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Abstract The development of efficient transfection

protocols for livestock cells is crucial for implemen-

tation of cell-based transgenic methods to produce

genetically modified animals. We synthetized fully

deacylated linear 22, 87 and 217 kDa polyethylen-

imine (PEI) nanoparticles and compared their trans-

fection efficiency and cytotoxicity to commercial

branched 25 kDa PEI and linear 58 kDa poly(ally-

lamine) hydrochloride. We studied the effect of PEI

size and presence of serum on transfection efficiency

on primary cultures of bovine fetal fibroblasts and

established cells lines (HEK 293 and Hep G2). We

found that transfection efficiency was affected mainly

by polymer/pDNA ratio and DNA concentration and

in less extent by PEI MW. In bovine fibroblast,

preincubation of PEI nanoparticles with fetal bovine

serum (FBS) greatly increased percentage of cells

expressing the transgene (up to 82%) while signifi-

cantly decreased the polymer cytotoxic effect. 87 and

217 kDa PEI rendered the highest transfection rates in

HEK 293 and Hep G2 cell lines ([50% transfected

cells) with minimal cell toxicity. In conclusion, our

results indicate that fully deacylated PEI of 87 and

217 kDa are useful DNA vehicles for non-viral

transfection of primary cultures of bovine fetal

fibroblast and HEK 293 and Hep G2 cell lines.
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Introduction

A broad range of potential applications of transgenic

farm animals have been proposed, including disease

modeling, recombinant protein production and

improvement of productivity traits (Niemann et al.

2009). Somatic cell nuclear transfer (SCNT) has

become a major tool for producing large transgenic

farm animals. For SCNT, in vitro cultured cells are

genetically manipulated and used as nuclear donor to
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generate transgenic offspring. Although somatic cells

are not normally considered a limiting resource for

SCNT, identification of cheap, efficient and low

toxicity protocols for DNA delivery into cells would

positively impact SCNT-based transgenic methodolo-

gies, particularly when working with hard-to-transfect

or low prolificacy cell lines.

Polycations have been extensively used as non-

viral alternative vectors for delivery of nucleic acids

into cells for many decades (Boussif et al. 1995).

One of the most studied polycations is PEI, which

can be manufactured to achieve different sizes (kDa)

and structures (linear or branched) depending on the

particular synthesis process (Lázaro-Martı́nez et al.

2015; Thomas et al. 2005b). The high positive

charge density of PEI at neutral pH could explain its

capacity to condense plasmid DNA (pDNA) into

polyplexes. These PEI/pDNA complexes are endo-

cytosed by cells and transported through the cyto-

plasm to the nucleus, while preventing pDNA from

enzymatic degradation during cellular trafficking and

digestion by nucleases (Lee et al. 2010). The ability

of PEI to form complexes with nucleic acids and

carry them into the cell nucleus has been extensively

documented under in vivo and in vitro conditions

(cells in culture). However, a major drawback

associated with the use of PEI as transfection reagent

is the cytotoxic effect on exposed cells and tissues. A

commonly reported finding is impaired cell viability

after in vitro transfections with the polymer (Fan

et al. 2012; Moghimi et al. 2005; Yang et al. 2008)

and severe systemic side effects and inflammation in

exposed animals (Chollet et al. 2002; Kawakami

et al. 2006).

Several studies have connected transfection effi-

ciency and cytotoxicity of PEI preparations to physic-

ochemical properties, namely molecular weight and

branching ratio of the polymer (Godbey et al. 1999;

Mintzer and Simanek 2009; Neu et al. 2005; Ogris

et al. 1998). Consequently, different strategies have

been devised (i.e., PEI size, branch density, deacyla-

tion, and conjugation with functional molecules,

among others) in order to reduce cell damage after

PEI transfections. However, most of these techniques

are labor intensive and/or require time consuming

purification steps (Jiang and Salem 2012; Kichler

2004; Sawant et al. 2012; Swami et al. 2007; Yang

et al. 2008).

