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Abstract
Non-viral gene delivery by immobilization of complexes to cell-adhesive biomaterials, a process
termed substrate-mediated delivery, has many in vitro research applications such as transfected
cell arrays or models of tissue growth. In this report, we quantitatively investigate the efficiency of
gene delivery by surface immobilization, and compare this efficiency to the more typical bolus
delivery. The ability to immobilize vectors while allowing cellular internalization is impacted by
the biomaterial and vector properties. Thus, to compare this efficiency between vector types and
delivery methods, transfection conditions were initially identified that maximized transgene
expres- sion. For surface delivery from tissue culture polystyrene, DNA complexes were
immobilized to pre-adsorbed serum proteins prior to cell seeding, while for bolus delivery,
complexes were added to the media above adherent cells. Mathematical modeling of vector
binding, release, and cell association using a two-site model indicated that the kinetics of polyplex
binding to cells was faster than for lipoplexes, yet both vectors have a half-life on the surface of
approximately 17 min. For bolus and surface delivery, the majority of the DNA in the system
remained in solution or on the surface, respectively. For polyplexes, the efficiency of trafficking of
cell-associated polyplexes to the nucleus for surface delivery is similar or less than bolus delivery,
suggesting that surface immobilization may decrease the activity of the complex. The efficiency of
nuclear association for cell-associated lipoplexes is similar or greater for surface delivery relative
to bolus. These studies suggest that strategies to enhance surface delivery for polyplexes should
target the vector design to enhance its potency, whereas enhancing lipoplex delivery should target
the material design to increase internalization.
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Introduction
Gene delivery from surfaces has considerable potential in many in vitro research
applications, such as transfected cell arrays for studies in functional genomics or patterned
gene delivery for models of tissue growth (Bailey et al., 2002; Houchin-Ray et al., 2007;
King et al., 2007; Ziauddin and Sabatini, 2001). For surface delivery, a process that has been
termed substrate-mediated delivery (Bengali and Shea, 2005; Bengali et al., 2005; Pannier
and Shea, 2004; Segura and Shea, 2002; Segura et al., 2003), reverse transfection (Ziauddin
and Sabatini, 2001) or solid-phase delivery (Bielinska et al., 2000), a biomaterial
immobilizes and maintains the vector at the surface, while allowing for cellular
internalization. Immobilization to a cell adhesive substrate limits aggregation, places the
vector directly in the cell microenvironment to reduce mass transport limitations, and
localizes delivery (Bailey et al., 2002; Chang et al., 2004; Honma et al., 2001; Houchin-Ray
et al., 2007; Luo and Saltzman, 2000; Schaffer and Lauffenburger, 1998; Segura and Shea,
2002; Segura et al., 2003; Shea et al., 1999; Silva et al., 2004; Vanhecke and Janitz, 2004;
Webb et al., 2003; Wheeler et al., 2005; Yamauchi et al., 2004; Yoshikawa et al., 2004).
DNA can be immobilized by entrapment of naked plasmid in gelatin followed by addition of
the transfection reagent (Ziauddin and Sabatini, 2001) or polyelectrolyte layering (Jewell et
al., 2005). Alternatively, DNA complexes can be preformed and immobilized to the
substrate through specific tethers (Segura and Shea, 2002; Segura et al., 2003, 2005) or non-
specific adsorption, either on an uncoated substrate (Bengali et al., 2005; Bielinska et al.,
2000; Jang et al., 2006; Pannier et al., 2005; Shen et al., 2004; Yoshikawa et al., 2004) or
substrates coated with serum or extracellular matrix proteins to mediate cell adhesion and
complex immobilization (Bengali et al., 2007). Immobilization by non-specific adsorption
can reduce the amount of DNA required for expression and increase transgene expression
and the number of cells expressing the transgene relative to similar quantities delivered as a
bolus (Bengali et al., 2005; Jang et al., 2006); however, the delivery efficiency is a function
of both the properties of the vector and substrate (Bengali et al., 2005; Pannier et al., 2005;
Segura et al., 2003).

The utility of surface delivery and the potential applications could be greatly enhanced by
identifying the limiting steps in gene delivery. The barriers to successful gene delivery
include extracellular stability and transport, cellular association and internalization,
endosomal escape, cytoplasmic transport and stability, and nuclear localization (Wiethoff
and Middaugh, 2003). Recently, quantitative studies of DNA trafficking following bolus
addition of nonviral vectors to cultures have been employed to identify the rate limiting
steps (Akita et al., 2004; Hama et al., 2006; Varga et al., 2005). Polyplexes were limited by
intracellular trafficking, with the specific step determined by the polyplex design.
Lipoplexes, conversely, were limited by cellular association and internalization (Varga et al.,
2005). Although the potential to transfect cells from the surface has been demonstrated,
quantitative studies for delivery of surface immobilized vectors are needed to identify the
specific barriers for surface-mediated gene delivery, which can elucidate specific design
parameters for the material surface and vector.

