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Abstract

We present a simple and robust method to evaluate the transfection efficiency of commercially available transfec-
tion reagents intended to be established for use in nonmammalian cell lines. To illustrate the method, we compare
the ability of four different reagents to transfect the embryonic zebrafish cell line Z3. Z3 cells were seeded in a 96-
well plate and simultaneously transfected in several variations by using minimum volumes of transfection re-
agent and a vector DNA encoding an amplified version of green fluorescent protein (GFP). After 24 and 48 h,
transfection efficiency was determined by a dual fluorescence plate reader measurement of GFP and Hoechst
33342 fluorescence, an indicator of cell density. Of the four different reagents tested, certain variations of JetPri-
meTM reagent and X-tremeGeneTM HP reagent produced the highest fluorescence signal per cell after 24- and 48-h
incubation, respectively. The simultaneous multivariate setup enables comparing different reagent/DNA combi-
nations at different time points well, independent of cell growth variability or seeding density.
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Introduction

For the last three decades, the use of zebrafish (Danio
rerio) as an important vertebrate model system has ad-

vanced our knowledge in many different fields of biology,
such as developmental biology, genetics, and neurobiology.
First and foremost, zebrafish researchers benefit from the
fully sequenced genome, the fast development of the trans-
parent embryos, and the comparison of mutants to well-
characterized wild-type individuals. With zebrafish rising in
popularity within the scientific community, the development
of zebrafish cell lines, like the fibroblast-like ZF41 and PAC22

cell lines, pluripotent embryonic stem cell lines,3 or organ-
specific cell lines, like the spleen cell line ZSSJ,4 commenced.
Accordingly, in recent years an increasing number of studies
have included zebrafish cell lines as tool to complete the ex-
planation of organismic events; for example, by the detailed
resolution of gene regulation and signaling processes
in vitro5,6 or by implantation of cells back into the embryo.7

Still, the overall numbers of available zebrafish cell lines
and tissue-specific zebrafish cell lines are low compared
with cell lines from longer established vertebrate model or-
ganisms (e.g., rodents). So far, most of the zebrafish cell
lines used by the scientific community originate from embry-
onic tissue and feature fibroblast-like morphology.8

With the use of zebrafish cell cultures, the need to stably or
transiently introduce genetic constructs became evident.
Besides emerging protocols for adenoviral transfection meth-
ods in zebrafish cell cultures,9 protocols for the use of nonvi-
ral transfection methods, now an essential cell biology tool,
became available and proved the principal usability of zebra-
fish cell lines as transfection hosts.1,8,10 However, it is believed
that fish cell cultures in general are very sensitive to mamma-
lian transfection reagents,7 and to our knowledge, all of the
major commercially available nonviral transfection reagents
are optimized for mammalian cell cultures, whereas only
few address specific difficulties or provide protocols when
transfecting zebrafish cells cultured at near room tempera-
ture. Also, the scientific community is only beginning to eval-
uate certain transfection methods for their suitability in
primary zebrafish cells and zebrafish cell lines.10–13 As a re-
sult, wanting to work with transfected zebrafish cells often
means accepting weak transfection efficiencies or includes a
strenuous and time-consuming optimization process. Here
we provide a relatively simple method to measure transfec-
tion efficiency within the optimization ranges of vector
DNA and reagent amount proposed by individual manufac-
turers. With our proposed multivariate 96-well plate setup, it
is possible to compare several different transfection products
simultaneously and thereby reduce result variability.
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For this study, we optimized transfection conditions for the
Z3 zebrafish cell line. The Z3 cell line was first established in
2001 by Pando and colleagues14 from embryonic zebrafish tis-
sue. These adherent fibroblast-like cells grow at 26�C with at-
mospheric CO2 levels, are cultured in conventional media
and serum, have a population doubling time of less than
24 h, and are, like PAC2 cells, light entrainable.

