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KEYWORDS Abstract Background: Calcium phosphate mediated transfection has been used for delivering
Calcium phosphate DNA into mammalian cells in excess of 30 years due to its most low cost for introducing recombi-
transfection; nant DNA into culture cells. However, multiple factors affecting the transfect efficiency are com-
Co-precipitation; monly recognized meanwhile for years, the low transfection efficiency of this approach on higher
Transfection efficiency differentiated and non-tumor cells such as CHO and C2C12 limits its application on research.

Results: In this paper, we systematically evaluated the possible factors affecting the transfection
rate of this approach. Two categories, calcium phosphate-DNA co-precipitation and on-cell treat-
ments were set for optimization of plasmid DNA transfection into CHO and C2CI12 cell-lines.
Throughout experimentation of these categories such as buffer system, transfection media and time,
glycerol shocking and so on, we optimized the best procedure to obtain the highest efficiency
ultimately.

During calcium phosphate DNA-precipitation, the transfection buffer is critical condition opti-
mized with HBS at pH 7.10 (P = 0.013 compared to HEPES in CHO). In the transfection step,

Abbreviations: CHO, Chinese hamster ovary cells; C2C12, mouse myoblast cells; PEG, polyethylene glycol; FBS, fetal bovine serum; Pen-Strep,
penicillinstreptomycin; IntDen, integrated density
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FBS is a necessary component in transfection DMEM for high efficiency (P = 0.0005 compared to
DMEM alone), and high concentration of co-precipitated particles applied to cultured cells in com-
bination with intermittent vortexing is also crucial to preserve the efficiency. For 6-well culture
plates, 800 pul of co-precipitated particles (11.25 pg/mL of cDNA) in 1 well is the optimal
(P = 0.007 compared to 200 pl). For the highest transfection efficiency, the most important condi-
tion is glycerol in shock treatment (P = 0.002 compared to no shock treatment in CHO, and
P = 0.008 compared to no shock treatment in C2C12) after a 6 h incubation (P = 0.004 compared
to 16 h in CHO, and P = 0.039 compared to 16 h in C2C12) on cultured cells.

Conclusions: Calcium phosphate mediated transfection is the most low-cost approach to intro-
duce recombinant DNA into culture cells. However, the utility of this procedure is limited in
highly-differentiated cells. Here we describe the specific HBS-buffered saline, PH, glycerol shock,
vortex strength, transfection medium, and particle concentrations conditions necessary to optimize
this transfection method in highly differentiated cells.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Genetically modified organisms, including transgenic plants,
animals and cultured cell lines, have gradually becoming
the main experimental models in current food science, agri-
culture and biology research fields (Liu et al., 2016a,b; Zhou
et al., 2016). Delivery of DNA and RNA into cultured cells
is a fundamental molecular biology transgenic technique. To
explore the function of a gene of interest, transient transfec-
tion is normally employed to over-express or knock down
gene expression from cells in a controlled setting. To con-
duct these seminal experiments, recombinant DNA need to
be introduced into cell without damaging cell viability.
There are currently three main techniques to accomplish this
mission. First is lipid-mediated liposome delivery, such as
lipofectamine series products manufactured by Invitrogen.
This approach displays high efficiency for transient transfec-
tion in most cultured cells, but is limited by high cost and is
not suitable for large quantity delivery (Junquera and
Aicart, 2014; Kaestner et al., 2015; Xiong et al., 2011).
The second approach is electroporation, which has the high-
est efficiency method of the three but also causes the highest
death rate of cells (Kalli et al., 2014; Li et al., 2013;
Nakamura and Funahashi, 2013). The third method of the
transient transfection, and focus of this report, is calcium
phosphate mediated transient transfection. In this approach,
calcium phosphate forms an insoluble precipitate with DNA,
this Ca-DNA complex then attaches to the cell surface
where it is transported into cells by endocytosis. Due to
its reasonable efficiency and low cost, this technique has
been used for delivering DNA into mammalian cells for over
30 years (Dudek et al., 2001; Kwon and Firestein, 2013;
Sambrook and Russell, 2001; Sun et al., 2013). However,
this approach has largely been neglected in favor of the first
two methods due to the myriad of factors affecting transfec-
tion efficiency in the hands of experimenters and previous
belief that this method does not work well in highly differ-
entiated cells (Inokuchi et al., 2009; Mohammad et al.,
2008). In this paper, we systematically documented the opti-
mal conditions for the most effective calcium phosphate
mediated transfection in highly-differentiated cell lines, Chi-
nese hamster ovary cells (CHO) and mouse myoblast cells
(C2C12).