This report investigates the efficiency and principle barriers to gene delivery from a protein-
coated surface relative to bolus delivery. We have previously demonstrated the potential of
substrate-mediated delivery to produce significantly higher transfection than bolus delivery
for the same quantity of DNA, which indicated the ability to overcome mass transport
limitations and that transfection was dependent upon both the surface and vector properties
(Bengali et al., 2005). In this study, transfection conditions were identified that maximized
transgene expression for both surface and bolus delivery in order to compare efficiency
across vectors and delivery systems. Proteincoated tissue culture polystyrene was employed
for the immobilization of polyplexes and lipoplexes. Specific observations investigated
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include (i) protein expression and the distribution of complexes among the cell population,
(ii) the relative amounts of DNA that remain in solution or on the surface, and (iii) the
amount of DNA associated per cell and associated to the nucleus, which may reflect the
efficacy of the complexes. Mathematical modeling was employed to characterize the
kinetics of vector binding, release, and cellular association. These studies determine the
relative efficacy of the complexes delivered from the substrate and identify the limiting
steps, which is essential to developing systems that maximize gene transfer.

Materials and Methods
Materials

Plasmid encoding for enhanced green fluorescent protein and firefly luciferase (pEGFP-Luc)
with a CMV promoter was purified from bacterial culture using Qiagen (Valencia, CA)
reagents and stored in Tris–EDTA buffer (10 mM Tris, 1 mM EDTA, pH 7.4). Branched
polyethylenimine (PEI, 25 kDa) was purchased from Sigma-Aldrich (St. Louis, MO).
Lipofectamine 2000, SYTO 61 nucleic acid stain, and LysoTracker Yellow HCK-123 were
purchased from Invitrogen (Carlsbad, CA). All other reagents were obtained from Fisher
Scientific (Fairlawn, NJ) unless otherwise noted.

Complex Formation and Immobilization
DNA complexes were formed by the addition of cationic polymer (PEI) (Boussif et al.,
1995) or cationic lipid (Lipofectamine, 2000) to plasmid resulting in self-assembled
colloidal particles. PEI/DNA complexes, termed polyplexes, were formed at N/P ratios
(nitrogen/phosphate ratios, i.e., charge ratios) of 10 (“low-content polyplexes”) and 25
(“high-content polyplexes”) using 6 μg DNA for polyplexes to be immobilized and 2.4 μg
DNA for polyplexes to be delivered as a bolus. Lipofectamine 2000 complexes were formed
at ratios of 1:0.5 μg DNA:mL lipid (“low-content lipoplexes”), with 4 μg DNA for
immobilized lipoplexes and 1.6 μg DNA for lipoplexes delivered as a bolus, and 1:2 μg
DNA:mL lipid (“high-content lipoplexes”), with 1.32 μg DNA for immobilized lipoplexes
and 1.6 μg DNA for lipoplexes delivered as a bolus. Polyplexes were formed in tris-buffered
saline (TBS, pH 7.4) and lipoplexes were formed in serum-free cell growth media (DMEM).
Polyplexes to be immobilized were formed by adding PEI (500 μL) dropwise to a solution
containing DNA (750 μL), vortexed and incubated for 15 min at room temperature.
Lipoplexes to be immobilized were formed by adding Lipofectamine 2000 (625 μL)
dropwise to solution containing DNA (625 μL), mixed gently by pipetting and incubated for
20 min at room temperature. Polyplexes and lipoplexes for bolus delivery were formed in
10% of the volume used for immobilized complexes above.

Complexes were immobilized on serum-coated tissue culture polystyrene. Tissue culture
polystyrene was serum-coated by incubation with heat-inactivated fetal bovine serum (FBS,
GIBCO-Invitrogen, Greenland, NY, 200 μL, 10% in PBS, pH 7.4) for 2 h, followed by two
wash steps with phosphate-buffered saline (PBS). Incubation of preformed DNA complexes
with the substrate for 4 h immediately followed complex formation (1,250 μL) and was
followed by washing twice with TBS for polyplexes or DMEM for lipoplexes.

Cell Culture and Transfection
Transfection studies were performed with NIH/3T3 (ATCC, Manassas, VA) cells cultured at
37°C and 5% CO2 in DMEM (Invitrogen, CA) supplemented with 1% sodium pyruvate, 1%
penicillin–streptomycin, 1.5 g/L NaHCO3,and10%heat-inactivated FBS to produce complete
DMEM (cDMEM). Cells were seeded at a density of 62,500 cells per well in 12-well plates.
For substrate-mediated delivery, cells were seeded immediately following complex
immobilization and wash steps. Studies were also performed with standard bolus delivery to
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cells plated in 12-well dish at a density of 62,500 cells per well and cultured overnight
before complexes were added. The number of cells per well in culture 24 h after delivery of
DNA was determined in triplicate. Cells were harvested after transfection and counted using
a hemacytometer. Transfection was analyzed 24 h after cells were exposed to complexes.
Transfection was characterized through the extent of transgene expression (luciferase levels)
and the number of transfected cells (GFP expression). The extent of transgene expression
was quantified by measuring the luciferase activity using the Luciferase Assay System
(Promega, Madison, WI). Cells were lysed with 500 μL Reporter Lysis Buffer (Promega)
and assayed for enzymatic activity 24 h after exposure to DNA complexes. The luminometer
was set for a 3 s delay with signal integration for 10 s. Luciferase activity was normalized to
total cellular protein using the bicinchoninic acid (BCA) assay kit (Pierce, Rockford, IL).
Transfected cells were visualized using an epifluorescence microscope (Leica,
Bannockburn, IL) with a FITC filter and equipped with a digital camera, and transfection
efficiency was determined using flow cytometry (see below). All studies were carried out in
triplicate.