The aim of this work was to study the effect of

polymer size and polymer/pDNA ratio on bovine fetal

fibroblast (BFF), HEK 293 and Hep G2 transfection

efficiency and cytotoxicity. We synthetized linear 22,

87 and 217 kDa polymers (22K, 87K and 217K) and

compared their transfection efficiency and cytotoxic-

ity with a commercial branched 25 kDa PEI (25K) and

a linear 58 kDa poly(allylamine) hydrochloride (58K

PAH) in primary cultures of BFF and established cell

lines.

Materials and methods

Polymer synthesis

The linear poly(ethyleneimine hydrochloride) (PEI)

polymerswithmolecularweights of 22, 87 and 217 kDa

were synthesized from the corresponding 50, 200 and

500 kDa poly(2-ethyl-2-oxazoline) (Sigma-Aldrich, St.

Louis, MO, USA) respectively. Different molecular

weight PEIs were synthetized as described by Lazaro

Martinez et al. (2015) with minor modifications: 1 g of

poly(2-ethyl-2-oxazoline) was added to 120 mL of a

24% HCl solution and refluxed for 96 h. The poly(2-

ethyl-2-oxazoline) dissolved approximately in 1 h, and

2 h later a white precipitate (PEI) appeared in the flask

and persisted throughout the rest of the reaction. Then,

the reactionmixture was filtered and thewhite solid was

washed with 5 mL of deionized water. Then, the solid

was air-dried for 48 h, dissolved in 40 mL of deionized

water and lyophilized overnight.

The linear poly(allylamine) hydrochloride (PAH)

with an average molecular weight of 58 kDa and the

branched 25 kDa PEI were purchased from Sigma-

Aldrich. JetPRIME�, transfection reagent was pur-

chased from Polyplus-transfection SA (Illkirch,

France).

Physicochemical characterization of polymers

Identification and quality of the synthesized products

were determined by 1H and 13C-NMR spectroscopy.
1H-NMR (D2O, 300 MHz) d (pm): 3.58 (s, 2H) and
13C-NMR (D2O, 75 MHz) d (pm): 42.7. A compre-

hensive physicochemical characterization of synthe-

sized polymers can be found in a previous report

(Lázaro-Martı́nez et al. 2015).
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Agarose gel retardation assay

pDNA condensation with polymers was assessed by

an electrophoretic mobility assay. For polymer-pDNA

polyplex formation, a fixed amount of pDNA (3 lg)
was mixed with increasing amounts of different

polymers and incubated 10 min for complexation at

room temperature in a humidity chamber. Samples

were loaded on a 0.8% agarose gel containing a green

fluorescent DNA dye (1:10,000; GelGreen, Biotium,

Hayward, CA, USA), and run at 12 V/cm in TAE

buffer for 40 min. Gels were observed in a blue light

transilluminator and photographed. Then agarose gels

were stained with Coomassie Brilliant Blue to reveal

polymer nanoparticles.

Isolation of BFF and culture of BFF, HEK 293

and Hep G2 cells

Bovine fetal fibroblasts were obtained from slaugh-

terhouse fetuses of 90–150 days of gestation. Fetuses

were transported to the laboratory where they were

processed in a laminar-flow cabinet. A piece of

subdermal tissue (about 1 cm2) was removed from

the flank of the fetus and sectioned with a scalpel

blade into smaller pieces. Explants were placed in

cell culture plates (3–4 explants per 100 mm plate) in

6 mL of cell culture medium (DMEM, 1 9 antibi-

otic/antimycotic, Gibco, Carlsbad, CA, USA) sup-

plemented with 10% FBS (Natocor, Cordoba,

Argentina) and cultured for approximately 10 days

at 38.5 �C in an atmosphere of 5% CO2 in air and

high humidity. When the cells reached 70–80%

confluence, they were trypsinized (trypsin 0.5%,

Sigma-Aldrich Co.) and passaged to a T-75 culture

flask for cell propagation. Fibroblasts were frozen in

DMEM containing 20% FBS and 10% DMSO

(Sigma-Aldrich Co.) and kept in liquid nitrogen until

use.

