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In this manuscript, we report how transfection efficiencies vary as a function of the substrate upon which
cells adhere using a polymer microarray platform to allow rapid analysis of a large number of substrates.
During these studies, traditional transfection protocols were nonsatisfactory, and thus we developed an
approach in which an ultrasonic nebulizer was used to dispense lipoplexes onto cell-based microarrays in
the absence of liquid. Under these conditions, droplets were directly deposited onto the cells thereby enhancing
transfection. This approach was successfully applied to the transfection of various cell lines immobilized on
a library of polyacrylates and permitted the identification of highly efficient transfection/polymer combinations,
while showing that specific polymer–cell interactions may promote the efficacy of chemical transfection.

Introduction

The micropatterning of surfaces to either promote or
impede cell attachment is an active area of research.1–4 A
key component in enabling patterning has been the develop-
ment of a variety of so-called “biomaterials” which aim to
provide optimal derivatized substrates for cellular localization
and attachment.5–9 Examples of practical cell micropatterning
include investigations of coculture interactions,10,11 cellular
adhesion studies,5,6 differentiation,12 phagocytosis,13 and
migration assays.14 However care is needed in micropat-
terning because the extracellular microenvironment (in
micropatterning the substrate being used for cell attachment)
plays a key role in controlling cellular behavior and function,
often by altering gene expression,1,15,16 which subsequently
controls a myriad of biological events such as cellular
differentiation,16 phagocytosis,17 and apoptosis.18 These
changes in cellular gene expression and cellular physiology
provoked by cell-substrate interactions affect cell prolifera-
tion, morphology, and cellular metabolism. We considered
that it was possible that the substrate upon which the cells
grow would influence the delivery routes and efficiency by
which exogenous materials could be introduced into cells,
for example by enhancing or diminishing the delivery of
genetic material via lipoplex-mediated transfection.

This hypothesis was investigated by the synthesis of a
library of 124 polyacrylates and the development of a
polymer microarray platform allowing localization of an
assortment of cell lines. This was followed by the nebuliza-
tion-mediated transfection of preformed lipoplexes onto the
micropatterned cells (see Figure 1) and the development of
an efficient high-throughput (HT), high-content method to
facilitate the screening of which substrates either promoted
or reduced transfection efficiency. This approach thereby

facilitated the identification of polymers that allowed both
optimal cell binding and highly efficient transfection. It is
important to note here that the transfection microarray
approach presented here is “direct”, as opposed to so-called
“reverse” transfection19 (see Figure 1), in that the DNA is
directly deposited onto the cells rather than diffused from
underneath the immobilized cells (a method that has been
applied for global phenotypic screening).20–26

Experimental Section

Synthesis of the Polyacrylate Library. The polyacrylate
library was prepared by parallel synthesis on a millimolar
scale by typical free radical chemistry.27 Briefly, a mixture
of AIBN, two types of monomers (a list of monomers is
shown in Figure 2) in varying proportions and solvents
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Figure 1. Direct (A) and reverse (B) transfection approaches on a
microarray format. Figure shows cells adhering to the surfaces of
the specific features in A or across the whole slide in B.
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(according to monomer solubility) were mixed under nitro-
gen, heated to initiate the polymerization reaction, and stirred
overnight. After reaction, the products were precipitated by
dropwise addition into a nonpolar solvent (hexane, cyclo-
hexane, diethyl ether, or a mixture thereof) to give a solid,
which was collected by centrifugation. The polymer libraries
generated were “coded” using the following nomenclature:
(i) a number representing monomer I (Figure 2); (ii) a capital
letter, representing monomer II (Figure 2), and (iii) a number
representing the relative proportion of monomer 1. Thus 1A7
corresponds to a polymer synthesized by a monomer mixture
of 70 mol % styrene and 30 mol % N,N-diethylacrylamide.
With the idea of investigating the role of each of the
monomers in the biological compatibility of the polymers,
we employed three different ratios of monomer I and
monomer II. Monomers were chosen on the basis of their
propensity to bind cells (cationic in nature) and their reported
biocompatible properties.28 Monomers 3 and C were selected
because of their reported biocompatible properties.28 The
inclusion of monomers with nitrogen-based motifs was
dictated by the desire to develop a variety of interactions
with cells (hydrogen bonding, electrostatic interactions etc)
but which might also bind proteins from the growth serum.
The 124 polymers of the library were all characterized using
high-throughput GPC (column PLgel HTS-D 150 × 7.5 mm
ID, Polymer Laboratories, 1-methyl-2-pyrrolidinone (NMP)
1 mL/min; they had molecular weights ranging from 14 to
110 kDa) and Hyper DSC (Diamond, Perkin-Elmer).