DNA Distribution in Culture System
Quantification of plasmid in the system utilized radiolabeled plasmid with α-32P dATP
(PerkinElmer, Waltham, MA). Briefly, a nick translation kit (GE Healthcare Life Sciences,
Piscataway, NJ) was used following the manufacturer's protocol with minor modifications
(Segura et al., 2003). Plasmid integrity was characterized using agarose gel electrophoresis
with 1% agarose in TAE. Plasmid labeling yielded super-coiled and open-circular
conformations, with no small fragments that would indicate plasmid degradation (data not
shown). The unbound DNA was determined by adding complex incubation solution and
wash solution to scintillation cocktail (Biosafe II, 10 μL) for measurement on a scintillation
counter. The amount of DNA immobilized was determined by subtracting the amount of
unbound DNA from the DNA initially incubated on the substrate (Table I). The amount of
cell-associated DNA was determined by harvesting cells from the substrate and adding
samples to scintillation cocktail. Cultured cells were washed once with PBS (500 μL),
exposed to trypsin (500 μL) for 3 min and quenched with 1 μL cDMEM. Cells were further
removed from the substrate using a cell scraper. For the quantification of cell-associated
DNA, cells were centrifuged at 500g for 5 min and resuspended in PBS (500 μL) for
subsequent counting. DNA in the media was measured by counting the media above the
cells in scintillation cocktail. DNA remaining on the substrate was determined by
subtracting the cellular-associated DNA and DNA quantities in the media from the total
DNA immobilized or delivered as a bolus. Quantities of DNA per cell were calculated by
dividing the total amount of DNA associated with cells by the number of cells in culture 24
h after exposure to DNA complexes.

Mathematical Model
Polyplex and lipoplex desorption, cellular association, and transport in the bulk media are
modeled using a series of differential equations. The substrate is modeled as having two
sites for the immobilized complexes (Eqs. 1 and 2), with the density of immobilized DNA
denoted as Dtot. Complex dissociation is modeled as a first order process, with the initial
fractional density for sites 1 and 2 ( fs1, fs2) and their corresponding kinetic constants (ks1,
ks2) dependent upon the vector. Note that the second site is modeled as irreversible binding
(ks2 = 0 cm−1), with values for ks1 determined from the experimental data. Complexes are
released into the bulk solution immediately adjacent to the surface. The concentration profile
in solution is described by Equation (3), and allows for transport by diffusion within solution
with diffusivity DDNA. The boundary condition at the substrate surface (x = 0 cm) is that the
flux of DNA is equal to the amount released from the substrate. The other boundary
condition is at the liquid surface, (x = 0.3 cm) which is a no-flux boundary condition.
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Finally,=DNA in solution adjacent to the substrate can associate with cells with a kinetic
constant kassoc (Eq. 4). These equations were coded into and solved using Matlab. The
values for the diffusivity were obtained from literature reports (Clamme et al., 2003;Lai and
van Zanten, 2002), whereas the kinetic constants were determined using the mathematical
model and minimizing the second norm. The model parameters are presented in Table II.

(1)

(2)

(3)

(4)

Transfection Efficiency and Distribution of Cellular Internalization
The number of transfected cells and the number of cells that internalized DNA complexes
were measured with a FACSscan flow cytometer (Becton Dickinson, San Jose, CA)
equipped with a 15 mW, 488 nm air cooled argon-ion laser. A 530 nm bandpass filter was
used to measure fluorescence from GFP and fluorescein labeled DNA. Approximately
10,000 cells were analyzed per sample. For all samples, a threshold was set such that the
negative control had 1% positive events (i.e., 1% of the negative control was transfected or
had internalized DNA). DNA was labeled with fluorescein using the Label IT Nucleic Acid
Labeling Kit (Mirus, Madison, WI) following the manufacturer's protocol and complexes
formed as described above. Cells were harvested as described above and resuspended in 500
μL of 0.5% BSA and 0.1% sodium azide in PBS. Fluorescence from extracellular DNA was
quenched by addition of trypan blue as described (Rejman et al., 2004, 2005).

Subcellular Distribution
Quantification of internalized and nuclear-associated radiolabeled plasmids was performed
as described previously with minor modifications (Moriguchi et al., 2006). For
quantification of internalized DNA delivered by lipoplexes, harvested cells were suspended
in 100 μL of CellScrub Buffer (Gene Therapy Systems, Inc., San Diego, CA) to remove
cell- surface bound lipoplexes. The cell suspension was incubated at room temperature for
30 min, and then centrifuged at 2,000 rpm for 3 min. The cells were then resuspended in
PBS for subsequent counting. DNA internalization efficiency was calculated as internalized
plasmids per cell divided by cell-associated plasmids per cell. Internalization of polyplexes
was not measured, as the cell scrubbing method used to remove cell-associated DNA was
only designed for lipid/ DNA systems. For quantification of nuclear-associated DNA,
harvested cells were suspended in a 3:1 mixture of CellScrub Buffer and cell lysis solution
(2% IGEPAL CA630, 40 mM NaCl, 12 mM MgCl2 and 40 mM Tris–HCl, pH 7.4).
CellScrub was present in the lysis solution to limit DNA association with the nucleus after
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lysis (Moriguchi et al., 2006). The suspension was centrifuged at 9,200g for 2 min, and the
supernatant was removed. The pellet was resuspended in CellScrub/cell lysis solution and
centrifuged three more times. The nuclear fraction was then resuspended in PBS for
subsequent counting. Nuclear-trafficking efficiencies for polyplexes and lipoplexes were
calculated as nuclear-associated plasmids per cell divided by cell-associated plasmids per
cell.