Human embryonic kidney cells 293 (HEK 293,

American Type Culture Collection, Manassas, VA,

USA) and Hep G2 (human liver cancer cell line,

American Type Culture Collection) were cultured in

cell culture medium (DMEM, 19 antibiotic/antimy-

cotic, Gibco, CA, USA) at 37 �C in an atmosphere of

5% CO2 in air and high humidity. When the cells

reached 70–80% confluence, they were trypsinized

(trypsin 0.5%, Sigma-Aldrich Co.) and passaged to a

T-75 culture flask for cell propagation. Both cell types

were frozen in DMEM containing 20% FBS and 10%

DMSO (Sigma-Aldrich Co.) and kept in liquid nitro-

gen until use.

Transient in vitro gene transfection

Twenty-four hours prior to the gene transfections,

BFF, HEK 293 and Hep G2 cells were plated in a

24-well plate at an initial density of 30,000 cells/well.

pZsGreen1-N1 mammalian expression plasmid (Clon-

tech Laboratories Inc., Mountain View, CA USA) was

purified from E. coli DH5-a strain with ZymoPUR-

ETM maxi prep kit (Zymo Research, Irvine, CA, USA)

and used as reporter construct. This plasmid encodes a

human codon-optimized variant of the wild-type

Zoanthus sp. green fluorescent protein, ZsGreen1

under the control of the constitutive promoter human

cytomegalovirus (CMV) immediate early promoter.

For transfection assays, each polymer solution was

adjusted to 1 lg/lL, pH 7 and passed through a

0.22 lm pore size filter and stored in sterile 1.5 mL

tubes. Polymer samples were subjected to three

freeze–thaw cycles (-80 to 37 �C) before used in

transfection experiments.

Polymer/pDNA polyplexes for cell transfection

were prepared at different ratios (w/w) by adding an

appropriate amount of PEI to 0.5, 1 or 2 lg of

pZsGreen1-N1 in 300 lL of DMEM plus antibiotics

with or without 10% fetal bovine serum (FBS),

depending on particular experimental design. These

polymer ratios were chosen based on our previous

work, in which we reported optimal conditions for

transfection of BFF with commercial PEI 25K (For-

cato et al. 2012). The polymer/pDNA mixtures were

incubated for 15 min at room temperature before use

to allow for complexation.

After 3 h of incubation of cells with polyplexes,

700 lL of DMEM ? FBS medium were added to

each well. Reporter gene expression was determined

48 h after transfection in a Becton–Dickinson FACS-

can flow cytometer (Becton–Dickinson, Franklin

Lakes, NJ, USA).

The JetPRIME/pDNA complexes were prepared

according to the manufactureŕs recommendations.

Stable transgene integration

In order to establish if PEI nanoparticles could

mediate stable transgene integration into celĺs
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genome, BFF, HEK 293 and Hep G2 cell cultures

were transfected with the components of the Sleep-

ing Beauty transposon system as previously

described for bovine cells (Alessio et al. 2016).

Briefly, the three cell types were cotransfected with a

helper plasmid (pCMV-SB100X) which carries an

expression cassette for the SB transposase, and two

donor vectors (pT2/Venus/RMCE which harbors an

expression cassette for Venus fluorescent protein,

and pT2/SV40-Neo carrying a neo resistance cas-

sette; cassettes in both plasmids are flanked by the

SB inverted terminal repeats). All plasmids were

purified from E. coli DH5-a strain with ZymoPUR-

ETM maxi prep kit (Zymo Research). After 21-days

antibiotic selection, monoclonal colonies were indi-

vidually recovered from 100 mm plates using

cloning rings. Monoclonal colonies were trypsinized

and transferred to 100 mm plates to obtain mono-

clonal transgenic cell lines. Genomic DNA was

isolated from transgenic cell lines using Quick-

gDNATM MiniPrep (Zymo Research) following the

manufacturer’s protocol. Transgene integration was

assessed by PCR amplification of a 280-pb fragment

from the Venus gene using the following primers:

Fw: TAGCCCAGGGTGGTCACCAG; Rev: TGTG

ACCGGCGGCTCTAGAG.

