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Effect of DNA Contaminants on Calcium Phosphate-Based DNA Delivery
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Plasmid DNA is widely used to deliver genes into mammalian cells for the construction of new cell lines, gene
therapy and gene expression studies. During DNA preparation, various contaminants can be introduced and
reduce its delivery efficiency and create mutations that decrease the expression level of the delivered genes. We
evaluated the effect of different plasmid DNA contaminants on calcium phosphate-based transfection efficiency
as well as gene expression in Chinese hamster ovary cells. pCMVβ was transfected into the cells after spiking
with five different contaminants conditions: ethanol, endotoxin, cesium chloride, ethidium bromide and the
combination of the latter two contaminants. Transfection efficiencies were determined through the counting of
the Lac-Z-expressing cells as well as quantitative PCR. The reversibility of the contaminant interaction with DNA
was examined through cleaning of the spiked DNA followed by transfection. As concluded from our results, qPCR
offers accurate measurement of transfection efficiency than the conventional Lac-Z activity assay. In general, all
of the examined contaminants, with the exception of ethanol, have a significant negative effect on gene
expression. While this effect is resulted from the reduced delivery in most of the used contaminants, ethidium
bromide showed no significant decrease in delivery, indicating alternative mechanism for its negative effect on
gene expression.
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Introduction

the handling techniques. Furthermore, EtBr and
CsCl are mixed together with DNA during the
CsCl gradient preparation.

Contamination is a major problem that is
encountered when using different methods of
DNA preparation. The purity of a DNA molecule
is important for its biological function as well as
its stability. Since DNA preparation involves
many different steps, the risk of having DNA
contamination is high. Moreover, human
therapeutic protein produced from any
expression system should meet strict
requirements of contaminant elimination [1].
Several contaminants are being introduced into
plasmid DNA during different preparation
methods. These contaminants include ethidium
bromide (EtBr), cesium chloride (CsCl),
endotoxin, and ethanol (EtOH). They are
introduced into DNA preparations in different
amounts depending on the method used and

Ethidium bromide intercalates preferably
around DNA molecules through a non-covalent
reversible manner [2-4]. EtBr binds to DNA with
an unknown effect of salts, divalent cations or
DNA-interacting proteins on this interaction [5].
Cesium chloride is the most commonly used
application of CsCl in molecular biology is in
density gradient ultracentrifugation for DNA
purification (isopycnic centrifugation) and using
EtBr as a dye to visualize the DNA band [6, 7].
An endotoxin is a lipopolysaccharide produced
by gram-negative bacteria such as Escherichia
coli (E. coli) and is located in the cell wall [8].
Endotoxins are toxic to humans and therefore,
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the use of E. coli in protein production,
especially therapeutic proteins, requires
additional steps for endotoxin removal [9, 10,
11]. A high concentration of 70% EtOH is used
to precipitate plasmid DNA during alkaline lysis
procedures, which can contaminate the final
DNA preparation. In guinea pig gastric mucosal
cells, 7.5% EtOH caused apoptotic DNA
fragmentation after treatment for 8 hours [12].
In contrast, EtOH was found to increase DNA
uptake by primary cortical neurons using a lipidbased transfection method [13]. However, the
effect of ethanol on calcium phosphate
transfection of mammalian cells has not yet
been studied.

Cell line and maintenance
The used Chinese hamster ovary (CHO) cells
subclone K1 (ATCC CCL-61) derived from the
parental cell line [26]. Cells were maintained as
a monolayer in Petri cell culture dishes and
cultured in advanced Dulbecco’s Modified Eagle
Medium (Advanced D-MEM: Invitrogen Corp.,
Gibco), containing 5% (v/v) fetal bovine serum
(FBS, PAA Laboratories Inc.), 1% (v/v)
penicillin/streptomycin
(Invitrogen
Corp.,
Gibco) and 1% (v/v) glutamine (Invitrogen
Corp., Gibco). Growing cells were incubated in a
water-jacketed incubator (Fisher Scientific,
Pittsburgh, PA) at 37°C with 96% relative
humidity and 5% CO2.