We used a commercially available vector holding the gene
for an advanced version of enhanced green fluorescent pro-
tein (GFP) called maxGFP under the control of the cytomeg-
alovirus (CMV) promoter (pmaxGFP vector, Amaxa) as an
indicator for successful transfection. According to the manu-
facturer, maxGFP has an increased fluorescence quantum
yield compared to conventional enhanced GFP and therefore
may be used as sensitive positive control vector, while pro-
viding similar transfection efficiencies as well as cell mortal-
ities. To be able to correlate maxGFP fluorescence signal to
cell density, we established a calibration curve for Z3 cells
stained with the nuclear dye Hoechst 33342 (Invitrogen).
Hoechst 33342 is a cell-permeable live nuclear cell stain that
binds to the minor groove of double-stranded DNA; it does
not fluoresce until it is bound to DNA.

Out of the numerous transfection reagents available today
from many of the major biochemical suppliers, we chose four
nonviral transfection reagents which can be used in serum-
containing media. The first one, LipofectamineTM LTX (Invi-
trogen) transfection reagent, is based on the lipofection
method, in which the negatively charged vector DNA is trap-
ped in a cationic lipid vacuole, the liposome, formed by the
reagent. The liposome fuses with the cell membrane and
thereby releases vector DNA into the cell.15,16 According to
its manufacturer, Lipofectamine reagents have become the
most referenced transfection reagents since their launch in
1993. They are therefore considered the ‘‘gold-standard’’ of
transfection reagents and are used as a basis of comparison
for efficiencies of other transfection methods.11

The second reagent we tested was X-tremeGeneTM HP
(Roche) which, according to the manufacturer, is a sterile
and nonliposomal blend of lipids and other components sup-
plied in 80% ethanol. X-tremeGene HP is designed for usage
on ‘‘hard-to-transfect’’ cells.

Both Lipofectamine and a previous version of X-treme-
Gene HP, FugeneTM were already successfully used for trans-
fecting Z3 cells,17,18 although the former one had a reportedly
weak performance.

The third transfection reagent evaluated in this study was
JetPrimeTM (Polyplus transfection, France), which is a nonli-
posomal, polymer-based transfection reagent for which we
were not granted detailed chemical information from the
company. In preliminary tests, we also used another polymer
product from the same company called JetPEITM. JetPEI is
based on polyethyleneimine (PEI) which is a cationic polymer,
a so-called ‘‘proton sponge,’’ that complexes with DNA and is
subsequently introduced into the cell via endocytosis.19 PEI
polymers are widely used as cheap and well-performing al-
ternatives to lipofection methods, and it was shown in a pre-
vious publication that a higher transfection efficiency could
be achieved with PEI (27%) compared to Lipofectamine
(25%) in ZF4 zebrafish cells.11 However, in preliminary tests
on Z3 cells and another group using epithelioma papulosum
cyprini (EPC) and rainbow trout gonad (RTG2) cell lines,20

we found that the commercially available JetPEI led to low

transfection efficiencies with high cytotoxic effects that,
according to this latter study, may be overcome by using frac-
tioned PEI polymers of intermediate molecular weight. Since
we were not able to apply such fractioning, we used JetPrime
reagent, which showed very low cytotoxic effects in prelimi-
nary tests.

Both lipofection and polymer transfections, like JetPEI and
JetPrime, involve extensive membrane interaction in the form
of liposome fusion or charge binding and subsequent endocy-
tosis, respectively. Since zebrafish cells are cultured at lower
temperatures compared to cells of warm-blooded mamma-
lian hosts, we hypothesized that lower temperatures may af-
fect the necessary membrane interactions, thus altering
liposome fusion or polymer endocytosis and reducing overall
transfection performance. This hypothesis is supported by
observations that show fish, due to their poikilotherm nature,
experience temperature-dependent changes in membrane
turnover and membrane lipid composition,21 which underlie
a fundamental difference from cell membranes of homeo-
therm organisms. Considering these temperature-related dif-
ferences that may affect transfection efficiency, we chose
Matra-ATM reagent (IBAfect, Germany) as the fourth transfec-
tion method since this reagent is based on DNA linked to
magnetic beads, which when placed onto a magnetic plate
are pulled into the cells by magnetic attraction.