MTT assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazoliumbromide) reduction assaywas used to study the

effect of polymers on cell viability. BFF, HEK 293 or

Hep G2 cells were seeded in a 96-well plate at an initial

density of 5000 cells/well in 100 lL of the

DMEM ?10% SFB. After 24 h, the cells were exposed

to increasing concentration of polymers and incubated in

a humidified environment with 5% CO2 at 38.5 or 37 �C
depending on each cell type requirements. Then, MTT

reagent (5 mg/mL) was added to each well 24 h after

polymers addition and incubated for 3 h. The medium in

each well was removed and replaced by 100 lL of

DMSO. The absorbance at 540 nm was recorded by a

microplate reader (Bio-Rad, Hercules, CA, USA). Each

treatment was run in octuplicates. The cell viability is

expressed as percentage of change over the control

(considered 100%) and it was calculated with the

following formula: Cell viability (%) = (OD of poly-

mer-treated sample/OD of untreated sample) 9 100.

The data are shown as the mean value ± SEM.

Results

Polymer/pDNA complexation analysis

Polymer/pDNA complexation is known to be prereq-

uisite for cell internalization and successful transfec-

tion (Tian et al. 2007). Formation of polymer/pDNA

complexes was studied by agarose gel electrophoresis.

Complexation was inferred from the retardation of

pDNA mobility in the gel.

As it can be seen in Fig. 1, PEI 22K, 87K, and 217K

and the commercial PEI 25K efficiently complexed

pDNA at almost the same PEI/pDNA ratios (no free

pDNA mobility was observed at these ratios). Critical

PEI/pDNA ratio for complete retardation was similar

for all PEIs under study, since for both PEI 22K and

87K it was about 1.7 (Fig. 1a, c, respectively) and for

PEI 25K and 217K was about 2.0 (Fig. 1b, d).

Complete pDNA retardation with PAH was not

observed at the PAH/pDNA ratios studied, what may

explain the poor transfection efficiency of PAH

observed in our study (see below).

Polymer cytotoxic effect on BFF

It has long been known that cationic polymer MW

affects both transfection efficiency and cytotoxicity

(Fischer et al. 1999). Low MW PEIs offer poor

transfection efficiency and are nontoxic or slightly

toxic to exposed cells both in vitro and in vivo

(Lungwitz et al. 2005; Neu et al. 2005). Conversely,

both acylated and deacylated high MW PEIs are

efficient for delivering DNA into cells but cause

significant cytotoxicity, mainly at high concentrations.

High concentration of polymeric cations in the extra-

cellular medium has been reported to be harmful to

different cells lines (Thomas et al. 2005a, b). Here we

determined cytotoxicity of homemade fully deacy-

lated PEIs (22, 87, and 217 kDa), 25 kDa commercial

PEI and PAH on BFF, HEK 293 and Hep G2 cells.

For all studied polymers, BFF viability decreased as

the polymer concentration increased (Fig. 2). No

cytotoxic effect was detected when cells were exposed

to 0.5 lg/ml of PEIs or PAH. Cell viability of cells

incubated with 1 lg/mL of PAH, PEI 87K or 217K

was not affected by the treatment, but the same

concentration of PEI 22K and 25K significantly

impaired BFF viability (Fig. 2; p\ 0.05). Similarly,

at 2 lg/ml cell viability was compromised in cultures
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Fig. 1 Agarose gel

electrophoresis of polymer

particles mixed at varying

ratios with circular pDNA:

0.8, 1.1, 1.4, 1.7, 2.0 or 3.0.

pDNA (3 lg) and polymer

alone (5 lg) controls were
also included. a PEI 22K.

b PEI 25K. c PEI 87K. d PEI
217K. e PAH 58K. Gel

photographs on the left show

Gel Red stained DNA

migration observed under

blue LED light. Pictures on

the right (a0 through e0)
correspond to the same

agarose gels stained with

Coomassie Brilliant Blue to

reveal polymer

electrophoretic migration.

