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ABSTRACT: Gene delivery is an important step in the
preparation of cell arrays. A highly efficient delivery system
is required to modulate the cellular functions for analysis. In
this study, branched polyethylenimine (bPEI), a very potent
and cost-effective polymer for transfection, was used as a
primary carrier for gene delivery. The percentage of cells
expressing green fluorescent protein was used to indicate
the transfection efficiency. Various substrates were coated
on slides for the examination of cell growth and transfection
efficiency. Different enhancers, such as polyethylene glycol,
dextran, and gelatin, were combined with the transfection
reagent in an attempt to increase the transfection efficiency.
For the slides coated with gelatin type B that could provide
better cell growth, the transfection efficiency was observed
to strongly depend on the amount of plasmid contained
within the transfection reagent in a dosage response. In the

absence of any enhancers, the efficiency reached 20%,
whereas in the presence of polyethylene glycol of MW 2000
or gelatin type A, the efficiency could be further enhanced
to around 70%. When bPEI was replaced with dextran-
grafted bPEI, a more efficient carrier for transfection in cell
culture, very minimal levels of GFP positive cells were
detected, suggesting that different factors might exist in
transfecting cells in culture and those in microarrays for
PEI-based vectors to achieve high efficiency. This study
showed that using bPEI combined with an enhancer as a
gene delivery system could efficiently modulate cellular
functions for the preparation of cell arrays. VVC 2009 Wiley Peri-
odicals, Inc. J Appl Polym Sci 114: 2221–2225, 2009
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INTRODUCTION

Gene delivery provides an attractive approach to
modulate cellular functions by increasing the expres-
sion of the delivered gene or by suppressing the
expression of a specific endogenous gene through
the delivered small interfering RNA1 and has been
applied to cure the effects of acquired and inherited
diseases in a straightforward manner by adding, cor-
recting, or replacing genes.2–4 Recently, gene deliv-
ery has been extended to the preparation of cell
arrays that allow parallel assays in a short time for
efficient high-throughput assays.5–15

The process of establishing cell arrays generally
consists of the following steps.5,6,10,15 The transfec-
tion reagents are first embedded or immobilized
inside substrate by way of an arrayer, which can

deliver nanoliters of the reagents onto a defined spa-
tial spot on a slide. Then cells are layered on the top
of the transfection reagents. A further incubation of
the cells under a standard culture condition is
required for the cells to grow on the substrate and
allows the nucleic acids to be delivered into the
cells. Because each immobilized spot contains the
transfection reagent that is prepared with a specific
gene, each individual cluster of cells grown on the
top of the reagent can express different specific
genes in parallel. Therefore, each cluster of cells
exhibits different cellular functions that can be used
for cell-based functional analysis.
Gene delivery is a pivotal step in preparing cell

arrays. Two major systems exist for gene delivery:
viral and synthetic vectors, of which the latter gener-
ally uses synthetic polymers or lipids to deliver
nucleic acids.3,4,14 Compared with viral vectors, syn-
thetic vectors have the advantage of simplicity and
versatility for preparing the transfection reagents in
parallel to be used in fabricating cell arrays. How-
ever, the transfection efficiency of synthetic vectors
is generally lower than that of viral vectors. Within
each single spot, the low efficiency will result in
only a small fraction of the cells whose cellular
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functions are modulated and thus could impair the
performance of a cell array because a less extent of
modulated cellular functions might fail to provide
sufficient signals for detection.

The transfection procedures used in preparing cell
arrays are different from those typically used in trans-
fecting the cells in culture. The strategies developed
for improving the efficiencies of synthetic vectors
might become inapplicable in preparing cell arrays.
Currently it is rarely reported whether there exist
some specific considerations that might affect the effi-
ciencies of synthetic vectors used in arrays other than
those already known in the typical transfection proc-
edures. In this study, branched polyethylenimine
(bPEI),16 a very potent transfection reagent, coupled
with a plasmid encoding green fluorescent protein
(GFP) were used in the preparation of cell arrays
because bPEI is commercially available and more
cost-effective than cationic liposomes. Different coat-
ing materials and enhancers were examined for their
effectiveness in improving the transfection efficiency,
which was indicated by the GFP positive percentages
of each cell cluster. A dextran-grafted bPEI was used
in place of unmodified bPEI to investigate the differ-
ences of typical transfection and cell arrays.