While these four different transfection reagents can only
represent a small fraction of available products on the market,
our description of the simultaneous multivariate setup in 96-
well plates may generally prove to be a valuable tool for fu-
ture evaluation of transfection efficiencies when establishing
newly introduced transfection reagents in rapidly expanding
new types of cell lines.

Material and Methods

Cell culture

Z3 cells were a kind gift from Dr. Jun Hirayama (Univer-
sity of California, Irvine, CA). Cells were free of mycoplasma
and were cultured in Leibovitz L15 medium supplemented
with 15% fetal bovine serum, 2 mM glutamine, penicillin,
streptomycin, and gentamycin (all Invitrogen) in sealed 75-
cm2 flasks (Sarstedt) and were split once a week. Cells were
cultured in a Peltier-cooled incubator (Memmert) at 26�C
under atmospheric CO2 concentrations. For transfection ex-
periments, cells between passages 10 and 20 were taken
from the flask stock and seeded into 10-cm petri dishes for
1 week before the final seeding of 18,000 cells per well in
96-well plates (Sarstedt). At this density, cells were attached
to the well bottom after 24 h at a confluency of 70%–80%.

Transfection

Twenty-four hours after seeding, growth medium in all
wells was exchanged for 100 lL of fresh growth medium fol-
lowing transfection with the pmaxGFP vector (1 lg/lL,
Amaxa) according to the multivariate layout (Fig. 1). Varia-
tions were chosen according to the manufacturers’ manuals
(Table 1). For each 24- and 48-h post transfection (hpt) incuba-
tion time point and for each individual variation, two wells
were treated identically. Transfection volumes were scaled
down to fit 96-well plate dimensions in accordance with
the protocols provided in the manuals. The transfection
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procedure was performed according to the individual manu-
als and was planned so that time waiting on steps in one re-
agent’s protocol were spent working on steps in another
reagent’s protocol.

In the case of Matra-A transfection, cells from the same cell
solution were seeded in a separate 96-well plate. After 24 h,

the cells were transfected and were then placed on a magnetic
plate for 15 min according to the manufacturer’s manual. One
variation of this transfection method received a second wash-
ing step after the magnetic incubation with fresh growth
medium to test for detrimental effects of the transfection
solution.
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FIG. 1. Example for a multivariate optimization layout. Schematic layout of different transfection variations (see Table 1)
used for optimizing three transfection methods in one 96-well plate simultaneously. Variations of factor 1 are represented
as wells filled with light (variation A) and dark (variation B) gray color. In the case of Lipofectamine LTX, the amount of
DNA (lg) and PLUS reagent (lL) varied with X-tremeGene HP, the volume of transfection mix added to the wells varied;
and with JetPrime the volume of reagent (lL) used varied. Variations of factor 2 are organized in well columns. At 24 and
48 h post transfection (hpt) incubation time points are organized in double rows. White wells held nontransfected cells
used as controls for the cell viability assay. The crossed-out wells represent empty wells used for holding the Hoechst staining
blank. The layout for the Matra-A transfection was similarly organized on an additional 96-well plate (layout not shown).

Table 1. Simultaneous Transfection Variations

Reagent, manufacturer Factors recommended to vary Variation rangea Variations

Lipofectamine LTX, Invitrogen Factor 1: DNA (lg) and PLUS reagent (lL) A: 0.5 and 0.5 6
B: 1 and 1

Factor 2: LTX reagent (lL) 1, 2, 3

X-tremeGene HP, Roche Factor 1: transfection mix added (lL) A: 5 8
B: 10

Factor 2: ratio DNA (lg):reagent (lL) 1:1, 2:1, 3:1, 4:1

JetPrime, Polyplus transfection Factor 1: JetPrime reagent (lL) A: 2 8
B: 4

Factor 2: transfection mix added (lL) 1, 2.5, 5, 10

Matra-A, IBAfect Factor 1: media change after magnet incubation A: yes 6
B: no

Factor 2: ratio DNA (lg):reagent (lL) 0.5:1, 1:1, 2:1

aVariations A and B of factor 1 are shaded with light and dark gray colors, respectively, corresponding to treatments in Fig. 1, 3 and 4.
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Fluorescence measurement