Reverse migration of

polymers alone can be

observed on the rightmost

lane in each gel
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treated with PEI 22K and 25K (Fig. 2). PEI 22K and

PAH were the less cytotoxic polymers, although their

transfection efficiency was poor (Table 1). At 4 lg/
mL, all polymers were highly cytotoxic since cell

viability dropped below 60%.

Effect of serum on BFF transfection efficiency

We hypothesized that presence of serum during cell

transfection reduces polymer cytotoxicity and

enhances transfection efficiency. Therefore, BFF

cultures were transfected with different polymers in

absence or presence of 10% FBS and the efficiency of

gene delivery determined by flow cytometry. Two

different polymer to pDNA ratios were used, i.e., 1:1

and 2:1. Transfection efficiency ranged from 0.5 to

38.4% GFP positive cells, with the best efficiencies

obtained with 2 lg of polymer complexed with 1 lg
of pDNA (Table 1).

Carrabino et al. (2005) reported that complexation

of PEI with pDNA in presence of human serum

albumin increased transfection efficiency and mark-

edly decreased polymer toxicity. Since human albumin

is difficult to purify and therefore expensive, we

decided to use fetal bovine serum (FBS) as a homol-

ogous protein source. Polymer/pDNA ratio of 2:1

using 1 lg pDNA, which assures a balance of consid-

erable transfection efficiency and acceptable toxicity

(cell survival [60% for all polymers studied), was

chosen to further investigate the effects of FBS on cell

toxicity and transfection. Presence of FBS during the

complexation step significantly increased cell trans-

fection efficiency for fully deacylated PEI 87K and PEI

217K and for branched 25K, while it failed to increase

efficiency of gene delivery for 22K and PAH (Fig. 3).

Interestingly, the commercial branched PEI 25K,

which is known to possess a higher charge density than

the fully deacylated linear PEIs (Jeong et al. 2001),

showed a higher cytotoxic effect compared to 87K and

217K when incubated without FBS, supporting the

idea that a higher charge density contributes to the

toxic effect due to stronger electrostatic interactions

with anionic macromolecules from the cell surface as

some authors have suggested (Di Gioia and Conese

2009; Hunter 2006).

However, PEI 22K, which possesses the lower

charge density per molecule, caused as much reduction

on cell viability as non deacylated 25K, suggesting that

particle size could be also related to polymer cytotox-

icity. The addition of FBS to small MW PEIs (deacy-

lated or not) could increase significantly polyplexes

size, and therefore reduce cell toxic effect of small-PEIs.

This effect is clearly observed in Fig. 3d, where PEI

22K and 25K polyplexes assembled in DMEM ? FBS

improved cell viability to values above 80%.

Transfection and cytotoxicity studies in HEK 293

and Hep G2 cell lines

In order to extend the study to other cell lines, we

replicated the same experiments performed with BFF,

Fig. 2 Dose-dependence effect of cationic polymers in DMEM

without FBS or pDNA on BFF viability. Cell viability was

measured by MTT metabolism. Results are expressed as a

percentage of the absorbance of untreated cells and presented as

the mean of three independent replicates ±SEM. Viability of

cells treated with PEI 22K and 25K at 1 and 2 lg of polymer per

ml was significantly lower compared to the other polymers

studied (asterisk denotes differences at p\ 0.05)

Table 1 Transfection efficiency (percentage of fluorescent

cells) obtained with different polymer/pDNA ratios (1:1 and

2:1) in DMEM without FBS

Polymer/pDNA ratio (w/w) 1:1 2:1

pDNA (lg) 2 1 0.50 1 0.50

PEI 22K 2.5 0.7 0.8 21.2 2.6

PEI 25K 32.5 13.5 1.2 38.4 12.2

PEI 87K 1.1 0.5 0.6 24.0 2.7

PEI 217K 13.0 7.3 0.6 22.1 15.1

PAH 16.2 2.5 2.3 7.9 2.3
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in HEK 293 and Hep G2, two established human-

derived cell lines commonly used as experimental

model. PEI 87K and 217K resulted in higher trans-

fection efficiency than commercial agent and PEI 25K.

