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Abstract
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Substrate-mediated gene delivery describes the immobilization of gene therapy vectors to a
biomaterial, which enhances gene transfer by exposing adhered cells to elevated DNA concentrations
within the local microenvironment. Surface chemistry has been shown to affect transfection by
nonspecifically immobilized complexes using self-assembled monolayers (SAMs) of alkanethiols
on gold. In this report, SAMs were again used to provide a controlled surface to investigate whether
the presence of oligo(ethylene glycol) (EG) groups in a SAM could affect complex morphology and
enhance transfection. EG groups were included at percentages that did not affect cell adhesion.
Nonspecific complex immobilization to SAMs containing combinations of EG- and carboxylic acidterminated alkanethiols resulted in substantially greater transfection than surfaces containing no EG
groups or SAMs composed of EG groups combined with other functional groups. Enhancement in
transfection levels could not be attributed to complex binding densities or release profiles. Atomic
force microscopy imaging of immobilized complexes revealed that EG groups within SAMs affected
complex size and appearance and could indicate the ability of these surfaces to preserve complex
morphology upon binding. The ability to control the morphology of the immobilized complexes and
influence transfection levels through surface chemistry could be translated to scaffolds for gene
delivery in tissue engineering and diagnostic applications.
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1. Introduction
Developing systems capable of controlled and efficient gene transfer is a fundamental goal of
biotechnology, with applications including functional genomics, gene therapy and tissue
engineering. The primary challenge in applying gene delivery to these applications is
inefficient delivery, with extracellular and intracellular barriers both limiting the efficiency. In
non-viral approaches, plasmid is complexed with cationic lipids or polymers to facilitate
transfection in vitro and in vivo [1–3]. Complexation can enhance interactions between
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positively charged DNA complexes and the negatively charged cellular membrane, in addition
to providing stability against degradation [4] and facilitating intracellular trafficking.
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Controlled release systems for DNA delivery have the potential to overcome extracellular
barriers that limit gene transfer and enhance gene delivery relative to more traditional delivery
methods [5]. These systems include delivery through polymeric release, in which the DNA is
released from a polymer scaffold, or substrate-mediated delivery, in which DNA is retained at
the surface of a substrate. Substrate-mediated delivery, also termed solid phase delivery or
reverse transfection, involves the immobilization of DNA, complexed with nonviral vectors,
to a biomaterial or substrate that supports cell adhesion [6]. Cells cultured on the substrate are
exposed to elevated DNA concentrations within the local microenvironment, which enhances
transfection.
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DNA complexes can be immobilized on the substrate through specific or nonspecific
interactions for delivery from the surface. Specific interactions can be introduced through
complementary functional groups on the vector and surface, such as antigen–antibody or
biotin–avidin [7–9]. Poly(L-lysine) (PLL) and polyethylenimine (PEI), modified with biotin
residues, were complexed with DNA and bound to a neutravidin substrate [7,8], resulting in
100-fold increased transgene expression from the immobilized complexes relative to bolus
delivery of complexes [7]. Plasmid DNA or DNA complexed with cationic polymers or lipids
can also interact with substrates through nonspecific mechanisms [10–18]. Polyplexes and
lipoplexes nonspecifically immobilized to substrates enhanced the extent of transgene
expression in both cell lines and primary human-derived cells, along with an increased cellular
viability [13]. This enhancement was dependent on the properties of both the complex (e.g.
complexation agent, nitrogen to phosphate (N/P) ratio) and the substrate.
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Surface chemistry has been shown to affect substrate-mediated delivery of nonspecifically
immobilized complexes, impacting on both the initial binding and the subsequent transfection.
Self-assembled monolayers (SAMs) of alkanethiols on gold were used to provide a flexible
system for regulating surface chemistry [19–21] to examine complex–substrate interactions.
DNA, complexed with cationic lipids, was immobilized through nonspecific mechanisms to
SAMs presenting combinations of hydrophilic and charged (COO−), hydrophilic and
uncharged (OH), and hydrophobic terminal functional groups (CH3) [15]. Surface
hydrophilicity and ionization were found to mediate both DNA complex immobilization and
transfection, but had no effect on complex release. The greatest amounts of binding and
transfection were observed on surfaces presenting charged, hydrophilic groups, suggesting that
electrostatic interactions allow for reversible interactions between the substrate and complexes
and result in efficient gene delivery [22]. Hydrophobic substrates bound similar quantities of
DNA as the hydrophilic surfaces, yet transfection was significantly reduced, suggesting the
conformation of the DNA complexes may be altered upon binding to hydrophobic surfaces
and result in low transfection levels [13,15].