MATERIALS AND METHODS

Materials

Agar, agarose, gelatin type A (gel-A), gelatin type B
(gel-B), and Dulbecco’s modified Eagle’s medium
(DMEM) were purchased from Sigma (St. Louis,
MO). Polyethylene glycols of molecular weight 2000
(PEG-2K) and 20,000 (PEG-20K) were from Merck
(Darmstadt, Germany). Dextran of molecular weight
1500 (dex-1.5k) was from Fluka Chemie (Buchs,
Switzerland), and dextran of molecular weight
20,000 (dex-20k) was from Amersham-Pharmacia
(Piscataway, NJ). bPEI (MW 25,000) was obtained
from Aldrich (Milwaukee, WI). bPEI grafted with
dex-1.5k (dex-PEI) was synthesized as previously
described. All chemicals were used as received with-
out further purification. Water was deionized by a
Milli-Q water purification system (Millipore, Bed-
ford, MA). The pEGFP-C1 vector containing a
mutated GFP gene driven by a cytomegalovirus pro-
moter was from Clontech (Palo Alto, CA). Plasmid
purification kits were purchased from Qiagen
(Valencia, CA). Antibiotics of penicillin-streptomy-
cin-amphotericin and fetal bovine serum were
obtained from Hyclone (Logan, UT).

Plasmid preparation

The pEGFP-C1 vector was amplified in Escherichia
coli DH5a by a standard procedure and purified by

a Qiagene plasmid purification kit according to the
manufacture’s instructions.

Slide coating

Glass slides were precleaned using the Piranha solu-
tion overnight. A solution containing 1% agar, 1%
agarose, or 0.2% gelatin was incubated at 60�C in a
water bath with constant shaking until the solution
became completely clear. A piece of glass slide was
coated by immersing in the above solution for at
least 1 min followed by air-drying at 30–50% humid-
ity. The coated slide was then sterilized by immers-
ing in 70% ethanol for 10 min and dried under a
laminar flow hood before the application of transfec-
tion reagents.

Preparation of transfection reagent

bPEI or dex-PEI was used as a DNA carrier to pre-
pare the transfection reagent as previously
described. The desired amounts of PEI were diluted
in 200 lL of dilution buffer (20 mM HEPES, 5.2%
glucose, pH 7.0) and added into an equal volume of
dilution buffer containing 40, 80, 240, and 360 lg
DNA, respectively. The charge ratio of PEI to DNA
in the transfection reagent was maintained at 9,
except as specified elsewhere. After equilibrium was
reached by allowing the mixture to stand at room
temperature for 20 min, another equal volume of
dilution buffer containing various concentrations of
different enhancers was incorporated into the mix-
ture. The enhancers included dex-20K, dex-1.5K,
PEG-20K, PEG-2K, gel-A, and gel-B. The reagents
were dispensed into a 96-well plate. A manual slide
arrayer (VP Scientific, San Diego, CA) was used to
spot the transfection reagent from the 96-well plate
onto a coated slide. A total of four different spots
were produced on each slide for the same composi-
tion of transfection reagent.

Cell culture

CHO-K1 cells (a Chinese hamster ovary cell line,
ATCC CCL-61) were maintained at 37�C, 5% CO2,
and 100% humidity in complete medium containing
DMEM supplemented with 10% fetal bovine serum
and 1% antibiotics of penicillin–streptomycin–
amphotericin. Cells were harvested from the flasks
and seeded onto the coated slides containing the
spots of transfection reagents at 20,000 cells/cm2.

Quantitation of transfection efficiency

After exposure to the transfection reagent for 36 h,
the slides were washed with PBS twice and then
fixed in the presence of PBS containing 1% of
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paraformaldehyde for 15 min. The fixed cells of each
spot were visualized under a fluorescence micro-
scope (Olympus IX 70, Tokyo, Japan), and the photo-
graphs of the cells were taken by a digital camera
(Olympus C-4040, Tokyo, Japan) under a magnifica-
tion of 10 � 20. The digitized photos were analyzed
by using Scion Image software (Frederick, MD).
Transfection efficiency was expressed as the percent-
age of the cells expressing GFP and calculated by
dividing the number of the green cells by the num-
ber of the total cells within the spot.

RESULTS AND DISCUSSION

Cell growth on the coated slide

The state of cellular proliferation determines the effi-
ciency of transfection mediated by nonviral vectors
because mitosis is an essential event for transgene
expression. The cell number of each spot was used
to indicate the condition of cell growth on the coat-
ing materials. Cells grew slightly faster on the gel-B–
coated and agar-coated slides than on the noncoated
slide, whereas poor growth was found on the aga-
rose-coated slides [Fig. 1(A)]. When the spot con-
tained 0.3 mg/mL plasmid, higher transfection
efficiency was found on the slides with a coating
that could provide a better growth condition except
the noncoated slides. The percentages of the cells
expressing GFP were around 20% and 8% for the
gel-B–coated and agar-coated slides, respectively
[Fig. 1(B)]. The noncoated slide showed an almost
undetectable level of transgene expression due to its
incapability to hold the transfection reagents on the
slide. We examined cell growth and transfection effi-
ciency on the slides coated with several biopolymers
including agar, agarose, alginate, gel-A, gel-B, pec-
tin, and polyhydroxybutyrate, among which only
gel-B, agarose and agar could provide better cell
attachment and yield more consistent transfection
efficiency (data not shown).