2. Materials and methods

2.1. Cloning and sub-cloning

Four different plasmids were used in this study, EGFP-NI1,
EGFP-pIRES, EGFP-pIRES-mCnB, and EGFP-pIRES-
mCnA. EGFP-N1 is a commercial product from Clontech.
mCnB and mCnA genes were amplified from total RNA as pre-
viously described (Wang et al., 2008; Yoshiga et al., 2002), and
cloned into the EGFP-pIRES plasmid with 5 Nhe I and 3’ Sac
I restriction sites, which were later used to confirm successful
insertion.

Recombined plasmid DNAs were transfected into HB101
competent Escherichia coli. Individual colonies were trans-
ferred into Kanamycin (20 pg/ml) LB medium and incubated
over night at 37 °C with vigorous shaking (250 rpm on a rotary
shaker) until the bacteria reached late log phase. Plasmid
DNAs were prepared using alkaline lysis with SDS were puri-
fied with polyethylene glycol (PEG, 40% PEG6000, 30 mM
MgCl,) and were recovered with deionized distilled H,O or
1 x TE buffer (pH 7.6).

2.2. Cell culture

Cells for transfection were cultured at 37 °C in a humidified
incubator with an atmosphere of 5% CO,, in DMEM high
glucose medium (pH 7.4, Gibco) supplemented with 10% inac-
tivated fetal bovine serum (10% FBS, Invitrogen), 100 U/ml
penicillin and 100 pg/ml streptomycin (1% Pen-Strep, Invitro-
gen). Chinese hamster ovary (CHO) cells and mouse myoblast
(C2C12) cells were two lines used in the study. Cells were
transfected with expression plasmids at 50-50% confluence
then sub-cultivated at 80%-90% of cell confluence. The cal-
cium phosphate-DNA co-precipitate transient transfection
method was used.

2.3. Calcium phosphate mediated transient transfection of CHO
and C2C12 cell-lines

In this study, we optimized the procedure of calcium phos-
phate mediated transient transfection approach using CHO
and C2C12 cell-lines (Supplemental Fig. 1 and detailed in
Table 1) in 6-wells plates (NUNC). The traditional steps to
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Table 1 Two categories optimized for establishment of best conditions are listed as experiment 1-11.

Category Procedure options Exp.1 | Exp.2 |Exp.3| Exp.4 |Exp.5|Exp.6|Exp. 7| Exp. 8 Exp.9 |Exp.10| Exp.11
1. concentration of plasmid (2 ug v VA VA VAR VAN VAN VAR IVARVAN VARV (VA A ) VAN RV
DNA applied in 200 pl 4pg v
particles 8 ug J
7.05 N
2. PH value of phosphate-
. 7.1 ARV, v ARV ARV VARV AN IV IEVAREEVAN IRVARRVARRVA VARV Y AN VARV
buffered saline
el 7.15 v
giacun 3. Vortex strenth vortex intermittentt N A VY YV AN IRVARRVARRVEL IRVARRVAN IRVAREENVAN IRVARNRVAN IEVARRVARRVA IV ARV AR I AN VARV ARV}
Phosphate— |3- vortex tough v
DNA Co- 5.3kb J A e
precipitation |4. Size of plasmid DNA 5.8 kb NARNERNA EVARVERNE VI v d 4 NERNERN
6.0 kb J
HBS IRV VARV IRV IRVARRVARY] VAN VAR VARV I Y I I VAN VARV
5. Phosphate-buffer saline
HEPES v T
6. Incubation temperature |Room temperature ARVARNA VARVERVA VA R AR'ARY) v ARVARY) ARV,
of particles 37°C | v o | v 2 R e A A
1.Change medium 1 hour |Yes PNV VARV ARRVA IVARERVAN IRVARRVARRVA VARV ERVARRRVAN ) NARYARVA RVERVERNERNA BV R AR AR
before transfection No v
DMEM v
2. Supplements in medium [DMEM ( FBS) A SV S SV V8 SV (VA SV VA VAl 77 J Jl v v
DMEM (FBS, Pen-Strep) J vVl vl vV | I A A B Y
2. Treatment Yes IVARRVARRNA IRVARRRVARERVY IRVARERVAN IRVANRVARERVE IEYAREEVAN NEVAREEVAN ERVARERVAN IRVARRVANSVA IV v v VA VARV
3.Glycerol shock
on cell No J v
. . 6 hours [VAREVARRRVAN IRVARRRVARIRVLY IRVARNRVAN IRVANRRVARERVAN (REVARNRRVR VARV IRVAREVAN EEV A VA IR AVAV AR A B v N
4. Incubation time
16 hours J
200 pl N VY IARERVAN ERVARNRVAN ERVAREY) AN ) VA
5. particles in 2ml medium 400 pl WA VA VA VA VA SV VAL V) J Y J
800 pl J
Evaluation [Transfection efficiency Best options J VY v v J v

