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Abstract

A lipoproteoplex comprised of an engineered supercharged coiled-coil protein (CSP) bearing

multiple arginines and the cationic lipid formulation FuGENE HD (FG) was developed for

effective condensation and delivery of nucleic acids. The CSP was able to maintain helical

structure and self-assembly properties while exhibiting binding to plasmid DNA. The ternary

CSP•DNA(8:1)•FG lipoproteoplex complex demonstrated enhanced transfection of β-

galactosidase DNA into MC3T3-E1 mouse preosteoblasts. The lipoproteoplexes showed

significant increases in transfection efficiency when compared to conventional FG and an

mTat•FG lipopolyplex with a 6- and 2.5-fold increase in transfection, respectively. The

CSP•DNA(8:1)•FG lipoproteoplex assembled into spherical particles with a net positive surface

charge, enabling efficient gene delivery. These results support the application of lipoproteoplexes

with protein engineered CSP for non-viral gene delivery.
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1. Introduction

A central challenge for gene therapy is the effective delivery of highly labile nucleic acids

that are susceptible to nucleases [1]. While there are examples of successful nucleic acid

delivery in vitro and in vivo by viral and non-viral vectors, achieving high transfection

efficiency while maintaining low toxicity remains a significant challenge [2, 3]. Although
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virus-mediated vehicles are very efficient in gene transduction [4–6], they exhibit severe

immunogenic properties and can cause detrimental mutagenic responses rendering them

problematic [7, 8].

Considerable effort has been made to develop non-viral vectors such as cationic lipids [9,

10], cationic polymers [3, 11], and cell-penetrating peptides (CPPs) [12, 13]. Cationic lipids

form non-covalent complexes with nucleic acids to generate lipoplexes. However, as the

condensation ability of lipids alone is not effective, the resulting lipoplexes do not protect

genes against nucleases in vivo [14, 15]. Cationic polymers such as polyethylenimine (PEI)

[16–18], poly (L-lysine) (PLL) [19, 20], polyamidoamine (PAMAM) dendrimers [21] and

polymethacrylates [22] form particulate complexes with DNA producing polyplexes that can

deliver genes [16, 23]. Although such polyplexes demonstrate higher transfection ability,

they exhibit high cytotoxicity. Moreover, further chemical modifications to the cationic

polymers are required to reduce their cytotoxicity. The resultant chemically modified

polymers demonstrate decreased transfection ability [24, 25]. While CPPs have been

explored for their ability to deliver nucleic acids, delivery remains a major challenge [13]

due to entrapment into endocytic vesicle and lysosomal degradation [26, 27]. Recently,

lipopolyplexes composed of a cationic lipid and cationic peptide-based ternary complex

have been introduced to enhance transfection of nucleic acids [28–34]. While lipopolyplexes

have been successfully employed for gene delivery, it depends on the development of

branched systems carrying a net positive charge [35]; in such cases, identifying optimal

branching, charge and sequence will require various synthetic design strategies.

Protein engineered systems have emerged as an alternative to synthetic counterparts due to

the unique advantages of programmed specificity in terms of structure and assembly,

environmentally friendly production, non-toxic contaminants and biodegradability [36, 37].

In this study, we have engineered supercharged coiled-coil protein (CSP), derived from

cartilage oligomeric matrix protein coiled-coil (COMPcc). The solvent exposed residues are

mutated into arginine for effective binding to plasmid DNA and cationic lipids are

introduced in conjunction with CSP to produce what we term “lipoproteoplexes” for

enhanced gene delivery (Fig. 1). The CSP is expressed, purified and assessed for its

secondary structure and binding ability to DNA. The optimal ratio of FG to CSP isdeveloped

for in vitro delivery of β-galactosidase gene into MC3T3-E1 mouse preosteoblasts. The CSP

and lipoproteoplex are evaluated for cytotoxicity against MC3T3-E1 cells. Also, CSP•DNA

complex and lipoproteoplexes are further characterized for their size, surface charge and

morphology.

