surface
charges.

Polyplex Stability Under Reducing Conditions

The polyplex formulations should possess several func-
tions for efficient gene delivery, including protection of the
nucleic acid payloads from extracellular polyanion exchange
and enzyme degradation, facilitating cellular uptake, and
delivery of the payloads and polyplex disassociation before or
after nuclear entry. In the case of disulfide bond bearing
bioreducible polyplexes, it is hypothesized that the polyplexes
are kept stable in the extracellular environment while
dissociate easily under intracellular reducing conditions due
to disulfide cleavage (32,33). In the present study, the
polyplex stability was thoroughly investigated by particle size
measurement and gel electrophoresis assay in the presence of
DTT. Firstly, both non-degradable and bioreducible PEI
polyplexes were prepared and exposed to 25 mM DTT, a
large excess to the calculated amount of the disulfide bonds in
the polyplexes (Fig. 3a). The experiments were performed in
HBG buffer with low ionic strength to avoid salt-induced
polyplex aggregation. In the absence of DTT, all polyplexes
except the OEI ones were stable without any obvious change

Table II. EBs, and Required Polymer to pDNA Weight Ratios (c/p) for Effective pPDNA Binding and Compacting Mediated by BPEI, LPEI,
OEI and OEI-CBA Copolymers

Polymers BPEI LPEI OEI HC-6-8 HC-3.5 LC-6-8 LC-3.5
EBsy* 0.26 0.30 0.44 0.28 0.35 0.38 0.50
Full Retardation” 0.50 0.80 2.0 1.0 1.0 2.0 2.0

“EBs( was calculated as polymer to pDNA weight ratio (c/p) when the relative fluorescence intensity was reduced to 50% comparing to free
pDNA. b c/p ratios when the pPDNA movement in the agarose gel was fully retarded
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Fig. 2. Particle size and zeta potential of the polyplexes. a Particle
size of the polyplexes measured by DLS. b Zeta potential of the
polyplexes. All the samples were prepared in HBG buffer and the
measurements were performed in triplicates (n=3)

in particle size. Importantly, the hydrodynamic diameters of
the polyplexes could even be kept at around 100 nm for more
than 48 h at 37°C water bath. However, addition of 25 mM
DTT changed the particle sizes of different polyplexes to
different extents. After 1-h incubation, the particle size of
LPEI and BPEI polyplexes kept almost constant, indicating
the good stability of these polyplexes. At the same time, all

Fig. 3. Reduction with DTT together with physiological salt mediates p

polyplex disassociation and pDNA release. a—c Particle size measure-
ments of polyplexes. The polyplexes were prepared in HBG (low
ionic strength) and incubated at 37°C applying various DTT
concentrations. a Particle sizes of indicated polyplexes (c/p 4) in the
absence or presence of 25 mM DTT. b Expansion kinetics of the HC-
6-8 polyplex (c/p 4) at 37°C in the presence of 5 uM or 5 mM DTT. ¢
DTT concentration-dependent HC-6-8 polyplex (c/p 4) dissociation
presented as particle sizes at 1 h after DTT incubation. d pDNA
release from the polyplexes detected by gel shift assay. Polyplexes
were incubated at indicated sodium chloride concentrations (0, 0.15,
and 0.30 M) in the absence or presence of 25 mM DTT; same c/p ratio
of 1 was selected for HC-6-8 and OEI polyplexes
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the copolymer polyplexes swelled from about 100 nm to over
1 um due to disulfide cleavage in the bioreducible polyplexes.