Imaging and Quantification of Lysosomal Plasmid
Plasmids encoding for β-galactosidase were labeled with Cy3 using a Label IT nucleic acid
labeling kit (Mirus) according to the manufacturer's instructions. Briefly, DNA and Label IT
reagents were mixed and incubated at 37°C for 1 h. After incubation, DNA was precipitated
with 70% ethanol and resuspended in 10 μL Tris-EDTA (TE) buffer.

NIH/3T3 cells were transfected in 8-well glass chamber slides (Nalge Nunc International,
Rochester, NY) as described above. An inverted Leica LCS DM-IRE2 confocal microscope
was used to image live cells, which were imaged through a 40× oil-immersion objective
with a field of view of 375 μm × 375 μm, with Z-sections taken every 366.3 nm. The
resulting image resolution was 2,048 × 2,048 pixels, and Z-sections were taken to image the
entirety of cells within the X,Y field of view, producing a voxel size of 183 nm × 183 nm ×
366 nm (X,Y,Z). Cy3-labeled plasmid DNA was excited by a 1 mW GreNe laser at 543 nm
and fluorescence was observed at 555–600 nm. Lysosomal compartments were visualized
by incubating cells with 0.5 μL Lysotracker Yellow HCK-123 for 30 min at room
temperature prior to excitation by a 5 mW Ar laser at 488 nm and fluorescence was
observed at 495–533 nm. Nuclear compartments were visualized by incubating cells with
0.2 μL Syto 61 nucleic acid stain for 5 min at room temperature prior to excitation by a 10
mW HeNe laser at 633 nm and fluorescence was observed at 645–725 nm. Sequential
scanning was used to control for spectral overlap between fluorophores, with 2× line
averaging to improve signal-to-noise ratios.

Quantification of DNA complex localization within subcellular compartments was
performed using NIH ImageJ (http://rsb.info.nih.gov/ij/). Several plug-ins were used to
facilitate colocalization. Adaptive3DThreshold, a part of the MBF “ImageJ for Microscopy”
Collection (www. macbiophotonics.ca/imagej/) was used to identify cytoplasmic and
nuclear compartments based on the differential intensity of Syto 61 (Invitrogen, Carlsbad,
CA) staining of cytoplasmic mRNA and nuclear DNA. The Object Counter3D plug-in
(http://rsb.info.nih.gov/ij/plugins/track/objects.html) was used to define cellular compart-
ments based upon their volumes, allowing multiple cells to be simultaneously identified and
characterized. ColocalizationHighlighter, also part of the MBF Collection, was used to
colocalize DNA complexes to cytoplasmic or lysosomal compartments. Colocalized voxels
were counted and compared to total cytoplasmic DNA for each condition. At least 17 cells
were captured per image stack, and at least 3 image stacks were analyzed per condition.

Statistical Analysis
Results are represented by the mean and standard deviation of experiments with a sample
size equal to three. Statistical analyses were performed using a one-way ANOVA followed
by Tukey-HSD in the software package JMP 4.0.4 (SAS Institute, Cary, NC). A value of P
less than 0.05 was considered significant.
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Results
Polyplex and Lipoplex Mediated Gene Expression

To compare efficiency between vector types and delivery method, transfection conditions,
that is, the amount of DNA and transfection reagent to be used, were initially identified that
maximized transgene expression (Table I). Transgene expression and number of transfected
cells were determined to be a function of the vector properties in substrate-mediated and
bolus delivery (Fig. 1). Substrate-mediated delivery of N/P 10 polyplexes produced greater
levels of transgene expression than with bolus delivery, yet yielded similar quantities of
transfected cells. However, at an N/P ratio of 25, bolus delivery yielded greater expression
and percentage of transfected cells than surface delivery. Polyplexes formed at an N/P ratio
of 25 resulted in greater expression for both surface and bolus delivery compared to
polyplexes formed at an N/P ratio of 10.

Bolus delivery yielded higher protein expression compared to surface delivery with
lipoplexes. Interestingly, the lipid content of the lipoplexes did not influence transgene
expression for substrate-mediated or bolus delivery. The number of transfected cells was not
different for different lipid amounts for surface delivery, but the number of transfected cells
differed for different lipid amounts for bolus delivery, with high-content lipoplexes resulting
in more transfected cells than low-content lipoplexes.

DNA Localization to Culture System Components
We examined the efficiency of surface and bolus delivery by determining the fraction of
delivered DNA associated with the cells, the culture surface, or the culture media (Fig. 2).
The relative distribution of DNA between the cellular compartment, culture media, and
surface depended primarily upon the delivery mechanism and the N/P ratio; for substrate-
mediated delivery, the majority of polyplex-delivered DNA, 79% or greater, remained
immobilized to the surface, while polyplexes delivered as a bolus primarily remained in the
media (Fig. 2A). Similar to polyplexes, lipoplex delivery had most of the DNA on the
substrate for substrate-mediated delivery, and in the media for bolus delivery (Fig. 2B). For
bolus delivery, high lipid-content lipoplexes had an increased efficiency of cellular
association and a reduced percentage on the substrate relative to low lipid content
lipoplexes, while the percentage in the media remained unchanged. A greater percentage of
the immobilized DNA was found in the media above the cells when compared to polyplexes,
indicating that lipoplexes are more readily released from the substrate compared to
polyplexes.