Twenty-four hours after transfection, one replicate sample
was measured, whereas the other two corresponding wells of
each transfection variation were replenished with 100 lL of
fresh growth medium and otherwise were left untouched.
To measure maxGFP fluorescence in relation to cell density,
transfected cells were stained with the fluorescent nuclear
dye Hoechst 33342 (Invitrogen, Germany). For this, wells
holding the 24-h-old transfected cells were washed two
times with Hank’s buffered salt solution (HBSS, Invitrogen,
Germany) containing Ca2 + and Mg2 + at pH 7.600 and were
incubated for 80 min in the incubator with 100 lL of Hoechst
33342 in HBSS at a final concentration of 1 lg/mL. The incu-
bation time for saturated Hoechst-stained Z3 cells was opti-
mized in a preliminary test measuring Hoechst fluorescence
in 10-min steps in the plate reader (Fig. 2, inset). After incuba-
tion with the nuclear stain, wells holding the 24-h cells were
measured from the bottom in a fluorescence plate reader (Vic-
tor X4, Perkin Elmer) using a 355-nm excitation filter and a
460-nm emission filter for measurement of the Hoechst
33342 signal and a 485-nm excitation filter and 535-nm emis-
sion filter for measurement of the maxGFP signal. We in-
cluded blanks containing only Hoechst staining solution as
well as blanks of nontransfected cells stained with the
Hoechst dye (untreated control group). After the measure-
ment, medium in the wells holding the 24-hpt cells was aspi-
rated before the 96-well plate was incubated for another 24 h.
After 48 h from the time of transfection, the remaining dupli-
cate wells holding the 48-hpt cells of each transfection varia-
tion were stained and measured identically as the cells 1 day
before.

Transfection efficiency

Transfection efficiency was calculated as percentage of
transfected cells from all cells by counting transfected cells
holding a maxGFP signal as well as Hoechst-stained nuclei
in exemplary images recorded 24 or 48 hpt. Images were
taken on a Zeiss Axiovert 100 microscope equipped with a
20 · lens, a CCD camera, and fluorescence filter sets for fluo-
rescein isothiocyanate or 4¢,6-diamidino-2-phenylindole exci-
tation/emission, respectively.

Data analysis

Results of the Hoechst 33342 fluorescence measurement
were blank-corrected with background signal from cell-free
wells holding only staining solution. The blank-corrected val-
ues were transformed into cells per square centimeter using a
calibration curve that was established with Hoechst-stained
cells seeded at various densities (Fig. 2).

Results of the maxGFP fluorescence measurements were
blank-corrected with signal from nontransfected but
Hoechst-stained cells and normalized to 10,000 cells with
the corresponding cell density value from the same well. Val-
ues are presented as maxGFP relative fluorescence units (rfu)
per 10 cells.

Cell viability at 24 and 48 hpt was calculated from cell den-
sity numbers from each well, normalized to the mean cell
density calculated from the three nontransfected control
wells.

Statistics

Values reported in the figures are means – SEM. To exclude
pseudoreplicates, values of the two corresponding wells from
each biological replicate were combined to form one mean
value. Experiments were performed in five independent cell
culture preparations (e.g., biological replicates) unless stated
otherwise in the figures. Differences of maxGFP rfu or cell
density between different transfection variations were ana-
lyzed by two-way analysis of variance (ANOVA) with a
post hoc Holm–Sidak multiple comparison, or when appropri-
ate by paired Student’s t-test. Transformation of data was ap-
plied to meet assumptions for homogeneity and normality.
Statistical analyses were performed using Sigmaplot 12.0
(Systat Systems Inc.). Significant differences were accepted
when p £ 0.05.