HC-6-8 polyplexes were then selected to detect the
dissociation kinetics of the bioreducible polyplexes against
reduction induced by DTT (see Fig. 3b). With 5-mM DTT
treatment, the polyplexes swelled gradually to a final size of
over 1.5 pm after 30 min. But even the 1,000-fold lower DTT
concentration of 5 pM resulted in significant polyplex swelling
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to about 400 nm, which indicated partial cleavage of the
disulfide bonds. To further confirm these findings, HC-6-
8 polyplexes were then treated by DTT at several concen-
trations for 1 h (see Fig. 3c). When the DTT concentration
was in the range of 0 to 1 pM, the polyplexes remained stable
with diameters around 100 nm. Increasing the DTT concen-
tration to 5 puM, particle size of about 500 nm was found.
Adding more DTT to a concentration of 15 pM, the
polyplexes swelled dramatically to about 2 um. Adding more
DTT over 100 pM, the particle size would not increase
anymore due to the complete cleavage of the disulfide bonds.
In summary, swelling of the polyplexes (resulting from partial
dissociation) was mediated by disulfide cleavage with DTT
concentration-dependent kinetics. To our knowledge, this is
the first time to evaluated the dissociation kinetics of disulfide
bond containing polyplexes with reducing treatment. It had
been reported that the total concentration of reducing agents,
such as glutathione, in the extracellular environment is
typically in the range of 1-5 uM, but in the cytosol, it is
higher than millimolar levels (22). We therefore assume that
our bioreducible polyplexes could effectively dissociate in
intracellular environment while retaining their stability at
least during the first half an hour circulation. When long-term
circulation of small polyplexes is required, polyplex swelling
resulting from disulfide bond cleavage might be a factor
affecting the biodistribution.

Polyplex stability also depends on the ionic buffer
conditions. Figure 3d shows the percentage of pDNA
released from the polyplexes as determined by agarose gel
electrophoresis. The release was quantified in the form of
supercoiled pDNA (SC-pDNA) compared to SC-pDNA in
the naked pDNA control. For HC-6-8 polyplexes (c/p 1), in
the absence of DTT, no free SC-pDNA could be detected
even with 0.3 M sodium chloride addition. Similar observa-
tions were made in the case of BPEI polyplexes. It suggested
the good stability of the HC-6-8 polyplexes. In the presence
of DTT, however, with salt adding at physiological concen-
tration of 0.15 M, over 20% of SC-pDNA was released from
the HC-6-8 polyplexes due to the reductive degradation of
the copolymer. Enhancing the salt concentration further to
0.3 M, the detected pDNA release was 65%, practically
identical to the level of OEI complexes with 66% pDNA
release. This highlights the characteristic of the copolymers to
facilitate intracellular pDNA release triggered by reducing
conditions. It is noteworthy that DTT in the absence of
physiological salt destabilizes the polyplexes (Fig. 3a—c), but
this is not sufficient for pDNA release (see Fig. 3d).

0 0.150.30 0 0.150.30
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Biological Characterization

Cytotoxicity of Free Copolymers

The cytotoxicity of the copolymers in B16-F10 and
CHO-K1 cells was tested by MTT assay. As shown in
Fig. 4a, the metabolic activity of B16-F10 cells treated with
LPEI or BPEI at 50 pg/mL is lower than 5%, indicating high
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Fig. 4. Cytotoxicity assays of the plain OEI-CBA copolymers, OEI,
LPEI and BPEI in a B16-F10 and b CHO-K1 cells. The polymers
were incubated with cells for 4 h (n=3)
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Table III. 1Cs, Data of BPEI, LPEI, and OEI-CBA Copolymers in B16-F10 and CHO-K1 Cells

Polymers BPEI LPEI HC-6-8 HC-3.5 LC-6-8 LC-C35
ICs0® (ng/ml) B16-F10 49 6.4 77 99 87 102
CHO-K1 39 19 122 140 153 186