The percentage of DNA that associated with cells was determined as the amount of cell-
associated DNA divided by the cumulative amount of DNA in the media, with the cells, and
on the surface. For all conditions, less than 12% of DNA was associated with cells after 24 h
(Fig. 2C and D). The efficiency by which polyplexes associated with cells was comparable
for both substrate-mediated delivery and bolus delivery (Fig. 2C). The efficiency of
association significantly increased as the N/P ratio increased from 10 to 25. In contrast to
polyplexes, bolus delivery was more efficient at associating the lipoplexes with cells than
with surface delivery for both low and high lipid contents (Fig. 2D). The high-lipid content
lipoplexes were more efficient at associating with cells than the low-lipid lipoplexes for both
surface and bolus delivery.

The distribution of polyplexes and lipoplexes in the culture system over time was
subsequently investigated for delivery from serum-coated substrates (Fig. 3). Both
polyplexes and lipoplexes had a majority of the release occur within 1 h. Polyplexes had a
release of approximately 20% from the substrate (Fig. 3A), whereas lipoplexes had a release
of approximately 40% (Fig. 3B). For polyplexes, a majority of the released DNA initially
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enters the media, with a gradual accumulation of DNA with the cells. Lipoplexes similarly
have a majority of the released DNA entering the bulk media; however, the cellular
associated quantities are maximal within 1 h and persist for the remainder of the study.

A mathematical model with two distinct DNA binding sites, a reversible and an irreversible
site, was utilized to describe the dynamics of DNA release and cellular association (Fig. 3C,
Table II). The kinetic constants for desorption were approximately 0.04 min−1 for both
polyplexes and lipoplexes, which correspond to a half-life of approximately 17 min. The
kinetic constant for cellular association for polyplexes was 5.0 × 10−10 cm/min/cell, which
is approximately an order of magnitude greater than that determined for lipoplexes.

Distribution of Cells With Internalized Complexes
The efficiency of polyplexes and lipoplexes was further investigated by examining the
percentage of cells that have internalized complexes. Nearly all cells (greater than 95%)
exposed to polyplexes or lipoplexes as a bolus had internalized DNA after 24 h (Fig. 4A and
B). Similarly, nearly all cells (greater than 99%) on surfaces with immobilized complexes
had internalized DNA, except for N/P 10 polyplexes. Importantly, the percentage of cells
with internalized DNA does not correspond to the percentage of cells expressing protein for
both surface and bolus delivery, suggesting that internalization of DNA does not necessarily
result in protein expression. The amount of DNA internalized and nuclear-associated per cell
likely determines whether a cell expresses the delivered transgene, and subsequent studies
quantify the cell-associated, internalized and nuclear-associated DNA.

Subcellular Distribution of DNA
The amount of cell-associated, internalized and nuclear-associated DNA at the maximal
transfection conditions was subsequently investigated for polyplexes and lipoplexes.
Polyplex delivery from the surface provided lower levels of DNA per cell compared to
traditional bolus delivery at N/P 10, while polyplex delivery from the surface provided
greater levels of DNA per cell compared to traditional bolus delivery at N/P 25 (Fig. 5A).
Low PEI-content polyplexes yielded higher amounts of DNA per cell than high PEI-content
polyplexes for both bolus and surface delivery. The highest polyplex association was
achieved with N/P 10 polyplexes delivered as a bolus, with 1.3 × 106 plasmids associated
per cell. Intracellular DNA was also quantified for polyplex delivery (data not shown);
however, these numbers matched the quantity of cell-associated DNA, likely due to the
inability of CellScrub buffer to dissociate polyplexes from cell membranes. Bolus delivery
resulted in more nuclear-associated DNA for low-content polyplexes compared to surface
delivery, while nuclear-associated DNA was similar for both bolus and surface delivery with
high-content polyplexes (Fig. 5B). This reduced amount of nuclear association is
particularly noted with polyplexes formed at an N/P ratio of 10, which resulted in higher
nuclear-association of DNA with bolus delivery, but significantly lower protein expression
compared to substrate-mediated gene delivery. Nuclear-trafficking efficiencies for
polyplexes, which is calculated as nuclear-associated plasmids divided by cell-associated
plasmids, were comparable for surface and bolus delivery with high-content polyplexes,
with bolus delivery resulting in a nuclear-trafficking efficiency of 0.56% and surface
delivery resulting in a 0.40% nuclear-trafficking efficiency. Nuclear-trafficking efficiencies
for low-content polyplexes were 20.8% for bolus delivery and 0.27% for surface delivery.

Lipoplexes had greater quantities of cell-associated DNA for bolus delivery compared to
surface delivery for both low-and high-content lipoplexes (Fig. 6A). The highest lipoplex
association was achieved with high-content lipoplexes delivered as a bolus, with 4.8 × 105