Effects of enhancer and DNA dosage

Because the gel-B–coated slides provided a better
condition for cell growth and higher transfection ef-
ficiency, the effects of enhancer and DNA dosage on
the transfection efficiency were conducted on the
gel-B–coated slides by varying the plasmid amounts
in the transfection reagents and adding various con-
centrations of different enhancers into the transfec-
tion reagent. The GFP-positive percentages exhibited
a function of the applied plasmid and responded
mainly in a dose-dependent fashion (Fig. 2). When
the applied plasmid was below 0.1 mg/mL, the
transfection efficiency was at very minimal levels
and hardly improved by the incorporation of any

enhancers into the transfection reagent. Besides, not
every spot contained the cells expressing GFP, indi-
cating a very heterogeneous pattern of transgene
expression at a low level of applied plasmid. In the
absence of any enhancer, the transfection efficiency
was enhanced to around 20% when the applied plas-
mid increased to 0.3 mg/mL and remained at the
approximate level when the applied plasmid
reached 0.45 mg/mL, as shown by the dashed line
in Figure 2. A further increase of plasmid level to
0.6 mg/mL was used in an attempt to further
increase the efficiency, but such an increase resulted
in large aggregates of DNA–polymer complexes,
which tended to precipitate during spotting.
The incorporation of enhancers could promote the

transfection efficiency under most conditions, and
the efficiency increased in proportion to the applied
plasmid for certain enhancers. Using PEG-2K was
most effective and almost tripled the efficiency to
above 60%. The transfection efficiency was highly re-
producible and independent of both the PEG-2K
concentrations from 0.25% to 1.0% and the plasmid

Figure 1 Effect of coating substrate on transfection effi-
ciency and cell growth. A manual microarrayer was used
to spot DNA-PEI complexes onto the slides coated with
agar, agarose, and gel-B. The cell number within the spot
indicated a condition of cell growth as shown in panel A.
The percentage of GFP-positive cells indicated transfection
efficiency, as shown in panel B (n ¼ 3 independent
preparations).
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level from 0.3 to 0.45 mg/mL, except that an optimal
PEG-2K concentration of 1.0% existed to achieve a
high transfection efficiency of 72% at a plasmid level
of 0.45 mg/mL [Fig. 2(A)]. When PEG-2K was
replaced with PEG-20K, the transfection efficiency
was not a dose function of applied plasmid, with
high efficiencies occurring at a level of 0.3 mg/mL.
The efficiency decreased as the enhancer concentra-
tions decreased from 1% to 0.25% at the plasmid
level of 0.3 mg/mL but became less dependent of
the enhancer concentrations at the plasmid level of
0.45 mg/mL [Fig. 2(B)]. When the transfection
reagents contained gel-A, the transfection efficiency
increased proportionally to the levels of applied
plasmid irrespective of the enhancer concentrations
[Fig. 2(C)]. The efficiency of using gel-A depended

on both the plasmid level and enhancer concentra-
tion [Fig. 2(C)]. A high efficiency of 68% was
observed at an optimal concentration of 0.025% of
gel-A and a plasmid level of 0.45 mg/mL [Fig. 2(C)].
On the other hand, using gel-B was effective to
improve transfection efficiency only at a plasmid
level of 0.45 mg/mL, and the improvements seemed
to be independent of the enhancer concentrations
[Fig. 2(D)]. Unlike PEG-2K and PEG-20K, low-molec-
ular-weight dextran, dex-1.5K, was a less effective
enhancer in promoting transfection efficiency than
high-molecular-weight dextran, dex-20K [Fig.
2(E,F)]. Using dex-1.5K only slightly improved the
transfection efficiency and maintained a similar
dose–response function of the applied plasmid and
the transfection efficiency similar to that without any
enhancer. For using dex-20K, the transfection effi-
ciency increased as the applied plasmid amount and
was doubled to 50% at a plasmid level of 0.45 mg/
mL and a dex-20K concentration of 0.25% or 0.5%.
Both PEG-2k and gel-A were very effective

enhancers in cell array. PEGs of low molecular
weight have been widely used in the preparation of
hybridoma and protoplast because they can facilitate
cellular fusion. In cell arrays, the PEG might also
facilitate the cellular entry of vectors when the cells
settled on the substrate and began to grow. Gelatin
showed very interesting properties. Gel-A and gel-B
differ in the manufacturing processes during which
gel-A and gel-B received an acid and alkaline pre-
treatment, respectively. When used as substrate, gel-
B provided better cell growth than gel-A; however,
when used as an enhancer, gel-B was less efficient
than gel-A.