Fabrication of the Polymer Microarray. Experiments
were carried out on a micropatterned surface consisting of
an agarose-coated glass slide that was contact-printed with
numerous different polymers. The agarose surface6,14,29,30

drives cellular immobilization onto the various printed
materials and the slides were coated by being dipped once

into a 1% agarose (type I-B, Sigma-Aldrich) aqueous solution
at 60 °C. Initial arrays consisted of a library of 124 novel
polyacrylates in triplicate as previously described.6,17 The
second array of eight selected polymers was fabricated by
printing each polymer in a 3 × 3 pattern replicated on four
fields per slide. The array was composed of eight polymers:
the six hit polymers (2W7, 70 mol % methyl methacrylate
and 30 mol % mono-2-(acryloyoxy)ethyl succinate; 2W9,
90 mol % methyl methacrylate and 10 mol % mono-2-
(acryloyoxy)ethyl succinate; 2T9, 90 mol % methyl meth-
acrylate and 10 mol % methacrylic acid; 2X9, 90 mol %
methyl methacrylate and 10 mol % ethylene glycol meth-
acrylate phosphate; 3P5, 50 mol % 2-hydroxyethyl meth-
acrylate and 50 mol % 2-vinylpyridine; 4H5, 50 mol %
2-(tertbutylamino)ethyl methacrylate and 50 mol % 2-(me-
thyloxi)ethyl methacrylate) and two negative control poly-
mers (1A7, 70 mol % styrene and 30 mol % N,N-
diethylacrylamide; 1B7, 70 mol % styrene and 30 mol %
N,N-dimethylacrylamide). Before seeding with cells, all
microarray slides were sterilized under UV light for 15 min.

Cell Culture. Media, sera, and antibiotics were purchased
from Gibco or Sigma-Aldrich. Cultures were performed in
a 5% CO2 atm at 37 °C in a SteriCult 200 (Hucoa-Erloss)
incubator. Cells were cultured in media (DMEM for HEK293T
and B16F10, and RPMI for HeLa) supplemented with 10%
fetal bovine serum (FBS), glutamine (4 mM), and antibiotics
(penicillin and streptomycin, 100 units/mL). The day before
nebulization, the cells were washed with phosphate buffered
saline (PBS), detached with trypsin/EDTA, counted, and
diluted with media to give a final concentration of 100,000
cells per milliter. Five milliliters of this cellular dilution was
added per well on a four-well plate and incubated overnight.

Study of Polymer Biocompatibility. The viability of cells
on the polymer supports was systematically tested for each

Figure 2. Monomers used for the synthesis of the polyacrylate library.
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cell line by means of the protocols optimized for a microarray
format, recently reported by our group,31 based in the use
of CellTracker Green CMFDA (Molecular Probes Inc.).

Dispensing of Liquids via an Ultrasonic Nozzle. Liquid
formulations were delivered onto the cells using a 120 kHz
ultrasonic nozzle (Sonaer Ultrasonics, Farmingdale, NY). The
droplets generated by this device were 12.5 µm in diameter.
The dispensing speed of the liquid was regulated by
controlling the power intensity with a SONOZAP piezo
ultrasonic generator (Sonaer Ultrasonics, Farmingdale, NY).
The power output, which ranged from 0 to 8 W, was set at
4 W (see Supporting Information). The liquid samples were
infused at a liquid flow rate of 400 nL/s into the ultrasonic
nozzle using an UltraMicroPump II flow pump (World
Precision Instruments, Saratoga, FL).

Nebulization of Lipoplexes on a Microarray Format.
The arrays were performed on three ubiquitous mammalian
cell lines (HEK293T, HeLa, and B16F10) using a com-
mercially available transfection reagent (Effectene) and a
GFP-reporter plasmid (Figure 3). Before nebulization of the
lipoplexes onto the micropatterned cells, Effectene was
complexed with pEGFP-C1, following the procedure recom-
mended by the supplier, and the mixture was incubated for
15 min. The slide was gently washed (twice) with PBS and
deposited into a four-well plate in absence of liquid (cells
were viable for at least 10 min in this “semi-wet state”, more
than sufficient time in which to accomplish the nebulization
protocol). The transfection reagent/plasmid formulation was
then diluted with media (final volume ) 100 µL, see
Supporting Information), and the full amount was sprayed
onto the slide. The optimal distance between nozzle and the
cells was approximately 1 cm; closer distances were some-
times found to lead to cell detachment. The nebulization
experiments were carried out in triplicate with different
quantities of plasmid (0.2, 0.4, and 0.8 µg) with the whole
procedure performed inside a laminar-flow cabinet. To avoid
aerosol disruption because of the air movement within the
cabinet, experiments were carried out within a four-walled
enclosure (5 cm high walls). The slide was then incubated

for 5 min at room temperature; 5 mL of media was added,
and the cells were incubated at 37 °C and 5% CO2 for two
days.