Graham and van der Eb introduced the calcium
phosphate transfection early in 1973 [14] and
since that time, the method has been used in
the transfection of various cell lines [15, 16, 17],
either adherent or in suspension [18, 19, 20, 21,
22]. It has been used as a transfection tool in
the expression of different recombinant
proteins in mammalian cells including human
anti-Rhesus-D immunoglobulin G (IgG) [23] and
human IgG [24] as well as plasmids delivery for
the mammalian imaging real-time gene
expression system [25].

At 90% confluencey, cells were passaged by
using EDTA-trypsin solution (0.53 mM
tetrasodium EDTA, 0.05% (v/v) Trypsin). The
used volume is determined by the size of the
cell culture plate. For a 150 mm plate, a 4 mL
volume was used. After aspirating the media,
cells were washed with 6 mL phosphate
buffered saline (PBS), pH 7.4. Upon removal of
the wash by aspiration, EDTA-trypsin was added
to the monolayer for two minutes, and then
cells were lifted by gentle tapping of the side of
the dish. Six millilitres of the culture medium
was then added to the cell suspension with
pipetting to split the cells and 4 mL of the cell
suspension was added to a new culture plate.
The volume was completed to 20 mL with new
culture medium and the cells were incubated at
37°C.

To determine the effect of these contaminants
on transfection efficiency and gene expression
in mammalian cells, we designed a set of
experiments using endotoxin-free pCMVβ as a
model plasmid. Experiments were carried out in
Chinese hamster ovary (CHO) cells through
calcium phosphate transfection of DNA, after
spiking with five different conditions of varying
concentrations of contaminants.

Endotoxin preparation and quantification
A freshly prepared E. coli culture, grown
overnight, was centrifuged at 3000 x g in a
Beckman GPR centrifuge for 30 minutes. The
supernatant was then filtered through a sterile
Acrodisc® 25mm syringe filter with 0.2 μm HT
Tuffryn® membrane (PALL, Life Sciences) to
eliminate any bacteria left from the
centrifugation step and the collected
supernatant was used as a source of endotoxin.
The level of endotoxin in the supernatant was
quantified by measuring the endotoxin units
(EU) per mL using the Limulus Amebocyte

Materials and methods
Endotoxin-free plasmid DNA preparation
Endotoxin-free plasmid DNA preparation was
carried out using the Endotoxin-free DNA
MaxiPrep Kit (Norgen Biotek Corp.), according
to the manufacturer’s instructions.
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Lysate (LAL) Endochrome Kit (Charles River
Laboratories), according to the manufacturer’s
instructions.

transfection, cells were split in a 6-well plate
and allowed to attach overnight. The amount of
cells used was optimized so that the
confluencey would be 60-70% at the
transfection time. Two hours before
transfection, the medium was replaced with 2
mL fresh medium. Transfection solutions were
warmed up to room temperature prior to use.
The transfection mixture was made by diluting 5
µg plasmid DNA into 90 µL TE buffer (pH 7.6). A
10 µL volume of 2.5 M CaCl2 (filter sterilized)
was added to the DNA-TE slowly with swirling
followed by gentle vortexing for complete
mixing of components. Next, 2X HEPES (140
mM NaCl, 1.5 mM Na2HPO4, 50 mM HEPES, pH
7.05, filter sterilized) was placed in a 1.5 mL
Eppendorf tube and vigorously shaken on a
vortex while adding the DNA-TE-CaCl2 slowly
and dropwise. This mixture was let stand for 30
seconds and then mixed well by pipetting to
split the aggregates. The solution was added
evenly and dropwise on the medium surface.
Cells were then incubated at 37°C and the
medium changed 6 hours post-transfection to
reduce cytotoxicity. The transfection efficiency
was tested 21 hours post-transfection.