plasmids per cell. For lipoplexes at both high and low lipid content, bolus delivery resulted
in more internalized DNA relative to surface delivery (Fig. 6B). Low-content lipoplexes had
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internalization efficiencies of approximately 30%, with no significant difference between
surface and bolus conditions, while high-content lipoplexes achieved 52.2% and 21.9%
internalization efficiency for surface and bolus delivery, respectively. In addition, bolus
delivery resulted in more nuclear-associated DNA for low-content lipoplexes compared to
surface delivery, while nuclear-associated DNA was similar for both bolus and surface
delivery with high-content lipoplexes (Fig. 6C). Nuclear-trafficking efficiencies for low-
content lipoplexes were of the same order of magnitude for surface and bolus delivery, with
bolus delivery resulting in a nuclear-trafficking efficiency of 3.3% and surface delivery
resulting in a 9.4% nuclear-trafficking efficiency. Nuclear-trafficking efficiency for high-
content lipoplexes delivered from the surface was an order of magnitude greater than for
bolus delivery, with surface delivery resulting in a nuclear-trafficking efficiency of 22.0%
and bolus delivery resulting in only a 3.1% nuclear-trafficking efficiency. Interestingly,
surface delivery with lipoplexes resulted in nuclear-trafficking efficiencies that are one to
two orders of magnitude greater than polyplex surface delivery, suggesting that lipoplexes
are not deactivated by immobilization to a surface compared to polyplexes.

We subsequently characterized the quantity of DNA complexes within lysosomes as a
percentage of cytoplasmic totals. DNA complexes and lysosomes were imaged by confocal
microscopy, and the colocalization of DNA in lysosomes was quantified using NIH ImageJ
(Fig. 7A). For bolus delivery, the amount of DNA within the lysosomes did not significantly
vary between polyplexes and lipoplexes (Fig. 7B). Conversely, for surface delivery, the
mean percentages of lysosomal DNA by delivery of lipoplexes was increased approximately
fourfold relative to delivery of polyplexes (Fig. 7C). Significant differences were not
observed between the different polyplex formulations (N/P 10 vs. 25) or the different
lipoplex formations (high vs. low). These differences in the quantity of DNA in the
lysosomes suggest that the internalization pathway or cellular trafficking may vary for
lipoplexes relative to polyplexes delivered from the surface.

Discussion
This report investigates the efficacy and limiting steps of gene delivery from surfaces
relative to that observed with bolus delivery, and is examined as a function of the vector
properties and delivery method. Both bolus and substrate-mediated delivery produced
substantial transgene expression and numbers of transfected cells. The percentage of
transfected cells did not always correlate to the amount of protein expressed, as individual
cells may produce different amounts of protein (Bengali et al., 2005). For lipoplexes, bolus
delivery resulted in higher protein expression than substrate-mediated gene delivery. For
polyplexes, protein expression depended on the N/P ratio as well as the delivery method,
with bolus delivery of N/P 25 polyplexes resulting in the highest protein expression.
Inherent inefficiencies of both bolus and surface delivery were investigated by measuring
the amount of DNA with cells, in the media, and on the substrate. The majority of the DNA
exposed to cells from substrates remained on the culture dish for both polyplexes and
lipoplexes, while the majority of DNA delivered as a bolus remained in media. In addition,
polyplexes delivered from the surface traffic to the nucleus with similar or worse efficiency
than polyplexes delivered as a bolus. Lipoplexes delivered from the surface, in contrast,
traffic to the nucleus with similar or greater efficiency than lipoplexes delivered as a bolus.
Finally, lipoplexes delivered from the surface result in higher amounts of DNA in the
lysosomes compared to polyplexes, suggesting that the internalization pathway or cellular
trafficking may vary for lipoplexes relative to polyplexes delivered from the surface.

The percentage of DNA that is delivered to cells is similar for the bolus and substrate-
mediated delivery for polyplexes, though both approaches have significant quantities of
DNA that are either in solution or on the culture surface. Bolus delivery left approximately
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60% of the complexes in solution, with 30% associated with the surface. Conversely, for
substrate-mediated delivery, approximately 60-80% of the DNA was associated with the
substrate while only a small percentage was released into the media, consistent with
previous observations (Bengali et al., 2005). For surface delivery, an increase in release
from the surface would decrease the amount of DNA required for expression. A challenge in
interpreting these data is that the mechanism of internalization is unknown, particularly for
surface delivery. Complexes may directly internalized from the surface, or they may be
released into the media and subsequently associate with the plasma membrane. The varied
levels of DNA within the lysosomal compartment for surface delivery of lipoplexes or
polyplexes may result from internalization through different pathways. Different pathways
for internalization could influence whether complexes are internalized through clathrin-
coated pits, caveolae, or by macropinocytosis, which influence subsequent intracellular
trafficking (Rejman et al., 2004, 2005). Reversible adsorption to the substrate is a potential
mechanism for maintaining the DNA in the cellular microenvironment for both surface and
bolus delivery. Designing surfaces that reversibly bind complexes to allow for cellular
internalization yet retain potency is a fundamental challenge in surface delivery.

For polyplexes, the results suggest that the best path to enhancing gene transfer is to
maintain or enhance the activity of the complexes. Bolus delivery has been reported to
deliver 105–106 copies of plasmid to a cell, with 102–105 copies reaching the nucleus for
expression (James and Giorgio, 2000; Tachibana et al., 2002). For surface delivery,
polyplexes had threefold more plasmid associated with the cell at N/P 25, yet the quantity of
nuclear-associated plasmid was similar to bolus delivery, suggesting that polyplexes
internalized from the surface did not traffic to the nucleus as efficiently. At N/P 10, the
efficiency of nuclear trafficking was reduced for substrate-mediated delivery by two orders
of magnitude compared to bolus delivery. The efficacy of the polyplexes could be reduced
by interaction with some of the serum components, which are known to modulate gene
transfer (Dash et al., 1999). Alternatively, surface association could alter the activity of the
immobilized polyplex (Pannier et al., 2008), such that the complex is less efficacious than
bolus-delivered complexes for internalization, trafficking, and nuclear association. The
differences in expression and efficacy between low and high N/P polyplexes have been
previously reported for bolus delivery (Boussif et al., 1995; Fischer et al., 2003), and thus
should be expected for surface delivery. Increasing the N/P ratio increases the charge on
polyplexes (Bengali et al., 2005), which could influence substrate immobilization, and free
PEI has been reported in solution that may also influence substrate immobilization. Taken
together, for polyplex delivery, the challenge lies in developing either surfaces or vectors to
maintain the vector activity, especially for high-content polyplexes, with which surface
delivery provides efficient cellular and nuclear association of polyplexes.