Notes: The green areas in table indicate the variable options and optimized options are presented in last row.

Calcium phosphate mediated transient transfection are briefly
described below:

2.4. Preparation of calcium phosphate-DNA particle or complex
within co-precipitation

The followings solutions were prepared for transfection exper-
iments including CaCl2 (2.5M); 15% (v/v) glycerol in
1 x HBS-buffered saline; 2 x HEPES-buffered  saline
(140 mM NaCl, 1.5mM Na,HPO,, 50 mM HEPES, pH
7.05); and 2x HBS-buffered saline (280 mM NaCl, 1.5 mM
Na,HPO,4, 50 mM HEPES, 10 mM KCI, 12 mM Dextrose,
pH 7.05, 7.10 or 7.15). 10 pl of 2.5 M CaCl, and 90 pl of plas-
mid DNA (25 pg/ml) were mixed and added to 100 pl of HBS
or HEPES buffered saline (at ratio of 1:1). Mixture was
allowed to incubate at room temperature for one mixture. This
total 200 pl of calcium phosphate-DNA particles complex was
used for transient transfection as described below.

2.5. Calcium phosphate mediated transient transfection

CHO and C2C12 Cells at exponential growth phase were
harvested and re-plated at a density of 1-4 x 10° cells/cm?
20-24h before transfection. Cell media was replaced 1h
before transfection. 200 pul of the calcium phosphate-DNA
particles was added to the well drop wise to ensure even
addition. The cells were incubated at 37 °C for 6 h before
transfection media was replaced with fresh medium. Cells
were then culture under standard conditions for 1-3 days
for further study.

In Table 1 Experiment 9, the glycerol shock applied to
CHO and C2C12 cells was conducted by replacing the medium
with 1000 pl of 15% glycerol solution directly after transfec-
tion and incubating these cells for 1-2 min at 37 °C. Following
PBS wash, the glycerol solution was replaced with fresh med-
ium and cells were incubated for an additional 1-3 days.
Transfection efficiency was evaluated under inverted fluores-
cence microscope 48 h after transfection.

2.6. Microscopy and statistics

Inverted fluorescence microscopy (Carl Zeiss Microscopy
GmbH) and manufacturer software ZEN was used to docu-
ment fluorescent signals of successful transfection. Images
were analyzed using NIH Image J software for transfection
efficiency. Numbers of fluorescent cells targeted with plasmid
DNA and total cells (the fluorescent cells plus non-
fluorescent cells) were counted, and the integrated density
(IntDen) and area of fluorescent cells were obtained with the
Image J software. SPSS was used to generate figures and statis-
tical analysis on the fluorescent cell number / total cell number
ratio.

3. Result and discussion

Two categories, calcium phosphate-DNA co-precipitation and
on-cell treatments were used to optimize plasmid DNA trans-
fection into CHO and C2C12 cell-lines (Table 1). These two
cells lines were selected for their low transfection rates using
the calcium phosphate approach.
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3.1. Varying preparation of calcium phosphate—DNA
co-precipitation

Six variables were selected for optimization in preparation of
calcium phosphate-DNA complex (Table 1): (1) concentration
of plasmid DNA wused for preparation of the calcium
phosphate-DNA particle (2 pg/200 pul, 4 pg/200 ul  and
8 ng/200 ul); (2) PH of solutions used for complex preparation
(pH 7.05, pH 7.10 and pH 7.15); (3) calcium phosphate-DNA
particle size (varied by strength of vortex used); (4) Size of
plasmid used DNA for transfection; (5) buffer solution types
(HBS-buffered and HEPES-buffered saline); and (6) Incuba-
tion temperature during calcium phosphate—DNA complex
preparation.