Results

Hoechst cell quantification

Hoechst staining of live cells showed a clear saturation
curve after 60 min (Fig. 2, inset). Therefore, we measured
Hoechst fluorescence after 80 min in all following experiments
and also for establishing the calibration curve. The calibration
curve (Fig. 2) delivered a linear relationship between seeding
density and Hoechst rfu with a correlation of R2 = 0.994.

Transfection and cell viability

Lipofectamine LTX transfection resulted in overall weak
maxGFP expression with less than 1 fluorescence unit per
10 cells after 24 hpt (Fig. 3A) and less than 2 units 48 hpt
(Fig. 3B). Within the variations of this transfection we could
not find a significantly stronger subgroup that could be

FIG. 2. Calibration curve of Hoechst 33342-saturated zebra-
fish Z3 cells seeded at various cell densities. Hoechst fluores-
cence was recorded after 80-min incubation with the Hoechst
33342 nuclear stain (1 lg/mL) in Z3 cells which were seeded
at various densities in triplicates 24 h earlier. The curve fitted
dashed line has a correlation factor R2 = 0.994. Inset: The incu-
bation time until Hoechst fluorescence signal becomes satu-
rated. Fluorescence was recorded every 10 min after
incubation started in triplicate wells holding 5 · 104 zebrafish
Z3 cells/cm2. The dotted line marks the 80-min incubation
time point. All values represent blank-corrected means – SEM
of three independent cell culture preparations.

TRANSFECTION EFFICIENCY OPTIMIZATION 23



discriminated from weaker signals. Interestingly, increasing
the amount of Lipofectamine LTX reagent significantly in-
creased cell viability (Fig. 4), whereas the lowest concentra-
tion of the compound seemed to have the most detrimental
effects on these cells. In preliminary tests, we found that the
application of DNA together with PLUSTM reagent, an en-
hancing compound supplied with the reagent kit, increased
transfection success. However, increasing the amount of
DNA and PLUS reagent together as suggested in the manual
did not lead to better results.

X-tremeGene HP transfection yielded strong maxGFP fluo-
rescence signals after 24 h and the strongest signal of all four
tested compounds 48 h post transfection. Here, the best result
was achieved with the 4 to 1 ratio of micrograms of DNA to

microliters of transfection reagent, resulting in a maxGFP sig-
nal as strong as 24.6 fluorescence units per 10 cells. Increasing
factor 1, the volume of the transfection mix added to the cells,
from 5 to 10 lL did not increase the maxGFP signal but led to
significantly reduced viability when these two groups were
compared in a paired t-test.

JetPrime reagent produced the strongest maxGFP fluores-
cence signals of all four tested compounds after 24 h with val-
ues up to 9.3 rfu per 10 cells in the variant using 4 lL of
reagent (factor 1) and 5 lL transfection mix added to the
cells (factor 2). However, increasing factor 2 also caused a sig-
nificant decline in cell viability after 48 h. maxGFP signal after
48 h dropped below the signal observed in cells treated with
X-tremeGene HP reagent.
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Matra-A transfection led to the weakest maxGFP signal of
all four transfection reagents tested. Data were also very het-
erogenous and could not be statistically analyzed because of a
lack of homogeneity. Adding a media change after magnetic
incubation (factor 1) to the transfection procedure did not
lead to better transfection results but increased cell viability.

Transfection efficiency

Representative images of transfection variations (Fig. 5)
that yielded strong maxGFP signals per cell number were
used for cell counting. The strongest maxGFP plate reader
signals could be translated into transfection efficiencies in
the range of 25%–30%.