For lipoplexes, the challenge to enhancing gene transfer lies with designing surfaces or
vectors that allow DNA to be more efficiently delivered to cells for internalization. For the
high-lipid lipoplexes, the amount of plasmid associated with cells was threefold less with
surface delivery, yet the nuclear levels were similar, indicating that the trafficking of
lipoplexes was enhanced for surface delivery. For low-content lipoplexes, the efficiency of
nuclear association relative to cell-association was similar for surface and bolus delivery,
though surface delivery had lower quantities of plasmid in both compartments. The results
herein suggest that increasing internalization of DNA delivered by lipoplexes may increase
transfection. Additionally, with the percentage of plasmid in lysosomes increased with
surface delivery relative to polyplexes, strategies to enhance endosomal escape may also be
beneficial. For lipoplexes delivered as a bolus, altering lipoplex properties can increase
transfection through increased cellular association (Rea et al., 2008). Surface delivery would
also benefit from increasing cellular association and internalization, and the material

Bengali et al. Page 10

Biotechnol Bioeng. Author manuscript; available in PMC 2010 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



properties could potentially be designed to promote release and cellular association of the
lipoplexes.

The quantities of DNA associated with cells represent a fraction of the DNA released from
the surface. Release is relatively rapid (half-life ≈17 min), yet is sufficient to maintain the
DNA at the surface until cells deposit on the surface. Two mechanisms for cellular
association by a substrate-mediated approach have been proposed: the direct internalization
of complexes from the substrate or the release of complexes from the substrate followed by
cell association (Bengali and Shea, 2005). Internalization following release is supported by
previous observations that incubation of substrates with cell-conditioned medium led to
significantly greater release than incubation with PBS (Bengali et al., 2005). Additionally,
we have observed that washing surfaces by pre-incubation with conditioned media for 24 h
followed by cell seeding did not produce significant transfection (unpublished observations).
For polyplexes, the amount of DNA that associated with cells increased with time, and
corresponds with a decreasing amount of DNA in solution and stable quantities on the
surface, which again suggests internalization from the media. Polyplexes that associate with
cells several hours after cell seeding may be deactivated by aggregation or disassembly of
the polyplexes, which may lead to the observed reduction in efficacy. Lipoplexes,
conversely, demonstrated a maximal association after 3 h indicating differences in the
dynamics of cellular association between lipoplexes and polyplexes. The rapid cell
association of lipoplexes and stable levels with increasing time may be described more
effectively by a model that includes saturation of cell binding sites. The relatively rapid
release of complexes from a surface is sufficient for transfection in vitro, as the cells are
present immediately after seeding for cellular association; however, a longer half-life of
vector release from the surface may be beneficial for in vivo applications to provide time for
cell infiltration into the biomaterial.

Although surface delivery does not generally increase transfection relative to bolus delivery,
the delivery of vectors by surface immobilization provides a versatile tool to localize or
pattern gene delivery for applications such as transfected cell arrays or modeling tissue
formation (Houchin-Ray et al., 2007; Pannier et al., 2007; Ziauddin and Sabatini, 2001). For
delivery from tissue culture polystyrene, surface delivery produces protein expression that is
within an order of magnitude of protein expression with bolus delivery. These levels of
expression are sufficient for use in the traditional in vitro applications of gene delivery, such
as cell screening systems (Pannier et al., 2007; Ziauddin and Sabatini, 2001). Importantly,
the studies reported herein used standard transfection reagents and culture surfaces. These
results demonstrate that surface and bolus delivery may employ different cellular pathways,
and thus transfection reagents that maximize gene transfer by bolus delivery may not
necessarily maximize transfection with surface delivery. Although protein expression levels
are a function of many factors (e.g., vector unpacking, transcriptional availability of DNA,
etc.), these results suggest that appropriately modifying the vector or the material for binding
and release of complexes offers the potential to increase transfection. Based on the results
reported herein, modifying polyplexes to achieve increased polyplex potency or modifying
lipoplexes to achieve increased internalization and nuclear-association are rational strategies
for increasing substrate-mediated transfection efficiency.