However, as in traditional gene delivery approaches, further improvements are still needed for
substrate-mediated gene delivery to address issues that limit gene transfer, including complex
size stability, complex aggregation and strong interactions between the surface and complexes
[9,13]. Polyethylene glycol (PEG), which has the monomeric repeat unit [–CH2–CH2–O]–, is
widely used in drug and gene delivery and has been incorporated into DNA complexes of
several cationic polymers, including polymethacrylate [23], PEI [24–32], PLL [33–35] and
poly(amidoamine)s [36]. PEG reduces the surface charge of the complexes [25,26,31,34],
which in turn reduces cytotoxicity [25,27,31]. The shielding effect of PEG also reduces the
interaction between the complex and blood components (plasma proteins and erythrocytes)
[25], and can prolong circulation of the complexes in the blood stream [25,32]. Furthermore,
polyethylene glycosylation (PEGylation) can prevent salt-induced aggregation through steric
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stabilization [25,26,29–31,33,34]. Additionally, PEG is often used as a spacer for targeting
ligands since the shielding effect of PEG is able to decrease nonspecific interactions with
negatively charged cellular membranes, which results in reduction of nonspecific cellular
uptake [37]. While some PEGylation strategies have had no effect on transfection efficiency
in vitro [25,31,33] or in vivo [25], or even enhanced transfection [27,34], others have reported
that PEGylation resulted in poor transfection [28,29,32], presumably due to interference with
complexation [36]. These effects due to PEGylation have been associated with the extent of
PEGylation, which may shield the surface charge [24,26], thus reducing cell binding and
transfection, or alternatively, induce membrane leakage, resulting in enhanced cytoplasmic
release [33,34].
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In this report, SAMs of alkanethiols on gold were used to investigate substrate-mediated
transfection by nonspecifically immobilized complexes on surfaces containing varying
densities of PEG functional groups. We hypothesize that, rather than attach PEG to the
complexes directly, its presence in a SAM could enhance substrate-mediated transfection by
conveying the desired properties of PEG on gene delivery (reduced complex aggregation,
complex size stability), and promote interactions between the complexes and cell membrane.
SAMs presenting oligo(ethylene glycol) (EG) groups [38,39] have previously been used to
resist protein adsorption according to the length of the EG chain and its percent composition
within the monolayer [39,40], and are used here to modulate DNA complex adsorption for
substrate-mediated gene delivery. In our studies, EG-terminated alkanethiols were
incorporated into SAMs at concentrations that do not limit cell adhesion and combinations of
EG- and COO−- terminated alkanethiols were examined for their ability to bind and release
complexes and to subsequently support transfection. Complex morphology, a factor in gene
delivery, was examined by atomic force microscopy (AFM) on these surfaces. The correlation
between surface chemistry and morphology of immobilized complexes must be a design
consideration for translating substrate-mediated gene delivery to biotechnology applications.

2. Material and methods
2.1. Gold slide preparation and monolayer self-assembly
Gold-coated glass slides were prepared using e-beam evaporation (Edwards Electron Beam
Evaporator, Wilmington, MA), and consisted of a 5 nm titanium adhesion layer and 50 nm of
gold. A diamond-tipped glass cutter was used to cut the gold-coated slides into smaller pieces
that fit into standard 48-well tissue culture plates. Gold was prepared for SAM formation by
extensive washing in acetone and ethanol, with subsequent drying under a stream of nitrogen.
SAMs were formed by immersion of the clean gold substrates into 2 mM ethanolic solutions
of alkanethiols for 18 h in the dark, under argon.
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Monolayers were formed with combinations of four different alkanethiols (Table 1), including
1-decanethiol (DT10, CH3-terminated), 11-mercapto-1-undecanol (MUOH, OH-terminated),
11-mercaptoundecanoic acid (MUA, COO−-terminated) (Aldrich, St. Louis, MO) and HS
(CH2)11(OCH2CH2)6OH, an EG-terminated alkanethiol (ProChimia, Gdansk, Poland).