2. Materials and method

2.1. Materials

Primers were purchased from Eurofin MWG Operon (Huntsville, AL), pfu Ultra DNA

polymerase from Stratagene (Santa Clara, CA) and DpnI restriction enzyme from New

England Biolabs (Ipswich, MA). Tris base, isopropyl β-D-1-thiogalactopyranoside (IPTG),

tryptone, ampicillin, sodium chloride, imidazole and urea were obtained from VWR. Ni-

NTA beads were purchased from Sigma-Aldrich, β-galactosidase plasmid DNA from

Genlantics (San Diego, CA) and Beta-Glo assay kit from Promega, (Madison, WI). Gibco
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alpha minimal essential medium (αMEM), Gibco fetal bovine serum (FBS), 5000 U/mL

penicillin and 5000 ug/mL streptomycin were purchased from Invitrogen (Carlsbad, CA).

FG was obtained from Roche (Branchburg, NJ) and the HIV-1-Tat (RKKRRQRRRR)

modified (mTat) with ten histidine residues and two cysteine residues (C-5H-Tat-5H-C) was

purchased from Biomatik Corporation (Cambridge, Canada) [38]. The MC3T3-E1, subclone

14 (CRL-2594) mouse preosteoblasts was gift from Dr. Mani Alikhani (New York

University College of Dentistry).

2.2. Site-directed mutagenesis (SDM) and PCR assembly

The COMPcc gene in pQE9 vector was used as a template to perform multiple mutations.

The residues at D28, A30, E39, Q45, F60, M66, E67 and D69 were mutated to arginine by

using following primers and their complementary sequences. D28R and A30R/5′-CAT

CAC GGA TCC GGT CGT CTG CGT CCG CAG ATG-3′; E39R/5′-GAA CTG CAG CGT

ACC AAC-3′; Q45R/5′-GCG CTG CGT GAC GTT CG-3′; F60R/5′-GAA ATC ACC CGT

CTG AAA-3′; M66R, E67R and D69R/5′-C ACC GTT CGT CGT TCT CGT GCG TCT

GGT AAG CTT AAT TAG-3′

The DNA fragments with required mutations were synthesized by PCR by using forward

primer of one mutant and reverse primer of the following mutant [39, 40]. The resulting

gene bearing all 24 base pairs mutations was used as a megaprimer for mutagenesis of

pQE9/COMPcc [41, 42] to produce pQE9/CSP. Site directed mutagenesis SDM was

performed using a standard protocol and the resulting sample was digested with DpnI

enzyme (New England Biolabs) for 3 hours at 37 °C. The DpnI digested sample was

transformed into XL-1 blue cells.

2.3. Protein expression and purification

To express the CSP and COMPcc proteins, the E. coli strains AF-IQ [43, 44] and XL-1 blue

were used for transformation of CSP and COMPcc, respectively. Starter culture of CSP and

COMPcc were made in 5 mL of LB containing ampicillin (200 μg/mL) and chloramphenicol

(35 μg/mL) and LB containing ampicillin (200 μg/mL), respectively and incubated overnight

at 37 °C and 350 rpm. The starter cultures were used to innoculate 800 mL of LB media

with the aforementioned respective antibiotics and incubated for 6 hours at 37 °C and 250

rpm for large scale expression. After 6 hours, OD600 was measured (≈0.8 to 1.0) and the

protein expression was induced by the addition of 200 μg/mL IPTG and incubated under the

same conditions for 3 hours. Cells were harvested after overexpression by centrifugation and

stored at −80 °C until purification. Overexpression was confirmed by SDS-PAGE (Fig.

S1a). The cells pellets were thawed and resuspended into 50 mM Tris-HCl buffer pH 8.0

with 0.5 M NaCl, 20 mM imidazole and 6 M urea and lysed via sonication. Whole cell

lysates were clarified by centrifugation and purified under native condition using Ni-NTA

beads. Purification was performed in a 10 mL gravity column (Thermo Scientific). The

beads were washed with the buffer composed of 50 mM Tris-HCl, 0.5 M NaCl and 20 mM

imidazole and the protein was eluted with increase concentration of imidazole from 200

mM, 500 mM and 1 M imidazole. The purity of the proteins was confirmed by SDS-PAGE

(Fig. S1b and Fig. S1c). The proteins were dialyzed against 50 mM Tris-HCl buffer pH 8.0

with 0.5 M NaCl to remove the imidazole.
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2.4. CD spectroscopy

The secondary structure of CSP/COMPcc was analyzed using a Jasco J-815 spectrometer at