Spiking conditions
pCMV (Clontech, GenBank Accession No.
U02451) was spiked with the following five
contaminant conditions: EtBr, CsCl, a
combination
of
EtBr/CsCl
(different
concentrations for each), endotoxin and EtOH.
The range of EtBr and CsCl spiking
concentrations were determined based on the
start concentrations used in plasmid DNA
purification protocols by CsCl/EtBr gradient [27]
with more than 99.90% and 99.99% residual
contaminant removal of EtBr and CsCl,
respectively. Endotoxin was used to spike DNA
to concentrations within 10 to 1000 fold from
the basic endotoxin levels of the prepared
endotoxin-free plasmid. The used EtOH
concentrations were based on the start
concentration used in EtOH precipitation of
DNA [27] with more than 98.5% residual EtOH
removal. The concentrations used from each
contaminant are shown in Table 1.
After spiking, DNA was incubated for 10
minutes at room temperature (23°C) with the
subsequent transfection into CHO cells using
calcium phosphate in 6-well plates. Samples
were done in two groups as one was used for
staining and the second for DNA isolation. In
each group, triplicate wells were used for each
concentration. Another set of DNA was
prepared in 6 groups, each group was spiked
with the highest concentration from each
contaminant condition mentioned above in
addition to the control (no spiking). DNA was
incubated for 10 minutes at room temperature
with the contaminant and then was cleaned and
transfected into CHO cells. Triplicates were
used in two groups, one group for staining and
the second for DNA isolation.

LacZ activity assay
Positive LacZ transfected cells were stained and
visualized under a light microscope. The
medium was aspirated 21 hours posttransfection from the 6-well plate followed by 2
washes with 1 mL PBS. A 1 mL volume of 4%
paraformaldehyde (pH 7.2) was added to each
plate well and incubated at 37°C for 2 minutes.
The cells were then washed twice with 1 mL
PBS. A 2 mL volume of X-gal stain (35 mM
K3Fe(CN)6, 35 mM K4Fe(CN)6, 1 mM MgCl2, in
PBS; pH 7.4, supplemented with 1 mg/mL of Xgal) was added and the cells were incubated
overnight at 37°C with 96% relative humidity.
The next day, the number of blue cells was
counted to determine the transfection
efficiency.

Calcium phosphate transfection
Calcium phosphate transfection was carried out
according to the optimized protocol done by
Jordan et al. [15]. On the day prior to

DNA isolation and cleaning
DNA was isolated by using the RNA/DNA/
Protein Purification Kit (Norgen Biotek Corp.).
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Table 1. Spiking concentrations of the different contaminants

Contaminant
EtBr
CsCl
EtBr/CsCl
Endotoxin
EtOH

Used concentrations
1
2
3
4
nM
0
2.5
25
250
µM
0
0.56
5.6
56
nM/µM
0
2.2/ 0.51 22/ 5.1 220/51
EU/µg DNA 0.32
4
40
400
% (v/v)
0
0.1
0.5
1
Unit

The cleaning of spiked DNA (for studying
interaction reversibility) was carried out by
using the CleanAll Kit (Norgen Biotek Corp.).

expression were counted under a light
microscope and the average cell count of the
triplicate transfections was calculated. LacZ
expressing cells were calculated as a percentage
from the control value that was set at 100%.
The only deviation from this calculation was the
endotoxin concentration, since the amount of
endotoxin in the used non-spiked plasmid was
0.32 EU/µg DNA. This concentration was
considered 100% in the case of endotoxin
spiking. All of the contaminant conditions
showed a reduction in the number of cells
expressing the gene, but with different trends
(Figure 1).

Quantitative polymerase chain reaction
Quantitative polymerase chain reaction (qPCR)
was performed on a known concentration of
template DNA (4 to 10 ng), using the Bio-Rad
iCycler thermal cycler. Two specific primers for
pCMVβ were used, designated pCMVβ-F (5'TCGCTACCAT TACCAGTTGG TC -3') and pCMVβR (5'- GAGTTAGCTC ACTCATTAGG CACC -3'), of
amplicon size of 677 bp. The reaction mixture
contained 10 µL of 2X SYBR GREEN master mix
(Bio-Rad), and 1.2 μL of each primer (5 mM
stock). The total volume of the reaction was
completed with dH2O to 20 µL. A 15 minutes
heating at 95°C was used to activate the
hotstart enzyme. Forty amplification cycles
were performed as follow: 15 seconds at 95°C,
30 second at 59°C and 1 minute at 72°C. The
reaction was kept at 57°C for 1 minute before
starting a melting curve analysis by a 0.5°C
increment every 10 sec over 80 rounds. A
standard curve of known plasmid concentration
(10 fg to 1 ng) was used to determine the initial
concentration of plasmid in each sample.