Of these variables, the buffer system played a key role on
the efficiency of calcium phosphate mediated transfection.
HBS-buffered saline delivered better transfection efficiency
than HEPES-buffered saline when used in conjunction with
glycerol shock, a variable discussed in detail below. The
HBS-buffered saline delivered over 100% more transfected
cells than HEPES-buffered saline in both CHO and C2C12
cells (Fig. 1, Table 1 Experiment 5). However, glycerol shock

is necessary discussed for this improved performance, as dis-
cussed in varying treatments on culture cells.

Despite the accepted convention that buffering system pH
is critical on transfection [10], our experiments indicated that
a pH in the range of 7.05 and 7.10 using the HBS-buffering
system is sufficient for optimal transfection. Both pH 7.05
and pH 7.10 induced higher efficiency in the transfection for
CHO cells, but a higher pH of 7.15 resulted in lower efficiency
(Supplemental Fig. 2, Table 1 Experiment 2). Transfection effi-
ciency was also unaffected plasmid DNA size within the range
of 5.3 kb to 6.0 kb (Supplemental Fig. 4, Table 1 Experiment
4). However, transfection efficiency was dependent on vortex
strength, indicating that particle size is an important factor.
Higher strength vortex generally induced lower efficiency (Sup-
plemental Fig. 3, Table 1 Experiment 3).

Surprisingly, increasing plasmid DNA concentration in the
calcium phosphate-DNA particle improves transfection effi-
ciency. In experiment 1, 8 pg plasmids DNA per 200 pl parti-
cles displayed the highest efficiency transfection for CHO
cells (Supplemental Fig. 5, Table 1 Experiment 1). Incubating
temperature during calcium phosphate-DNA particles forma-
tion was also important with particles prepared at 37 °C

Fluor. Cell N

Fig. 1

Comparison of transfection efficiency between HBS- and HEPES-buffer saline for preparation of particles. Summarized in

Table 1, Experiment 5. The efficiency of calcium phosphate-DNA particles preparation with HBS-buffer saline is greater than HEPES-
buffer saline in both CHO and C2CI12 cell-lines, respectively, F = 0.909 and 0.028, P = 0.013 and 0.025. Corresponding fluorescence
images B and C are of CHO cell transfections using particles prepared with HBS and HEPES. Images D and E are of C2CI12 cell
transfections using particles prepared with HBS and HEPES. *indicates p-value < 0.05. Bars in B-E are 150 pm.
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Fig. 2 Comparison of transfection efficiency between media supplemented with FBS and Pen-Strep to un-supplemented media.
Summarized in Table 1, Experiment 8. Panel A, transfection of CHO cell-lines is more efficient in both FBS-DMEM and FBS/Pen-Strep
DMEM in comparison to DMEM alone, F = 0.084 and 0.060, P = 0.0005 and 0.004. Fluorescence images showed in B-D. There is
no significant difference between FBS-DMEM and FBS/Pen-Strep-DMEM (F = 0.306, P = 0.056). ** indicates p-value < 0.01 and
*** indicates P-value < 0.001. Bars in B-D are 150 pm.

Fig. 3 Transfection efficiency in relation to particle densities on CHO cells. Summarized in Table 1, Experiment 11. Panel A,
transfection efficiency improves as particle density increases in CHO cell-lines. 800 pl-particles are significantly more efficient than 200 pl,
F=0.117, P = 0.007, and 400 pl-particles are significantly more efficient than 200 pl, F = 0.107, P = 0.024. There is no significant
difference between 400 pl- and 800 pl-particles (F = 0.579, P = 0.076). Fluorescence images B-D are of transfected CHO cells with 200 pl
(B), 400 pl (C) and 800 pl (D) of particles in 2 ml medium. * indicates p-value < 0.05 and ** indicates p-value < 0.01. Bars in B-D are
150 pm.
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Fig. 4 Influence of glycerol treatment on CHO and C2C12 cells transfection efficiency. Summarized in Table 1, Experiment 9. Panel A,
glycerol shock generated significantly more efficient transfection when used with HEPES buffer saline and HBS buffer saline in both CHO
and C2C12 cell lines (F = 0.003, P = 0.044 with HEPES in CHO, F = 0.138, P = 0.002 with HBS in CHO, F = 0.082, P = 0.00003 with
HEPES in C2C12, and F = 0.092, P = 0.008 with HBS in C2C12). Panels B-E show CHO cells, comparison of transfection efficiency
between glycerol shock (B) and no shock (C) in HEPES buffer saline and comparison of transfection efficiency between glycerol shock (D)
and no shock (E) in HBS buffer saline. Panels F-I show C2C12 cells, comparison of transfection efficiency between glycerol shock (F) and
no shock (G) in HEPES buffer saline and comparison of transfection efficiency between glycerol shock (H) and no shock (I) in HBS buffer
saline. * indicates p-value < 0.05, ** indicates p-value < 0.01, and *** indicates p value < 0.001. Bars in B-I are 150 um.
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Fig. 5