Discussion

The measure of transfection efficiency, the percentage of
cells transfected from cells nontransfected, is a subjective
measure prone to many variable factors, such as cell cycle
progression, circadian rhythm of gene expression activity,
promoter activity, and general activity of a given cell type.
All of these factors can inhibit a cell from actually expressing
the transfected protein. We found the intensity of maxGFP ex-
pression in our cells to vary highly from cell to cell in the same
well at the same time point, some showing faint signal, others
very strong signal. Our results also show that transfection re-
sults after 24 h can be very different from results obtained
after 48 h, favoring different reagents at different time points;
for example, JetPrime after 24 h and X-tremeGene HP after
48 h. Therefore, instead of presenting our results as a percent-
age of transfected cells, our approach was to measure overall
abundance of the target protein, in our case by measuring
maxGFP fluorescence per given cell number. This approach
provides an objective measure of how well a reagent is able

to deliver an introduced vector to be expressed in a target
cell. Other publications using luciferase reporter constructs22

or b-galactosidase assays12 to compare different transfection
reagents have to revert to arbitrary units per protein content
instead of percentage of transfected cells as well.

However, we also saw that between biological replicates
the signal level could be very different from one time point
to another, while the overall signature of the response was
similar, and significant responses could be extracted by mul-
tiple comparison procedures following ANOVA tests. Here,
our multivariate setup in a 96-well plate may have helped
to conserve similar response signatures between biological
replicates by excluding many factors that can affect transfec-
tion levels in a given system (e.g., cell seeding density, cell
passage number, or growth medium stability). By using the
same starting conditions in each well, the comparison of ef-
fects induced by the reagent becomes more reliable and
data become more robust. Variability within wells that re-
ceived the same treatment over the same incubation time
could be further reduced by increasing the number of repli-
cate wells; however, this would also increase costs and prep-
aration time as well as reduce the number of different
variations present on one 96-well plate.

Hoechst 33342 staining of the live cells proved a stable and
simple method to quantify adherent cells. That said, adher-
ence of the cells is a prerequisite since the dye also stains
dead cells. When working with adherent cells, dead cells
can simply be removed by two washing steps prior to the
staining. The incubation time until Hoechst 33342 staining
reaches a stable plateau which should be separately assessed
for each new cell type and incubation temperature.

While transfection protocols of most available commercial
products are not optimized for them, cultured zebrafish cells
do have significant advantages over mammalian cell culture,
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notably ambient air without the need to raise CO2 tension and
culture at near–room temperature. However, if cultivation
temperature of a cell line affects transfection efficiency, zebra-
fish cells with their higher cultivation temperature may also
have advantages over other fish cell cultures. A preliminary

comparison of the transfection ability of a commercially avail-
able trout gill cell line (RTgill W1) cultured at 18�C using our
multivariate protocol and the same reagent variations showed
that these cells had very low transfection signals after 24 and
48 h. Again, such limitations may be overcome by individual
optimizations in a multivariate setup, since a study on trout
liver cells (RTH-149) could show improving results with cer-
tain combinations of cationic lipid formulations.22

Of the four tested reagents, X-tremeGene HP delivered the
best transfection results, which were comparable to those of
other studies that used the reagent or its predecessor Fugene
on Z3 embryonic fibroblasts18 or EPC carp cells.23 Compared
with the other tested reagents, X-tremeGene HP also has the
simplest and shortest protocol and uses vector DNA most ef-
ficiently. However, in recent publications the use of another
nonviral transfection method, the Nucleofector method
(Lonza), was shown to deliver extraordinary transfection effi-
ciencies up to 43% in primary zebrafish fibroblasts13 and up
to 90% in an Atlantic salmon head kidney cell line.24 How-
ever, given the comparison of these transfection efficiencies,
it should be considered that the kind of cell type and whether
cells are primary isolated or maintained as a cell line are
major factors that influence general transfection ability itself.

Taken together, our results show that Z3 cells can be trans-
fected well, and optimization of the protocol prior to the ex-
periments is advisable and may increase transfection results
significantly as well as identify detrimental conditions that
affect cell viability in the long run. The relatively simple and
simultaneous setup of various transfection conditions at low
volumes in 96-well plates reduces variability, and the quick
read-out of results in a fluorescence plate reader at various
time points may help to identify factors which increase trans-
fection efficiency.
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