10 μM protein concentration in 50 mM Tris-HCl buffer pH 8.0. The wavelength scans were

performed at 4 °C over a range of 200–250 nm with a 1 nm step size. Temperature scans

were performed at 222 nm from 20 °C to 85 °C with temperature ramp of 1 °C/min. The

observed ellipticity value (Θ) was converted into mean residue ellipticity (MRE) using the

standard equation ΘMRE = Θ/(10cpl) where c is the molar concentration of the protein, p is

the path length in centimeters and l is the number of amino acids [17]. The fraction folded

was derived using equation F = (ΘA − ΘU)/(ΘN − ΘU), where, ΘA is the MRE observed at

given temperature, ΘU is MRE value for completely unfolded protein and ΘN is the MRE

value of completely folded protein that is considered at 25 °C. The first derivative of

fraction folded was used to calculate melting temperature (Tm) of protein [44]. All data were

represented as an average of three trials.

2.5. Electrophoretic mobility shift assay and lipoproteoplex preparation

Plasmid DNA encoding β-galactosidase (gWiz β-galactosidase) under the control of the

cytomegalovirus promoter/enhancer was used to investigate protein binding and also acted

as a reporter for successful transfection. The β-galactosidase plasmid DNA (5.1 kb) at a

concentration of 50 ng was mixed with different concentrations of CSP and COMPcc and

incubated at room temperature for 30 minutes. The mixtures were run on 1% agarose gel

(stained with ethidium bromide) and imaged under UV light using ImageQuant (GE

healthcare). The lipoproteoplex was prepared by mixing the FG at 4:1 w/w ratio of

lipid•DNA with an already formed condensed mixture of plasmid DNA and CSP/COMPcc

and the ternary complex was incubated for 15 minutes at room temperature.

2.6. Transfection studies

The transfection studies were performed using β-galactosidase plasmid DNA. The MC3T3-

E1 were seeded in 96-well plate at a density of 1 × 104 cells/well in αMEM with 10% FBS,

5000 U/mL penicillin and 5000 ug/mL streptomycin for 24 hours prior to experiment. The

proteoplex and lipoproteoplexes were prepared as explained above at different CSP•DNA

w/w ratios of 5:1 and 8:1. The mixtures were added to different wells and incubated for 24

hours at 37 °C at 5% (v/v) CO2. As a negative and positive control, plasmid DNA alone and

FG•DNA(4:1) were also prepared, respectively. Based on previous studies using

mTat•DNA(10:1)•FG lipopolyplexes, the optimized component mixture was also used as a

positive control [38]. The expression of β-galactosidase was confirmed using a standard

Beta-Glo assay kit provided by manufacturer. The luminescent signal obtained after reaction

of β-galactosidase with Beta-Glo reagent was observed using the microplate reader

Synergy™ HT (BioTek Instruments, Winooski, VT). Data were expressed as mean β-

galactosidase activity (relative light units, RLU) per well ± standard deviation from

quadruplicates. This detection system is designed to measure directly the expression level

using 96-well plates [45].
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2.7. Cell viability studies

The cells were seeded in 96-well plate at a density of 1 × 106 cells/well in αMEM with 10%

FBS and incubated at 37°C with 5% CO2 overnight. The cytotoxicity of different complexes

was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide, MTT

assay. Approximately 10 μL of MTT reagent from 5 mg/mL stock was added to each well

and incubated for 4 hours at 37 °C with 5% CO2. After incubation, the entire medium was

aspirated and 100 μL of dimethyl sulfoxide was added to each well. The change in

absorbance of colored solution was observed using a microplate reader Synergy HT at 570

nm. The percent cell viability was calculated by normalizing the observed absorbance value

to that of the control cells without any treatment. The data was represented as the average of

quadruplicates ± standard deviation.

2.8. Zeta potential

Zeta potential of protein, plasmid DNA and complex was determined using Zetasizer Nano

ZS90 (Malvern Instruments, UK) with a laser source of 630 nm. The instrument calculates

the zeta potential based on the measured electrophoretic mobility and this is fit into a

Smoluchowski equation [46]. The plasmid DNA alone was prepared at 90 ng/μL and for

other mixtures the DNA was kept at a final concentration of 2.5 ng/μL with 8 times higher

concentrations of CSP/COMPcc and 4 times the concentration of FG. For protein and FG

alone, the concentrations were at 59.7 ng/μL and 18.7 ng/μL, respectively. All samples were

prepared in 0.22 μm filtered dH2O and the ionic strength was kept constant for all solutions

with approximate concentration of buffer as 2.7 mM with 27.6 mM of NaCl. Three trials

were performed and within each each sample, three measurements were taken where each

measurement consisted of 20 runs. The error bars represented standard deviation.