High-Throughput Microscopy of Living Cell Microar-
rays. The analysis of cell-based microarrays is conventionally
achieved by fixing the cells and then analyzing them by
fluorescence microscopy.15–20,22 However, following this
procedure, high diminution of fluorescence intensity was
observed. Analysis of GFP expression was therefore carried
out on live cells. Cells were checked and images captured
using a ×40 objective on a Leica fluorescence microscope.
After 2 days, HT screening of localized cells was achieved
as follows: Media was removed; the cells were washed using
an isotonic aqueous solution (8.1 g/L NaCl, 0.2 g/L KCl),
and the nuclei were stained with Hoechst-33342 (1 µg/mL
in the isotonic solution for 30 min) and washed again. The
glass slide was immobilized with adhesive onto a transparent
plastic case and immersed in phenol red-free media. High-
throughput analyses of the cell-micropatterned slide was
carried out under brightfield illumination 488 and 407 nm
excitation on a Zeiss Axiovert 200 fluorescence microscope
(×20 objective) using the IMSTAR Pathfinder software.
Fluorescence values were expressed as mean fluorescence
(arbitrary units) and fluorescence intensity per cell. The mean
fluorescence values (acquired through the 488 nm filter) were
divided by the number of cell nuclei per spot (counted
automatically using the Pathfinder software) to obtain the
“fluorescence intensity per cell” values.

Results and Discussion

Various cell lines (human embryonic kidney HEK293T,
human cervical adenocarcinoma HeLa, and mouse melanoma
B16F10) were incubated on the polymer microarrays con-
taining 124 polyacrylates for a minimum of 24 h to promote
good cell/matrix attachment. Lipoplex-based transfection of
pEGFP-C1 (a plasmid encoding the green fluorescent protein
(GFP)) was initially attempted by simple addition of the
lipoplexes diluted in the media onto the slide. However, this
resulted in little transfection, even upon dramatically increas-

Figure 3. General methodology employed for nebulization-assisted direct transfection microarray studies.
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ing the amount of lipoplex added (10-fold over standard
procedures). This lack of transfection was presumably a

consequence of the agarose surface, which was used as the
means to allow highly controlled cell patterning. A different
method of dispensing the lipoplexes was thus developed.
Lipoplex nebulization was evaluated as this appeared to offer
an attractive approach to generating the lipoplexes and adding
them directly on top of the cells on the microarray (there
was some evidence that spraying preformed lipoplexes into
wells would give transfection).32 This was carried out using
pEGFP-C1 formulated with a set of commercially available
transfection reagents (Effectene, Lipofectamine, DOTAP,
Lipofectamine 2000). Effectene was clearly the best reagent
under the nebulization conditions (see Supporting Informa-
tion).

Figure 4. Images of living cells on polymer spots: (A) B16F10 on
polymer 4H5; (B) HeLa on polymer 2X9; (C) HEK293T on
polymer 4H5 (brightfield (left), 488 nm excitation (middle), and
composite images (right)). Images were obtained after the slides
were sprayed with 0.8 µg of pEGFP-C1 complexed with Effectene
at a power intensity of 4 W and two days incubation time. Images
were obtained using an ×40 objective.

Figure 5. 3 × 3 patterned array of HeLa cells on polymers 2T9 and 3P5, following transfection with pEGFP-C1 complexed with Effectene:
(A) brightfield, (B) 488 nm excitation, and (C) 407 nm excitation. (D) Quantitative study of fluorescence per spot and average fluorescence
per cell generated via analysis of the digital images with the PathfinderTM software (arbitrary units) presented as an average of all cells
from all identical polymer features (36 per slide). The results were highly reliable as shown by the uniform GFP expression across the
polymers features (in the 3 × 3 format on four different fields).