All the results were scrutinised by a one-way
ANOVA using Tukey’s test at a significance level
of 0.05. The used EtBr spiking concentrations
were 0, 2.5, 25, and 250 nM. At 0 and 2.5 nM,
no statistical significant reduction in number of
expressing cells was noticed. However, with the
other EtBr concentrations (2.5, 25, and 250
nM), a significant decrease was obtained
(63.7±13.8%, 34.9±6.6%, and 18.9±5.6%,
respectively) (Figure 1-A). CsCl showed no
significant reduction when increasing the
concentrations from 0 µM to 0.56 µM
(100.0±17.3% and 72.7±12.9%, respectively). On
the other hand, significant reduction in the
number of expressing cells was found with the
higher concentrations of 5.6 µM and 56 µM
(52.8±8.8% and 42.3±1.7%, respectively) (Figure
1-B).

Results
LacZ expression
LacZ activity was used to measure the number
of cells positively expressing the LacZ gene,
which is a part of pCMVβ. Transfected cells that
are expressing the gene developed a blue color
due to the X-gal staining. Cells with positive

Figure 1-C shows the outcome of combining
EtBr and CsCl. Another trend of reduction
occurs and includes a steady state between two
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Figure 1. Effect of contaminants on the number of cells expressing LacZ. Plasmid DNA was spiked with the different contaminant conditions and
transfected into CHO cells. 21 hours post-transfection, cells were stained by X-gal and the number of cells which developed the blue color were
counted. Records were calculated as a percentage from the control value. [A] EtBr (0, 2.5, 25 & 250 nM), [B] CsCl (0, 0.56, 5.6 & 56 µM), [C]
EtBr/CsCl (0/0, 2.2/0.51, 22/5.1 & 220/51 nM/µM), [D] Endotoxin (0.32, 4, 40 & 400 EU/µg DNA) and [E] EtOH (0, 0.1, 0.5 & 1%).

concentrations (2.2 nM/0.51 µM and 22 nM/5.1
µM: 62.4±12.5% and 60.9±8.7%, respectively).
The difference between these concentrations
and the lower concentration (0 nM/0 µM:
100.0±17.3%) was not significant. However the
reduction between any of the above three
concentrations and the highest one (220 nM/51
µM: 18.4±21.4%) is significant. A similar pattern
was observed with endotoxin spiking. Two
concentrations (4 and 40 EU/µg DNA) showed
similar cell numbers (68.0±5.9% and
63.0±15.0%, respectively) that is significantly
lower than the baseline concentration (0.32
EU/µg DNA: 100.0±10.8%) and higher than the
highest used concentration (400 EU/µg DNA:
9.2±2.4%) (Figure 1-D). The last used
contaminant was EtOH, with percentage spiking
(v/v) concentrations of 0, 0.1, 0.5 and 1%. A
reduction in LacZ-expressing cells was observed
between the 0% (100.0±16.0%) and the last
three concentrations. However, no significant
difference was seen between the three positive