2.9. Transmission Electron Microscopy studies

The morphology of the protein•DNA complex and lipoproteoplex were studied using

transmission electron microscopy (TEM). The complexes were formed as explained above

and 3 μL of solution was applied on formvar carbon coated 400 mesh copper grids and

incubated for 1 minute. The excess solution was blotted out and washed with 2 × 3 μL of

dH2O and the sample was stained using 3 μL of 1% uranyl acetate solution for 1 minute and

excess solution was blotted off. TEM was performed using Phillips CM-100 transmission

electron microscope. The sizes of the complexes were measured using ImageJ [47].

2.10. Statistical Analysis

Statistics were computed for each experimental method to summarize the mean expression

levels and associated standard deviations. A Student’s t-test was used to compare different

experimental conditions. In each statistical analysis, a p value less than 0.05 was considered

significant [48].
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3. Results

3.1. Expression and purification of protein

The solvent exposed residues at b and c position of the heptad repeat of abcdefg of COMPcc

were mutated into arginine by PCR assembly to generate the supercharged protein CSP (Fig

1). Notably, CSP showed higher expression in E. coli relative to the parent COMPcc,

consistent with previous supercharged proteins [49] (Fig. S1a). While a specific purification

protocol was developed to stabilize the highly charged (theoretical charge of +53) CSP,

sufficient quantities of protein were produced (Fig. S1b, c).

3.2. Secondary structure studies

Circular dichroism (CD) spectroscopy was conducted on CSP and its parent COMPcc to

assess the effects of arginine mutations on the secondary structure (Fig. 2a). Wavelength

scans demonstrated that both CSP and COMPcc were indeed alpha-helical. Surprisingly,

CSP exhibited enhanced helical structure when compared to the parent COMPcc (Fig. 2a).

The supercharging did not negatively affect the structure; however, CSP exhibited a 10 °C

decrease in the melting temperature (Tm) in comparison to the parent COMPcc (Fig. S2).

3.3. Optimization of plasmid DNA and protein binding ratio

The ability of CSP to complex plasmid DNA was evaluated by electrophoretic mobility shift

assay on agarose gel (Fig. 2b). A fixed concentration of β-galactosidase plasmid DNA was

mixed with varying amount of CSP or COMPcc at certain w/w ratios. The CSP, bearing a

theoretical charge of +53 as a pentamer, exhibited efficient binding to plasmid DNA through

non-covalent interactions with a complete shift at a protein to DNA w/w ratio of 5:1 (Fig.

2b). By contrast, COMPcc (theoretical charge −6) demonstrated a negligible DNA shift even

at higher ratios of 18:1 (Fig. 2b), suggesting that the engineered positive charge indeed

enabled DNA complexation.

3.4. Lipoproteoplex leads to enhanced transfection

To determine whether the lipoproteoplexes could indeed deliver DNA, the transfection of

the β-galactosidase gene was assessed in presence and absence of the proteins plus cationic

lipid, FG. As a control, DNA alone was treated with cells, yielding little evidence of

transfection (Fig. 3a). FG in presence of DNA revealed a modest 3-fold increase in

transfection relative to naked DNA. COMPcc•DNA(8:1)•FG demonstrated nearly similar

transfection to FG•DNA(4:1) (Fig. 3a). Compared to the FG positive control, the ternary

lipoproteoplex complex CSP•DNA(8:1)•FG outperformed it, with a 6-fold increase in

transfection (Fig. 3a). The efficacy of the CSP lipoproteoplex was compared to a previously

studied mTat•DNA(10:1)•FG mixture, yielding a 2.5 fold improved transfection [38].

Notably, superior transfection efficiency was observed with CSP•DNA(8:1)•FG

lipoproteoplex (Fig. 3b).