Addition of FBS did not enhance transfection rates in

HEK 293 and Hep G2 cell lines (Fig. 3a, b), as it did

for BFF. Presence of FBS did not increase cell toxicity

in these cell lines, showing cell viability values around

or over 80% in all cases except when HEK 293 was

treated with PEI 217K, where cell viability dropped to

63.8 ± 3.6% (Fig. 3d), a value comparable to BFF

viability treated with PEI 22K and 25K without FBS

(Fig. 2).

Stable transgene integration

To assess stable transgene integration using PEI 25K

as pDNA vehicle, BFF, HEK 293 and Hep G2 were

cotransfected with the SB plasmids (donors and

helper) and selected with G418 during 21 days.

Genomic DNA from resistant colonies (Fig. 4b–i)

was isolated for PCR genotyping. Fluorescent

Fig. 3 a–c Effect of preincubation of different sized polyplexes
(polymer/pDNA at ratio 2:1) in DMEM alone or supplemented

with 10% FBS (DMEM ? FBS) on transfection efficiency

(DMEM, black bars; DMEM ? FBS,white bars) in HepG2 and

HEK 293 cell lines and BFF. Asterisk denote significant

differences (p\ 0.05) between DMEM versus DMEM ? SBF

within each PEI treatment. d Effect of different sized polymers

without pDNA at 2 lg polymer/ml in DMEM ? FBS on cell

viability measured by MTT assay. The data are presented as the

mean ± SEM from three independent replicates. Results are

expressed as a percentage of the absorbance of untreated cells

and presented as themean of three independent replicates±SEM
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colonies from BFF (Fig. 4a–d), HEK 293 (Fig. 4f, g)

and Hep G2 (Fig. 4h, i) were positive for Venus

sequence in their genomes (Fig. 4a) demonstrating

that PEI-delivered pDNA is released from endosomes

and can be integrated into the cell genome.

Discussion

In this work we performed the optimization of BFF

transfection conditions and a comparative analysis of

the transfection efficiency and cytotoxicity of home-

made, fully deacylated linear PEIs (22K, 87K and

217K) with commercially available 25K branched PEI

and PAH 58K, a fully deacylated polymer chemically

related to PEI in BFF primary cultures and in two

frequently used cell lines, HEK 293 and Hep G2. The

results show that as DNA concentration increases the

transfection efficiency until it reaches a plateau and

that gene delivery efficiency of different sized PEI was

dependent on PEI/pDNA ratio. PEI/pDNA ratio of 2:1

led to the highest transfection efficiency for all PEIs

included in this study.

Interestingly, 87K and 217K polyplexes exhibited

similar high transfection efficiency as PEI/pDNA 25K

in BFF transfected with FBS-supplemented medium.

Transfection of HEK 293 and Hep G2 with PEI 87K

and 217K was associated with high transgene incor-

poration rates regardless of presence FBS, transfection

rates that were significantly larger compared with

those obtained with the commercial agent and 25K

PEI.

We also included in the study PAH, which is a

polymer chemically related to PEI but by far less

studied as gene delivery agent (Zhao et al. 2012). We

found that PAH showed lower cytotoxicity than PEIs,

however its transfection efficiency was poor. PAH

lower toxicity allowed us to test a 2:1 ratio using 4 lg

Fig. 4 a PCR analysis of genomic DNA from SB-transgenic

monoclonal cell lines. Venus amplicon (280 pb product)

originated from genomic DNA from four BFF (left panel),

two HEK 293 and two Hep G2 (right panel) randomly selected

clonal lines. C? = positive controls. C- = negative controls.