In conclusion, substrate-mediated gene delivery can provide localized and efficient
expression in vitro for numerous research applications. These applications require systems
that deliver DNA locally with high efficiency. Lipoplexes and polyplexes can be delivered
from the surface, but their immobilization and cellular association can differ relative to
bolus delivery. Immobilized polyplexes are readily delivered to cells, and strategies that
maintain the activity of the complex could enhance transgene expression. For lipoplexes,
immobilization does not appear to reduce the activity of the complexes, and the primary
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challenge is thus to increase the amount of DNA that is internalized and nuclear-associated.
Developing biomaterial substrates and non-viral vectors specifically for substrate-mediated
gene delivery approaches can increase transfection efficiency, which may lead to more
utility in in vitro and in vivo applications.
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Figure 1.
Transgene expression by polyplex and lipoplex delivery from a substrate (black bars) and as
a bolus (gray bars) to NIH/3T3 cells. A: Luciferase expression levels for polyplexes
delivered at N/P ratios of 10 and 25. B: The number of cells expressing GFP after
transfection with PEI polyplexes at N/P ratios of 10 and 25. C: Luciferase expression levels
for lipoplexes delivered at DNA:lipid (μg:μL) ratios of 1:0.5 and 1:2. D: The number of
cells expressing GFP after transfection with lipoplexes delivered at DNA:lipid (μg:μL)
ratios of 1:0.5 and 1:2. Data are presented as an average of triplicate measurements ±
standard deviation of the mean. A statistical significance with P < 0.05 is denoted for values
with different letters.
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Figure 2.
Localization of DNA following polyplex and lipoplex delivery. The percentage of DNA
delivered that is associated with cells, in growth media and on the substrate for polyplexes
(A) and lipoplexes (B), and the percentage of DNA delivered that associates with cells for
polyplexes (C) and lipoplexes (D) delivered from a substrate (black bars) and as a bolus
(gray bars) to NIH/3T3 cells are shown. Data are presented as an average of triplicate
measurements ± standard deviation of the mean. A statistical significance with P < 0.05 is
denoted for values with different letters, with comparisons made only within the same N/P
ratios.
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Figure 3.
Dynamics of DNA complex distribution. Polyplex (A) and lipoplex (B) quantities associated
with the substrate (●), media (■), and cells (◆) following delivery from serum coated
substrates are shown. Experimental measurements are shown as the data points, and
predictions from the model are represented by lines that pass through the data points. A
schematic of the model for release of immobilized DNA and cellular association is shown
(C). Data are presented as an average of triplicate measurements ± standard deviation of the
mean. [Color figure can be seen in the online version of this article, available at
www.interscience.wiley.com.]
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Figure 4.
Percentage of cells with internalized DNA. The percentage of cells that have internalized
DNA when delivered as polyplexes (A) and lipoplexes (B) from the substrate (black bars)
and as a bolus (gray bars) is shown. Data are presented as an average of triplicate
measurements ± standard deviation of the mean. A statistical significance with P < 0.05 is
denoted for values with different letters.

Bengali et al. Page 18

Biotechnol Bioeng. Author manuscript; available in PMC 2010 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Plasmids associated per cell and nuclear-associated plasmids per cell for polyplexes. Cells
were exposed to DNA for 24 h in culture and harvested. The amount of DNA associated per
cell (A) and nuclear-associated per cell (B) with polyplexes delivered from a substrate
(black bars) and as a bolus (gray bars) to NIH/3T3 cells are shown. Data are presented as an
average of triplicate measurements ± standard deviation of the mean. A statistical
significance with P < 0.05 is denoted for values with different letters.
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Figure 6.
Plasmids associated per cell, internalized plasmids per cell, and nuclear-associated plasmids
per cell for lipoplexes. Cells were exposed to DNA for 24 h in culture and harvested. The
amount of DNA associated per cell (A), internalized per cell (B) and nuclear-associated per
cell (C) with lipoplexes delivered from a substrate (black bars) and as a bolus (gray bars) to
NIH/3T3 cells are shown. Data are presented as an average of triplicate measurements ±
standard deviation of the mean. A statistical significance with P < 0.05 is denoted for values
with different letters.
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Figure 7.
Lysosomal DNA levels. Cells were exposed to DNA complexes for 24 h prior to imaging. A
representative confocal microscopy image depicting lysosomes (blue), Cy3-labeled plasmid
(green) and nucleic acid staining (red) is shown (A). The quantity of lysosomal DNA as a
percentage of cytosplasmic DNA was quantified by confocal microscopy for polyplexes and
lipoplexes for delivery as a bolus (B) and from a substrate (C). Data are presented as the
mean ± standard deviation of the mean. A statistical significance with P < 0.05 is denoted
for values with different letters. [Color figure can be seen in the online version of this
article, available at www. interscience.wiley.com.]
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Table I

DNA quantities applied to the substrate (μg), bound to the substrate (μg), or added as a bolus (μg/well) ± SD.

Incubated DNA (μg) Surface (μg) Bolus (μg)

PEI (N/P 10) 6.0 5.4 ± 0.0 2.4

PEI (N/P 25) 6.0 4.8 ± 0.2 2.4

Lipofectamine 2000 (1:0.5) 4.0 2.2 ± 0.1 1.6

Lipofectamine 2000 (1:2) 1.3 1.0 ± 0.2 1.6
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Table II

Constants for mathematical model.

Polyplex Lipoplex

D tot 1.2 μg/cm2 0.25 μg/cm2

f s1 0.25 0.43

f s2 0.75 0.57

k s1 4.0 × 10−2 cm−1 4.2 × 10−2 cm−1

D DNA a 3.6 × 10−6 cm2/min 1.5 × 10−6 cm2/min

k assoc 5.0 × 10−10 cm/min/cell 5.7 × 10−11 cm/min/cell

a
For polyplexes, the diffusivity was obtained from reference (Clamme et al., 2003). For lipoplexes, the diffusivity was calculated using the Stokes–

Einstein equation using literature values for the radius of gyration (Lai and van Zanten, 2002).
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