3.5. Cytotoxicity of lipoproteoplexes

Cellular viability was measured by the MTT assay of cells treated with the plasmid DNA

complexed with CSP and FG. The proteoplex of CSP•DNA(8:1)•FG illustrated 91.8 ± 4.3 %
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cell viability. The ternary lipoproteoplex also showed similar cell viability (91.6 ± 2.26%) to

the CSP•DNA(8:1) treatment. All of the constructs were essentially non-toxic in which no

significant difference was observed between CSP•DNA(8:1) and FG•DNA(4:1) or

CSP•DNA(8:1)•FG and FG•DNA(4:1) (p < 0.05) (Fig. 4).

3.6. Surface properties and morphology of complexes

To assess the surface characteristics of the proteins, proteoplexes and lipoproteoplexes, the

surface charge and size of the individual components and complexes were determined via

zeta potential measurements. As expected, plasmid DNA revealed a negative zeta potential

of −49.70 ± 1.28 mV, while CSP alone was positive with a value of +25.51 ± 1.28 mV

(Table 1, Fig. S3). The CSP•DNA(8:1) complex exhibited a slightly less positive zeta

potential relative to CSP alone with a value of +24.00 ± 0.27 mV; with the addition of FG,

the zeta potential did not change significantly, demonstrated by the value of +26.58 ± 0.10

mV (Table 1, Fig. S3). FG alone possessed a positive zeta potential of +24.83 ± 0.27 mV;

after mixing it with negatively charge DNA, the zeta potential significantly decreased to

+17.17 ± 0.68 mV (Table 1, Fig. S3).

TEM analysis was performed for the CSP•DNA(8:1), FG•DNA(4:1) and the ternary

lipoproteoplex complex. At 8:1 w/w ratio, the CSP•DNA(8:1) showed aggregate structures

with an average feret diameter of 270.4 ± 84.7 nm (Fig. 5a, Table S1). A drastic change in

shape, size and overall morphology of the complex was observed in presence of FG; the

FG•DNA(4:1) and CSP•DNA (8:1)•FG showed small spherical particles with a feret

diameter of 354.8 ± 58.4 nm and 317 ± 47 nm, respectively (Fig. 5b, c, Table S1).

4. Discussion

The primary aim of this study was to develop lipoproteoplexes comprised of an engineered

CSP for effective condensation of negatively charged DNA in conjunction with cationic

lipid, FG, for enhanced gene delivery. While supercharging the protein did not negatively

affect its structure, CSP exhibited a 10 °C decrease in the melting temperature (Tm) in

comparison to the parent COMPcc (Fig. 2a, S2). This may be due to changes in the ionic

environment of the CSP as the arginine residues presumably impact the solvation of the

protein and electrostatic interactions [50]. The COMPcc, which possessed a more negatively

charged surface, demonstrated poor binding ability to plasmid DNA, while CSP exhibited a

pronounced positively charged surface that bound plasmid DNA at lower w/w ratio as

confirmed by electrophoretic mobility shift assay (Fig. 2b). The in vitro transfection studies

showed that the CSP with cationic lipid, FG, significantly enhanced the transfection relative

to FG and CSP alone. More importantly, it outperformed another cell penetrating peptide

mTat [38] as shown via a significant increase in β-galactosidase activity (Fig. 3).

Although we do not know the exact reason for the enhanced transfection of the

CSP•DNA(8:1)•FG complex, it is believed that cell entry is governed by the lipid character

of the lipoproteoplex since studies using poly-L-lysine [51] and protamine sulfate [52] and

PEI [53–55] as a DNA condensing agent have shown increased transfection efficiency by 2

to 28 fold. The CSP acts as a DNA condensing agent and much like CPPs, it may be poorly

interacting with cell membrane; however, in presence of FG, the ternary CSP•DNA(8:1)•FG
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lipoproteoplex is likely interacting more effectively with the cell membrane for greater

transfection efficiency.

Although many cationic polymer and cationic lipid-based systems have been developed for

enhanced transfection, cytotoxicity is always a major concern for in vitro and in vivo studies

[56]. Our cell viability assay on MC3T3-E1 cells show that the CSP•DNA(8:1) with or

without FG did not contribute any significant cytotoxic effect when compared to

FG•DNA(4:1) (Fig. 4). Although cell viability is compromised to a minimal extent with the

lipoproteoplex as compared to the FG•DNA(4:1), it demonstrates a significant increase in

transfection.