“ICsy was defined as the polymer concentration with 50% cell survival

toxicity of BPEI and LPEI, whereas cells treated with OEI-
CBA copolymers at the same concentration retained at least
70% of their metabolic activity. The same trend was also
found for CHO-K1 cells (see Fig. 4b). The ICs, values of the
tested compounds were shown in Table III. The ICs, values
ranged for the reducible copolymers from 77 to 102 ug/mL, i.e.,
about 15- to 20-fold above that of the PEIs in B16-F10 cells,
and in CHO-K1 cells from 122 to 186 pg/mL, i.e., about three
to tenfold above the PEI standards. In the selected concentra-
tion ranges from 1 to 400 pg/mL, OEI never displayed any
measurable toxic effect in both cell lines. As demonstrated in
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both cell lines, the HC copolymers with higher molecular
weight displayed lower ICsy than the LC ones. Difference in
ICsy was also found between the copolymers prepared at the
same reaction concentration with different dialysis membranes
used in the purification. For example, the copolymers HC-6-
8 and LC-6-8 always resulted in lower ICs values than HC-3.5
and LC-3.5. Our finding was consistent with the literature
reports that cytotoxic properties of polycations are usually
correlated with their molecular weights; those with lower
molecular weights usually result in reduced cytotoxicity
(32,34,35). Taken all together, the preliminary toxicity data
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Fig. 5. Luciferase reporter gene transfer efficiency of the polymer/pDNA polyplexes and metabolic activity of the transfected CHO-K1 and
B16-F10 cells. All the polyplexes were prepared in HBG buffer; 200 ng of pDNA/well was used for 96-well tissue culture plate. The cell culture
medium was changed 4 h after polyplexes addition; the relative luciferase intensity (a, ¢) and metabolic activity of the polyplexes treated cells (b,
d) was measured 24 h later. Presented data show the average of experiments performed three times as triplicates (n=3 x 3)
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Fig. 6. Gene transfer efficiency of the polyplexes built on HC-6-8,
BPEI, and LPEI with different pPDNA concentrations (n=3 x 3)

encouraged to evaluate these bioreducible OEI-CBA copoly-
mers as candidates for gene delivery.

Transfection Efficiency and Cytotoxicy of Polyplexes

Both B16-F10 and CHO-K1 cells were transfected with
polyplexes prepared at various c/p ratios with 4-h incubation.
The luciferase reporter gene expression was determined 24 h
after polyplex addition. LPEI and BPEI were most commonly
used as polyplex formulations; therefore, we included these
polymers in optimized formulations. LPEI was previously
found to show particularly high transfection activity and
presents the “golden standard” (12,36). In CHO-K1 cells, as
shown in Fig. 5a, all copolymer polyplexes achieved their
maximal transfection efficiencies at a c/p ratio of 4. Out of all
copolymer polyplexes, those from HC-6-8 resulted in the
highest reporter gene expression level comparable to that of
LPEI polyplexes and about 150-fold higher than that of BPEI
ones. In B16-F10 cells, HC-6-8 was also the most efficient
among the copolymers at an optimized c/p ratio of 2. For all
the other copolymers, higher c/p ratios were required to
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achieve their highest luciferase gene expression yields
(Fig. 5a, b). The metabolic activity of the cells treated by
the polyplexes was determined by MTT assay. The results
were shown in Fig. 5c, d. At optimized c/p ratios leading to
the highest transfection yields, B16-F10 and CHO-K1 cells
treated by the copolymer polyplexes exhibited metabolic
activity higher than 80%, which was much higher than that
treated by LPEI polyplexes.

Effects of Polyplex Concentrations on the Transfection
Efficiency

B16-F10 and CHO-K1 cells were transfected with HC-6-
8 polyplexes at optimized c/p ratios of 2 and 4, respectively.
As shown in Fig. 6a, in B16-F10 cells, at a lower pDNA
concentration of 100 ng per well, all three polymers, including
HC-6-8, LPEI, and BPEI, produced only moderate reporter
gene expression. Increasing the pDNA amount to 200 ng per
well, both HC-6-8 and LPEI reached their comparable
highest RLU levels. A much higher pDNA concentration of
400 ng per well was required by BPEI polyplexes to reach the
highest RLU level. Similar trends were also found in CHO-
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Fig. 7. Gene transfer efficiency of the polyplexes built on HC-6-8,
BPEI, and LPEI with different incubation durations (n=3 x 3)
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K1 cells (Fig. 6b). Here, HC-6-8 and LPEI needed a pDNA
concentration of 400 ng per well to reach the highest
transfection yields. However, BPEI need much higher pDNA
concentration of 800 ng per well to efficiently transfect CHO-
K1 cells.