Alkanethiol solutions were freshly prepared in filtered, degassed ethanol. After monolayer
formation, SAM samples were rinsed in pure ethanol and dried with nitrogen before further
use.
2.2. Cellular adhesion on SAMs
Cell morphology and adhesion studies were performed on SAMs with increasing percentages
of EG-terminated alkanethiols in a background of MUA, prepared as described above. NIH/
3T3 cells (ATCC; Manassas, VA), cultured at 37°C and 5% CO2 in Dulbecco’s modified
Eagle’s medium supplemented with 1% sodium pyruvate, 1% penicillin–streptomycin, 1.5 g
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l−1 NaHCO3 and 10% fetal bovine serum, were seeded at a density of 15,000 cells per SAM.
Cellular morphology and adhesion were analyzed after 24 and 48 h using phase microscopy.
Adhesion was quantified by manually counting images obtained by phase microscopy, which
were normalized to the associated surface area. Adhesion studies were also performed on SAMs
containing only EG-terminated alkanethiols, with immobilized PEI–DNA complexes (as
described below) or by coating the EG-SAMs with free PEI, at a concentration equal to that
added to complexes of various N/Ps (see below).
2.3. DNA complex formation
Plasmids were purified from bacteria culture using Qiagen (Valencia, CA) reagents and stored
in Tris–EDTA buffer solution (10 mM Tris, 1 mM EDTA, pH 7.4) at − 20 °C. Plasmid pEGFPLUC encodes both the enhanced green fluorescent protein (EGFP) and firefly luciferase protein
(LUC) under the direction of a CMV promoter, and was used for quantification of binding,
release and transgene expression levels. Transfection efficiency was determined with plasmid
pβGAL, which encodes for nuclear-targeted β-galactosidase under the direction of a CMV
promoter. For DNA complex formation, branched PEI (25 kDa, Aldrich, St. Louis, MO) was
diluted in 25 mM sodium phosphate buffer, pH 6.5, and then added dropwise to DNA in sodium
phosphate buffer, vortexed for 10 s, and incubated for 15 min at room temperature. Complexes
were formed at N/P ratios of 10 or 25, and 3 μg of DNA (300 μl final volume of complexes)
was added to each SAM for binding, release and transfection studies.

NIH-PA Author Manuscript

2.4. Quantification of DNA complex immobilization and release on SAMs
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Plasmid radiolabeled with [α-32P]dATP was used to measure the immobilization and release
of DNA complexes on SAMs with varying amounts of EG-terminated alkanethiols in an MUA
background. Briefly, a nick translation kit (Amersham Pharmacia Biotech, Piscataway, NY)
was used following the manufacturer’s protocol with minor modifications [8]. The labeled
DNA was diluted with unlabeled DNA to a final concentration of 1% and this mixture was
then used to form DNA complexes, as described above. After SAM preparation as described
above, digital photographs of each sample were taken prior to complex immobilization and
analyzed with ImageJ (NIH) to determine the area of each surface. SAMs were activated for
complex immobilization by equilibration with 1× phosphate-buffered saline (PBS, pH 7.4) for
2 min, followed by a second incubation in MilliQ water for 10 min. Complexes were
immobilized by incubation on these activated SAMs for 2 h. After the deposition period, the
complex solution was removed and the SAMs were washed twice with PBS. The quantity of
DNA immobilized was determined by immersing individual SAM samples in scintillation
cocktail (5 ml of BioSafe II; Research Products International Corp., Mount Prospect, IL) for
measurement with a scintillation counter. The counts were correlated to DNA mass using a
standard curve. The density of DNA immobilized to each SAM sample was determined by
normalizing the amount bound to area.
To determine the release profile, SAMs with immobilized DNA complexes were incubated
with serum-containing cell growth media at 37°C in a humid chamber. At predetermined time
points, half of the media was removed and replaced with fresh media. The activity of the
collected sample was measured in a scintillation counter. At the final time point, the counts
remaining on the SAM samples were also determined. The percentage of DNA released was
calculated as the ratio of the cumulative counts released through a given time divided by the
total counts initially on the substrate; thus, the release curves represent the percentage of DNA
released relative to the initial amount bound to each surface.