Comparison of incubation time effect on transfection efficiency of in CHO and C2C12 cells. Summarized in Table 1, Experiment

10. Panel A, the efficiency with 6 h incubation in both CHO and C2C12 cell-lines is significantly more effective than 16 h incubation,
F = 0.841 and 0.981, P = 0.004 and 0.039, separately. Panel B and C show fluorescence images of CHO cells. Panel D and E show
fluorescence images of C12C12 cells. * indicates p-value < 0.05 and ** indicates p-value < 0.01. Bars in B-E are 150 um.

demonstrating higher rate of transfection than those prepared
at room temperature (Supplemental Fig. 6, Table 1 Experi-
ment 6).

3.2. Varying treatments on cultured cells

Five variables were established for optimization during cell
transfection. As listed in Table 1: (1) medium-change 1-h prior
to transfection; (2) FBS/Pen-Strep supplementation in med-
ium; (3) glycerol shock post transfection incubation; (4) incu-
bation time with the transfection particle, and (5)
concentration of particles for transfection incubation (200 pl,
400 pl and 800 pl of particles in 2 ml of transfection medium).

Unlike liposome transfection, FBS and Pen-Strep in the
transfection media did not disturb transfection efficiency and
even improved efficiency given the appropriate conditions.
The highest transfection efficiency was achieved when transfec-
tion media was supplemented with FBS or FBS plus Pen-Strep
in comparison to un-supplemented media. However, this effi-
ciency was depended on glycerol shock (Fig. 2, Table 1 Exper-
iment 8). Increasing calcium phosphate—-DNA particles density
also improves transfection efficiency (Fig. 3, Table 1).The
addition of glycerol shock post-transfection incubation was a

significant contributor to transfection efficiency (Fig. 4, Table 1
Experiment 9). Transfection particles incubation time was also
an important factor. An incubation time of 6-7 h is critical for
efficient transfection and should not exceed 10 h. Over incuba-
tion results in reduced efficiency due to cell damage induced by
particle-over delivery (Fig. 5, Table 1 Experiment 10).

4. Conclusion

Calcium phosphate mediated transfection is the most low-cost
approach to introducing recombinant DNA into culture cells.
It is commonly used to transfect recombined DNA into cells
for packaging of virus-carrying gene of interest (Shunaeva
et al., 2015; Yaswen et al., 1993). However, the low transfec-
tion efficiency of this approach on higher differentiated cells
such as CHO and C2C12 limits its research application. Our
study systematically evaluated possible factors affecting suc-
cessful transfection rate and optimized transfection conditions
for the highest efficiency (Table 1).

When calcium phosphate-DNA co-precipitations or parti-
cles are prepared, an accurate pH value of HBS-buffered saline
is critical to guarantee appropriate formation of the calcium—
DNA complex. HBS-buffered saline is preferred over
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HEPES-buffered saline and transfection efficiency is greatly
improved when particle assembly is carried out at 37 °C.
And a glycerol shock post incubation with calcium phos-
phate-DNA particles is vital to efficient transfection.
Although FBS- and FBS/Pen-Strep free medium is required
for liposome transfection (Cui et al., 2012; Felgner et al.,
1987), in calcium phosphate mediated transfection, FBS is nec-
essary for high efficiency on higher differentiated cells such as
CHO and C2C12. Furthermore, since fresh media just prior to
transfection had no significant effect on efficiency (Supplemen-
tal Fig. 7, Table 1 Experiment 7), removing this step will con-
serve time and further lower the cost of our optimized
procedure for the calcium phosphate mediated transfection.
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