The zeta potential studies demonstrate that CSP has better DNA condensation ability

relative to FG alone as CSP•DNA(8:1) reveals a more positive zeta potential than the

FG•DNA(4:1) complex (Table 1). Although the condensation of ability of CSP is higher

than FG, the particles are polydisperse with irregular size as supported by literature [57]. By

contrast, both FG•DNA(4:1) and CSP•DNA(8:1)•FG complex exhibit spherical particles

(Fig. 5). For effective gene delivery, the particle size is critical [35] and the ternary

lipoproteoplex reveals a more uniform particle size leading to enhanced transfection.

5. Conclusion

We demonstrate that the CSP lipoproteoplex increases the transfection ability relative to

CSP or FG alone and it outperforms a well-studied complex of mTat•DNA(10:1)•FG [38].

Our findings suggest that a self-assembling coiled-coil protein can be engineered with

positively charged residues to effectively complex with plasmid DNA. Surprisingly, the

engineered coiled-coil protein also maintains its self-assembling properties into a stable

homopentamer. Since, the efficient gene delivery through non-viral vectors is a major

challenge, the highly positively charged CSP based lipoproteoplexes represents a new

avenue for gene delivery using protein engineered system. Further studies to explore gene

delivery in vivo as well as with simultaneous gene/drug delivery are underway.
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Fig. 1.
a) Aligned sequences of COMPcc and CSP with mutated arginine residue positions shown

in red. b) Schematic of CSP complexation with plasmid DNA and a ternary complex with

cationic lipids to form lipoproteoplexes for gene delivery.
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Fig. 2.
In vitro studies on CSP and COMPcc. a) CD wavelengths scan of CSP (dashed line) and

COMPcc (solid line) at 4 °C at 10 μM concentration. Scans represent an average of three

trials. b) Plasmid DNA binding to protein with increasing w/w ratio evaluated through

mobility shift assay on 1% agarose gel of CSP binding to DNA (left) and COMPcc binding

to DNA (right). In both gels L- 1kb DNA ladder, 1- plasmid DNA alone. Proteoplexes

prepared at different protein to DNA w/w ratio: 2 – 0.5:1, 3 – 1:1, 4 – 2:1, 5 – 3:1, 6 – 5:1, 7

– 8:1, 8 – 10:1, 9 – 13:1, 10 – 16:1, 11 – 18:1.
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Fig. 3.
In vitro transfection efficiency for β-galactosidase DNA. FG•DNA(4:1), COMPcc•DNA

(5:1), COMPcc•DNA(5 or 8:1)•FG, CSP•DNA(5:1), CSP•DNA(5 or 8:1)•FG,

mTat•DNA(10:1) and mTat•DNA(10:1)•FG. a) * indicates p < 0.0001, comparison of

control (DNA only), FG•DNA(4:1) etc, b)* indicates p < 0.0001 comparision of control

(DNA only), CSP•DNA(8:1) etc. Data represents the mean β-galactosidase activity (relative

light units, RLU)/well with a standard deviation obtained from quadruplicates.
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Fig. 4.
Cell viability evalauted by MTT assay after treatment of CSP and FG complexed with

plasmid DNA and liproteoplex complex with MC3T3-E1 cell. Data is shown as the mean ±

standard deviation obtained from quadruplicates and compared to the mean of control group.

The control group consist of non-transfected cells (100% viability). No significant

difference was observed between CSP•DNA(8:1) and FG•DNA(4:1) or CSP•DNA(8:1)•FG

and FG•DNA(4:1) (p < 0.05).
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Fig. 5.
TEM images of different complexes a) CSP•DNA(8:1), b) FG•DNA(4:1), c)

CSP•DNA(8:1)•FG. The scale bars in the image is 500 nm and the insets has 2 μm.
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Table 1

Zeta potentials measurements

Zeta Potential (mV)*

DNA − 49.70 ± 1.28

CSP + 25.51 ± 1.28

FG + 24.83 ± 0.27

CSP•DNA + 24.00 ± 0.36

CSP•DNA•FG + 26.58 ± 0.10

DNA•FG + 17.17 ± 0.68

*
The data represents the average of three individual trials with standard deviation.
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