Effects of Polyplex Incubation Time on the Transfection
Efficiency

CHO-K1 cell line had been well investigated for
membrane protein associated disulfide cleavage (22,37-39).
The cleavage began in the first hour of cell membrane
binding and continued for more than 6 h (38). In order to
examine the influence of disulfide cleavage on the transfec-
tion property of the polyplexes, different polyplex incubation
durations were tested. As demonstrated in Fig. 7a, the
reporter gene expression level for HC-6-8 polyplexes was
improved by 2.6-fold in CHO-K1 cells when the incubation
time was increased from 4 to 6 h. Further extending the
incubation time to 8 h, even a sevenfold enhancement was
achieved compared to polyplex treatment for 4 h. Similar

'HC-6-8 (clp 2)

"5’&}_ -
B16-F10) -,,;2.‘

CHO-K1|
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trends were found by extending incubation durations in B16-
F10 cells, while the results were less pronounced (see Fig. 7b).
In both cell lines, no significant effects of different incubation
times were found for LPEI and BPEI polyplexes.

EGFP Transfection

In addition to luciferase gene expression studies, pDNA
encoding an EGFP-N1 reporter gene was also used to
examine the transfection ability of the copolymers in the
two selected cell lines. The EGFP pDNA transfected cells
were observed by fluorescence microscopy. Forty-eight hours
later after polyplex addition, copolymer HC-6-8 displayed
excellent EGFP transfection results in both cell lines (see
Fig. 8a). The percentages of EGFP-positive cells as quantified
by flow cytometry measurements were shown in Fig. 8b.
Copolymer HC-6-8 resulted in 68% of EGFP positively
expressing B16-F10 cells. It was comparable to LPEI (62%)
and even 20-fold more efficient than BPEIL. In CHO-K1 cells,
copolymer HC-6-8 transfected 30% of cell population, which
was about tenfold higher than that of BPEI, but lower than

BPEI LPEI

Positive Cells (%)

771 B16-F10 cells
22 CHO-K1 cells

Fig. 8. EGFP reporter gene transfer results. a EGFP transfection effects in B16-F10 and CHO-K1 cells.
The polyplexes were prepared in HBG at optimized c/p ratios and incubated with cells for 4 h. All the
pictures were taken 48 h later after polyplex addition. b Flow cytometry measurement results for
percentages of EFGP expressing cells. The cells were measured immediately after photograph taken (n=3)
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that of LPEI (57%). Generally, the EGFP transfection results
at optimized c/p ratios were found to go quite well along with
the luciferase transfection results (see Fig. 5), indicating a
high transfection efficiency at low cytotoxicity of the bio-
reducible copolymers.

CONCLUSION

In this study, a set of bioreducible PEI analogues, OEI-
CBA copolymers were prepared by a polyaddition reaction.
The influence of synthesis conditions on the chemical,
biophysical, and biological properties of the OEI-CBA
copolymers was investigated. The polyplexes built on these
copolymers can be kept stable in salt-free HBG buffer, but
are destabilized upon treatment with the reducing agent DTT.
Copolymer HC-6-8 with a molecular weight of 37 kDa can
efficiently deliver pDNA both into B16-F10 and CHO-K1
cells. The transfection efficiencies are comparable to that of
LPEI, while much higher than that of BPEI. Given the higher
cytotoxicity and non-degradability of LPEI and BPEI, and
low gene transfection ability of the latter, bioreducible
copolymer HC-6-8 is much superior and promising for
polymer-based gene delivery.
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