Table 1. Cell–Polymer Binding Specificity

polymer codea HEK293T HeLa B16F10

2W7 + - -
2W9 + + +
2T9 + + +
2X9 + + -
3P5 - + -
4H5 + - +

a Polymers marked - did not support cells. Polymers marked + con-
tained stable numbers of cells and also expressed GFP on all replicate
spots two days after being subjected to DNA spraying. Polymer com-
position: 2W7, 70% methyl methacrylate and 30% mono-2-(acry-
loyoxy)ethyl succinate; 2W9, 90% methyl methacrylate and 10%
mono-2-(acryloyoxy)ethyl succinate; 2T9, 90% methyl methacrylate and
10% methacrylic acid; 2X9, 90% methyl methacrylate and 10% ethylene
glycol methacrylate phosphate; 3P5, 50% 2-hydroxyethyl methacrylate
and 50% 2-vinylpyridine; 4H5, 50% 2-(methoxy)ethyl methylacrylate
and 50% 2-(tertbutylamino)ethyl methacrylate.
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Nebulization-based direct transfection was optimized for
the microarray format by variation of the concentration of
the cells seeded onto the array, the amount of plasmid
sprayed, the procedure to spray the lipoplexes onto the
micropatterned cells, and the optimal incubation time.
Nebulization was achieved while keeping the slide in a semi-
wet state. Under these conditions aerosol droplets were
directly deposited onto the cells, giving hugely enhanced
transfection. The 124-polymer arrays were incubated with
cells and transfected after 24 h with Effectene/pEGFP-C1
complexes sprayed at 4 W. The ideal substrates for optimal
cell binding and enhanced transfection were then assessed.
Analysis revealed a set of polymers with good cell binding
(Table 1), positive transfection (see Figure 4), and high cell
viability. As noted in Table 1, polymers supporting trans-
fected cells could be identified for all cell lines, showing
either general or unique cell-line binding.

The hit polyacrylates (see the six selected polymers in
Table 1) from the initial screening and some negative control
polymers (1A7 and 1B7, both of which did not provide any
cell adhesion) were reprinted for further direct transfection
experiments with the cell lines HEK293T, HeLa, and
B16F10. Although experiments using 0.8 µg of plasmid (per
slide) gave the highest proportion of transfected cells, 0.4
µg provided the best results for observing variations in the
GFP expression of cells attached on the different hit
polymers.

The HT screening of HeLa cells on the hit-polymer array
showed higher fluorescence intensity emanating from cells
that adhered onto polymer 3P5 than from the others. As
observed in Figure 5, the effect of cell-matrix interactions
on the transfection of HeLa cell line by polymers 3P5
(consisting of 50% 2-hydroxyethyl methacrylate and 50%
2-vinyl-pyridine) and 2T9 (90% methyl methacrylate and
10% methacrylic acid) were particularly marked, highlighting
the influence of cell-matrix interactions in lipoplex-based
transfection efficacy. When these data were expressed as
fluorescence intensity per cell, the difference was up to 5-fold
(Figure 5), an enormous variation in GFP expression. The
other two polymers on which HeLa cells adhered also
showed lower GFP expression than on 3P5 but higher than
on 2T9. Interestingly, although polymers 2T9, 2W9, and 2X9
(mostly composed by methyl methacrylate) showed slightly
better adhesive properties than 3P5 (see Figure 6), they also
showed much lower transfection efficiency. The increased
transfection efficiency found in cells on 3P5 could be the
consequence of changes in gene expression, provoking either
enhanced DNA transport or a rise in global protein biosyn-
thesis and, consequently, an increment in the GFP expression.
However, because of the complexity of the multistep
transfection process, other possibilities such as changes in
plasma membrane composition cannot be ruled out.

Optimal transfection supports were found with HEK293T
cells (an easy-to-transfect cell line) as well as with B16F10

Figure 6. Representative images of living HeLa cells on polymers 2T9, 2W9, 2X9, and 3P5 from analysis (×20 objective) of the living cell
microarray: (A) brightfield and (B) FITC-DAPI composite.

Figure 7. Images of living cells on polymer 2W9 and 2T9: (A) HEK293T and (B) B16F10 after spraying and two days incubation: brightfield
(upper), 488 nm excitation (middle), and composite (bottom).
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(a hard-to-transfect cell line),33 although the screening of
these cell lines on the second array did not show significant
fluorescence variation across the selected polymers regardless
the quantity of plasmid nebulized (see Figure 7). Polymer
3P5 did not support either HEK293T or B16F10 adhesion,
and thus, it was not possible to compare directly the results
obtained with HeLa cells but shows the exacting specificity
that polymers have for varying cell types.5,6,17

A comparative study of the nebulizer-mediated transfection
method relative to the Sabatini’s reverse transfection method
was carried out. For evaluating both methods in a quantitative
way, we used as a reference the optimized results obtained via
reverse transfection by Baghdoyan et al.34 (obtained using
identical conditions: HEK293T cells, pEGFP-C1, and Effect-
ene). This showed that nebulizer-mediated direct transfection
was more efficient than reverse transfection (see Section 3 of
Supporting Information), while being more economical in the
amount of DNA per feature.

Conclusions

A novel methodology has been developed to facilitate the
transfection of micropatterned cells by means of an ultrasonic
atomizer. The application of this method to a combinatorial
library of new polyacrylates demonstrated that the polymer
substrate clearly influences transfection efficiency and allowed
the identification of specific, highly efficient transfection/
polymer combinations. The approach could become a valuable
tool for the optimization of transfection of difficult-to-transfect
cell lines via the selection of optimal substrates. Finally, the
study of the gene expression profiles of the cells adhered onto
these polymers, particularly those in which the transfection is
highly up-regulated, could allow the identification of genes/
proteins involved in the transfection process.
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