Use of dextran-grafted bPEI for transfection

Numerous studies have demonstrated that the trans-
fection efficiency of bPEI could be improved through
chemical modifications, such as the attachment of a
pendant group onto bPEI. We previously reported
that the GFP-positive percentages of CHO cells by a
typical transfection procedure could be enhanced by
twofold when bPEI was conjugated with dextran of
molecular weight 1500 at a low degree of grafting.17

The dex-PEIs were used to prepare the reagents for
cell arrays in an effort to improve the efficiency (Fig.
3). However, the dex-PEI failed to enhance the effi-
ciency and even resulted in less GFP-positive per-
centages than unmodified bPEI. Incorporating an
enhancer into the reagents was attempted to enhance
the efficiency. The enhancer that showed great effec-
tiveness for bPEI lost the ability to improve the effi-
ciency of dex-PEI at different charge ratios.
Although the dex-PEI was shown to be a more ef-

ficient carrier for gene delivery than unmodified
bPEI in typical transfection, the dex-PEI failed to

Figure 2 Effect of enhancer on transfection efficiency.
Different enhancers were included into the transfection re-
agent before spotting onto gel-B–coated slides. The dashed
line in all panels shows the efficiency in the absence of
any enhancers. Panel A shows the effect of PEG-2K at 1%
(D), 0.5% (h), and 0.25% (*). Panel B shows the effect of
PEG-20K at 1% (D), 0.5% (h), and 0.25% (*). Panel C
shows the effect of gel-A at 0.05% (D), 0.025% (h), and
0.0125% (*). Panel D shows the effect of gel-B at 0.05%
(D), 0.025% (h), and 0.0125% (*). Panel E shows the effect
of dex-1.5K at 1% (D), 0.5% (h), and 0.25% (*). Panel F
shows the effect of dex-20K at 1% (D), 0.5% (h), and
0.25% (*) (n ¼ 3 independent preparations).
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transfect cells in cell arrays, suggesting that the
requirements of vectors for high efficiency were dif-
ferent. The dex-PEI formed a looser structure of vec-
tor in comparison to unmodified bPEI.17 Because in
the typical transfection procedures cells have grown
on the substrate already, the vectors can enter the
cells after the attachments onto the cell membrane
from the bulk solution. However, in cell arrays,
because the vectors are immobilized within the sub-
strate first, the entry of vectors into the cells requires
the cells to settle down from the medium and then
to attach on the substrate. The cellular entry of vec-
tors requires proteoglycan, which might be partially
digested by trypsin when the cells were harvested
and prepared to seed onto cell arrays. It takes time
to restore the proteoglycans on the cell membrane.
For the vectors formed by dex-PEI, the loose struc-
ture tended to release DNA in a short period of time
and could not be retained within the substrate long
enough for the utilization of the recovered proteo-
glycans to enter the cells. The observations indicated
that the capability of forming tighter complexes with
DNA is requisite for the carriers to be used in cell
arrays. Linear PEI consisting of linear repeating
units was examined for its efficacy as a gene deliv-
ery vehicle in cell arrays. Despite that it has been
shown to be a very efficacious carrier for gene deliv-
ery in cell culture and animals, using linear PEI
completely abolished the appearance of GFP-positive
cells (data not shown) presumably also due to the
formation of loose structures with DNA.18,19 All the
effective enhancers in cell arrays failed to improve

any efficiency when a typical transfection process
was carried out in cell culture, indicating the differ-
ences in the transfection mechanisms of cell arrays
and cell culture.

CONCLUSION

Branched PEI is a highly efficient agent that could
be applied in the preparation of cell arrays. The effi-
ciency of cells expressing the delivered gene exhib-
ited strong dependence on the amount of DNA that
was immobilized on the substrate. In the presence of
PEG 2K or gelatin A, more than 70% of the cells
grown on the top of each spot could express the
delivered gene at a DNA concentration of 0.45 mg/
mL. The high efficiency could allow a substantial
extent of changes in the cellular function of the cells
on the arrays and thus provide significant signals
for detection and analysis.
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Figure 3 Transfection efficiency of using dex-PEI in the
preparation of cell microarrays. PEI with two different
degrees of dex-1.5K conjugation was used in preparing
cell arrays. Compared with the reagents without any
enhancers (solid bar), no enhancements were observed for
the percentages of GFP-positive cells mediated by the
transfection reagents containing PEG-2K (///) and gel-A
(\\\) as enhancers.
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