spiking concentrations (0.1, 0.5 and 1%:
72.2±11.2%, 41.8±18.4% and 60.2±15.7%,
respectively) (Figure 1-E).
Transfection efficiency
qPCR was performed to determine the exact
transfection efficiency by using the isolated
DNA on 21 hours post-transfected cells.
Duplicate measurements were carried out for
each of the triplicate samples for every spiking
concentration within the different conditions.
Since the amount of DNA per CHO cell is 3.1 pg
[28], and 10 ng of DNA was used per reaction, it
was possible to calculate the average plasmid
copy number per cell in each spiking condition
(Figure 2). The results were attested for their
statistical significance by a one-way ANOVA
using Tukey’s test at P<0.05.
No significant effects on the amount of
delivered plasmids were observed for two of
the contaminants used to spike the DNA. First,
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Figure 2. Effect of contaminants on transfection efficiency. Plasmid copy number per cell was measured by qPCR on DNA isolated from CHO
cells 21 hours post-transfection with pCMVβ. Plasmid DNA was spiked with the different contaminant conditions before transfection into CHO
cells. [A] EtBr (0, 2.5, 25 & 250 nM), [B] CsCl (0, 0.56, 5.6 & 56 µM), [C] EtBr/CsCl (0/0, 2.2/0.51, 22/5.1 & 220/51 nM/µM), [D] Endotoxin (0.32,
4, 40 & 400 EU/µg DNA) and [E] EtOH (0, 0.1, 0.5 & 1%).

spiking with increasing EtBr concentrations (0,
2.5, 25, and 250 nM) did not affect delivery of
the plasmid. This can be inferred from
statistically similar plasmid copy number per
cell of the control sample (462.3±56.9) and the
spiked samples (419.3±82.3, 467.3±77.6 and
377.9±58.4, respectively) (Figure 2-A). The
second condition (Figure 2-E) that produced a
similar trend was EtOH spiking (at
concentrations of 0, 0.1, 0.5 and 1%), where no
major change in plasmid copy number per cell
was observed for any of the concentrations
tested, including the control (1211.3±120.0,
1225.2±98.8, 1042.0±182.0 and 949.4±182.5,
respectively).

µM concentration (1405.3±174.6) shows higher
plasmid copy number per cell over the 0.56 and
56 µM concentration. The later two showed no
significant
difference
between
them
(470.9±11.4 and 342.8±72.8, respectively).
When EtBr/CsCl was used, the plasmid copy
number of 1178.1±447.8 was obtained with the
0 nM/0 µM concentration. However, the value
is significantly higher than all of the spiked
concentrations. When comparing plasmid copy
number per cell with the other three spiked
concentrations (2.2 nM/0.51 µM, 22 nM/5.1
µM and 220 nM/51 µM), no significant changes
were obtained between any of them
(414.8±64.0,
522.8±65.2
and
7.85±2.4,
respectively) (Figure 2-C). Similarly to the
previous condition, endotoxin spiking has a
significantly higher plasmid copy number per
cell when using 0.32 EU/µg DNA (369.2±76.9)
over the other three higher spiking conditions
(Figure 2-D). Concentrations of 4, 40 and 400
EU/µg DNA showed insignificant differences
between their values (97.4±27.8, 134.4±21.9
and 47.7±6.7, respectively).

In the other three spiking conditions (CsCl,
EtBr/CsCl and endotoxin), significant differences
were observed between the plasmid copy
number per cell of the control and the spiked
samples. CsCl spiking showed a significant
decrease in plasmid copy number per cell
between the 0 µM (3094.0±419.3) and all the
higher CsCl concentrations (Figure 2-B). The 5.6
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temperature, spiked DNA as well as the control
DNA was cleaned. DNA was then quantified to
be consistent with the amount of transfected
DNA. 21 hours post-transfection, the LacZ
activity assay and DNA isolation were
performed (triplicate samples for each).
The light microscope was used to count cells
with positive LacZ expression (blue color) and
the percentage of cells expressing the gene was
calculated from the control value that was set
at 100%. Three of the conditions (EtBr, CsCl and
endotoxin) had values over 70% (73.9±6.1%,
70.6±6.7% and 98.5±4.1%, respectively). The
two other conditions (EtBr/CsCl and EtOH) had
a lower value (43.3±4.4% and 57.5±5.5%,
respectively) of expressing cells. The effect of
cleaning was compared to direct spiking (no
cleaning), with respect to the number of cells
expressing LacZ (Figure 3). The data was
analysed statistically by a Student’s t-test at a
significance level of 0.05. Significant
improvement (at P<0.05) in the expression of
LacZ was noted in three of the cleaned
conditions (EtBr, CsCl and endotoxin). The
percentage of cells expressing the LacZ gene
increased from 18.9±5.8% to 73.9±6.1% with
EtBr and 42.3±1.7% to 70.6±6.7% with CsCl. In
the case of the endotoxin contaminant, the
improvement was dramatic, increasing from
9.4±2.4%
to
98.5±4.1%.
Insignificant
improvement was obtained with EtBr/CsCl
(from 18.4±15.4% to 43.3±4.4%) and EtOH
(53.3±15.7% to 57.5±5.5%).