MW markers: GeneRuler 50 bp DNA Ladder (Thermo Scien-

tific; left panel) and 100 bp DNA Ladder (InvitrogenTM, right

panel). Fluorescence microscopy images of four monoclonal

BFF colonies (b–e) transfected with the Sleeping Beauty system
and selected during 21 days with G418. Fluorescence micro-

scopy images of two HEK 293 (f, g) and two Hep G2

monoclonal colonies (h, i) transfected with the Sleeping Beauty
system and selected during 21 days with G418. Bar = 100 lm
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of PAH and 2 lg of pDNA), which resulted in a fair

transfection efficiency of 34.5 ± 2.7%. Despite the

comparatively low transfection efficiency of PAH, its

low toxicity allows the use of higher amounts of

pDNA per transfection assay, which can be useful in

cotransfection experiments where two or more plas-

mids must be delivered into cells.

To maximize the transfection efficiency, PEI/

pDNA ratio is known to play a crucial role by

influencing the size and the surface charge of the PEI/

pDNA polyplexes, since small cationic particles

mediate binding to anionic cell surface proteoglycans

triggering cell endocytosis (Huh et al. 2007; Rhaese

et al. 2003). The commercial linear PEI 25K was less

toxic than its fully deacylated variant, suggesting that

a higher charge density contributes to the toxic effect,

presumably due to stronger electrostatic interactions

with cellular anionic macromolecules.

An optimal polymer/pDNA ratio that warrant that

no pDNA nor polymer remains free, increases the

efficacy of DNA complexation making polyplexes

more prone to cellular internalization via endocytosis

(Kichler 2004). Excess polymer should be avoided

since uncomplexed free fraction may impair cytoplas-

mic membrane function (Fischer et al. 1999). Further-

more, the presence of PEI in the cell nucleus might

interfere with transcriptional processes (Godbey et al.

2001) eventually leading to the cell death. Our results

suggest that lower cytotoxicity observed in FBS

preincubated polyplexes could be related to adsorption

of free PEI to serum proteins.

On the other hand, high cell PEI/pDNA uptake is

desirable for 2 reasons: as we show in this work, more

plasmid implies a higher transfection rate (both transient

and stable) and a higher amount of PEI inside the

endosome may be crucial for modification and perme-

abilization of endosomalmembrane for efficient delivery

of pDNA into the cytoplasm (Liang and Lam 2012;

Moghimi et al. 2005). Since increasing PEI MW implies

morewater adsorption, a higherMWPEI should bemore

desirable in order to maximize these effects.

We found considerable cytotoxicity in increasing

high MW PEI concentrations in absence of FBS. On

the contrary, exposure of cells to polycations in

presence of FBS reduced cytotoxicity in the cell types

studied, supporting the idea that FBS preincubation of

polyplexes provides a new way to modify PEI,

enhancing its gene transfection efficiency without

compromising cell viability.

All these findings highlight the importance of an

exact PEI/pDNA ratio plus a putative protective effect

of FBS, presumably due its albumin content, although

other serum proteins and lipoproteins could be impli-

cated in this phenomenon. The exact mechanism by

which FBS exerts its cell protective effect remains to

be elucidated, but possible explanations are (1)

adsorption of harmful free PEI by serum proteins or

(2) quenching of positive surface charge of polyplexes

that are therefore less harmful to cellular membranes

(Tros de Ilarduya et al. 2010). It is important to note

that the MTT assay is not indicative of apoptosis as

this may occur at later stages depending on cell type.

Regarding BFF cells, whose performance in PEI

transfection is reported here for the first time,

cytometric analysis provide no evidence of apoptosis

after 24 h of incubation with PEI (data not shown).

In conclusion, here we demonstrated the effectivity

of diverse MW PEIs on transfection of fetal fibroblast

primary cultures and on two established routinely used

cell lines. We show that high MW deacylated PEIs

(87K and 217K) can lead to high-frequency transient

transfection in BFF as in other broadly used cell lines

like HEK 293 and Hep G2, and are able to generate

stable transfected lines under selective pressure when

polyplexes are formed in presence of FBS.

The addition of FBS to the PEI/pDNA mixture

make it possible to achieve cost-effective transfection

of BFF, establishing a foundation to utilize transfected

fibroblasts in gene expression studies as well as to

generate transgenic cattle through SCNT.
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