Figure 3. Effect of cleaning on the number of cells expressing LacZ.
Plasmid DNA was spiked with the highest concentration of each
contaminant and transfected with or without cleaning and then
transfected into CHO cells. 21 hours post-transfection, cells were
stained by X-gal and the number of cells which developed the blue
color was counted. Numbers were calculated as a percentage
from the control value. The used contaminant concentrations
were: 250 nM (EtBr), 56 µM (CsCl), 220 nM/51 mM (EtBr/CsCl),
400 EU/µg DNA (endotoxin) and 1% (EtOH).

Figure 4. Effect of cleaning on transfection efficiency. Plasmid
copy number per cell was measured by qPCR on DNA isolated
from CHO cells 21 hours post-transfection with pCMVβ. Plasmid
DNA was spiked with the highest concentration from each
contaminant and subsequently cleaned and transfected into CHO
cells. The used contaminant concentrations are: 250 nM (EtBr), 56
µM (CsCl), 220 nM/51 mM (EtBr/CsCl), 400 EU/µg DNA
(endotoxin) and 1% (EtOH). The used control is a non-spiked
plasmid that was cleaned.

qPCR on the isolated DNA showed almost the
same plasmid copy number per cell for both the
control and the endotoxin (1009.4±102.5 and
996.6±77.6, respectively). Lower numbers were
obtained with the other conditions; EtBr
(764.7±70.8), CsCl (562.5±44.8), EtBr/CsCl
(474.0±37.8) and EtOH (616.6±41.6) (Figure 4).
In order to provide a better understanding of
the success of the cleaning step, the
comparison between the percentage of
transfection efficiency of cleaned and
uncleaned conditions, relative to their controls,
is examined (Figure 5). Statistical analysis was

Spiking reversibility
To study the reversibility of contaminant
interaction with DNA, a spiking followed by DNA
cleaning and transfection was carried out. The
highest concentration of each contaminant was
used to spike the same amount of DNA.
Following the incubation time at room
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performed by a Student’s t-test at a significance
level of 0.05. No significant change in
transfection efficiency was obtained in both
EtBr and EtOH. On the other hand, considerable
improvement in transfection efficiency of the
cleaned CsCl, EtBr/CsCl and endotoxin was
achieved. Transfection efficiency improved from
the uncleaned to the cleaned of these three
conditions by 5, 67 and 7.7 folds, respectively.

accounted for either the reduced transfection
efficiency or gene expression.
The use of qPCR allowed for a precise
determination of the plasmid copy number per
cell. This is an accurate measurement of
transfection efficiency, as qPCR measures the
physical presence of the DNA molecule and not
the expression of the genes encoded in the
plasmid. The stability of the DNA molecule is
also directly measured by this method, in
contrast to the LacZ assay which measures an
enzyme that is a downstream product of the
transfected DNA, which differs in stability
relative to the transfected DNA itself.
We used the calcium phosphate transfection
method which performs better than some
cationic polymer such as PEI in some
applications. Chenuet et al. [29] studied
recombinant CHO DG44 cell lines construction
and compared between PEI transfection and
calcium phosphate transfection. The specific
protein productivity was higher with the latter
transfection reagent. Calcium phosphate
transfection relies on the co-precipitates of
plasmid DNA (pDNA) with calcium phosphate.
Jordan et al. [15] tested the effect of phosphate
and calcium
concentrations on DNA
transfections and showed the importance of
these parameters on this process. The high salt
concentration, which results from spiking with
CsCl, may be the main reason for the decreased
transfection efficiency.

Figure 5. Transfection efficiencies of uncleaned and cleaned DNA.
Transfection efficiency was measured by qPCR on the DNA
isolated from CHO cells 21 hours post-transfection with pCMVβ
and normalized for both uncleaned and cleaned conditions using
independent controls. Plasmid DNA was spiked with the highest
concentration of each contaminant and transfected with or
without cleaning into CHO cells. The used contaminant
concentrations were: 250 nM (EtBr), 56 µM (CsCl), 220 nM/51
mM (EtBr/CsCl), 400 EU/µg DNA (endotoxin) and 1% (EtOH).

Discussion
The LacZ activity assay is widely used to
determine the transfection efficiency of most
cell culture transfection methods. However, this
assay is only an indicator, rather than a direct
measurement of transfection efficiency. To
expand, LacZ activity is a measure of transgene
(LacZ) expression efficiency, rather than the
efficiency of transgene uptake by the cells. As
such, the accuracy of this assay is subject to
mutations within the coding sequence of the
LacZ gene that may disrupt its expression or
function but does not affect transgene uptake
negatively. Although most of the used
contaminants have significant negative effect of
the number of cells expressing Lac-Z, this can be

Cesium chloride reduced the transfection
efficiency by interfering with the interaction of
plasmid DNA (pDNA) and calcium phosphate.
Cesium is very reactive and is the highest
electropositive metal, even more positive than
sodium or potassium [30]. The presence of
cesium in the transfection reaction may lead to
a side reaction that reduces the amount of
precipitated DNA or disrupts the optimal
transfection pH. CsCl may also reduce DNA
transfection efficiency by directly interacting
with the DNA and thus protecting it against the
mutagenic effect of EtBr when a combination of
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EtBr and CsCl was used for spiking DNA. CsCl
shielded the DNA molecule from interacting
with the mutagen EtBr.

interference with gene expression which
reflects the need to assess the concentrations
of these contaminants in DNA preparations
before carrying on with the different
applications that requires delivery and/or
expression.
All
of
the
investigated
contaminants, except EtOH, had reversible,
negative effects on gene expression. CsCl and
endotoxins affected the efficiency of DNA
transfection by calcium phosphate whereas
EtBr does not affect the transfection efficiency
which indicates a different mode of action.
Most likely, EtBr exerts its negative effect on
gene expression through mutagenesis. More
studies are needed to understand the nature
and the mechanisms of the interactions
between CsCl and the transfection process or
endotoxin with the DNA and the cell
membrane.

The similar molecular weight as well as charge
makes it difficult to separate the endotoxin
from pDNA [31]. Therefore, we could not have a
completely endotoxin-free DNA, as our control
contained 0.32 EU/µg DNA. It is generally
accepted that transfection efficiency is
negatively affected by the presence of an
endotoxin in the transfection mixture [27]. This
was confirmed when we spiked the DNA with
different concentrations of endotoxin. We
cannot refer to any cellular effect that might
directly cause such a reduction since
mammalian cells are not sensitive to endotoxin
[32]. Endotoxin interaction with DNA and/or the
cell membrane may reduce transfection. The
presence of endotoxin in the transfection
mixture may decrease DNA precipitation which
in turn will decrease transfection efficiency.
Also, the lipopolysaccharide nature of an
endotoxin may increase the cellular resistance
to transfection by interacting with the cellular
membrane.
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In general, the interactions of the contaminants
used in this study with pDNA are reversible, as
demonstrated by the DNA cleaning procedures
that restored transfection efficiencies and
transgene expression rates that were
comparable to that of non-spiked controls.
Cleaning of pDNA spiked with CsCl, EtBr/CsCl
and endotoxin improved transfection efficiency
(increased copy number), verifying that these
contaminants acted to lower the efficiency of
transgene delivery to the cells. The cleaning of
EtBr spiked samples did not have an effect on
the efficiency of transfection, nevertheless, an
improved transgene (LacZ) expression was
observed. This indicated that EtBr affects the
DNA structure and function inside the cell and
does not interfere with the efficiency of
transgene delivery.
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