2.5. Transfection on SAMs
Transfection studies were performed with NIH/3T3 cells, cultured as described above, on
SAMs with varying amounts of EG-terminated alkanethiols, in backgrounds of MUA, MUOH
Acta Biomater. Author manuscript; available in PMC 2008 January 1.
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or DT10, as well as SAMs containing combinations of MUA, MUOH and DT10. After complex
formation and immobilization as described above, SAMs were immediately seeded with 15,000
cells in 48-well plates. Transfection was analyzed following a 48 h culture, characterized
through the extent of transgene expression, which was quantified by measuring the luciferase
activity using the Luciferase Assay System (Promega, Madison, WI). The luminometer (Turner
Designs, Sunnyvale, CA) was set for a 3 s delay with an integration of the signal for 10 s.
Luciferase activity (RLU) was normalized to the total protein amount determined with the BCA
protein assay (Pierce, Rockford, IL). Transfection efficiency was also analyzed following a 48
h culture, characterized through the number of transfected cells using β-galactosidase
expression visualized by staining with X-gal solution followed by imaging with a microscope
(Leica, Bannockburn, IL) equipped with a color filter. The number of transfected cells was
determined by counting five random fields on each SAM. The percentage of transfected cells
was calculated as the ratio of the number of transfected cells divided by total cell number,
determined by manual counting of phase images.
2.6. Atomic force microscopy of immobilized complexes
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Atomic force microscopy was used to examine complex morphology. SAMs for AFM studies
were prepared on gold-coated mica substrates (150 nm of gold; Agilent Technologies AFM,
Tempe, AZ). SAM formation and complex formation and immobilization were performed as
described above. After immobilization, surfaces were rinsed with 1× PBS, as described above,
with two additional washes in MilliQ water, to remove any traces of salt on the surface. Samples
were allowed to dry in air before imaging. AFM experiments were carried out with a DI
Multimode AFM (Digital Instruments, Houston, TX) with a Type J scanner controlled with a
NanoScope IIIa controller (Digital Instruments). Three images were collected in air at room
temperature using contact AFM to obtain a representation for each surface. Silicon nitride
cantilevers (Veeco, Santa Barbara, CA) with a spring constant of 0.12 N m−1 were used for
collection of all images. Images were collected at 256 × 256 pixel resolution at a scan rate of
<2 Hz. Initial image collection utilized the DI software, NanoScope 5.03, version r1 (Digital
Instruments) and images were filtered using a flattening analysis, then further analyzed by
WSxM, version 3.0 (Nanotec Electronica, Madrid, Spain) to generate height profiles and
compare surface roughness using root-mean-square (RMS) calculations. Area–perimeter ratios
analysis was performed with a height cut-off of 40 nm (for 0% EG, N/P 10 and 40% EG, N/P
25 conditions) in regions with large globular particles and of 7 and 15 nm (0% EG, N/P 10 and
40% EG, N/P 25, respectively) in regions without these large globular structures, which
resulted in a range of ratios reported for these two conditions. For area–perimeter analysis on
all other images (40% EG, N/P 10 and 0% EG, N/P 25), the height cut-off used was 7 nm.
2.7. Statistics
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Statistical analysis was performed using JMP software (SAS Institute, Inc., Cary, NC).
Comparative analyses were completed using one-way ANOVA with Tukey post-tests, at a 95%
confidence level. Mean values with standard deviation are reported and all experiments were
performed with at least three replicates.

3. Results and discussion
3.1. Cell adhesion on EG SAMs
The maximal amount of EG that could be incorporated into the monolayer without sacrificing
cell morphology and adhesion (Fig. 1) was initially determined. SAMs were formed from
solutions with increasing percentages of EG-terminated alkanethiols in a background of MUA
(COO−). A monolayer containing no EG thiols resulted in a robust cell adhesion (Fig. 1a),
similar to previous results on COO−-terminated SAMs [41,42]. Increasing the percentage of
EG groups to 20 and 40% (Fig. 1b and c) did not appreciably affect the cell morphology or the
Acta Biomater. Author manuscript; available in PMC 2008 January 1.
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cell monolayer. The mean cell density on surfaces with 0–40% EG groups was approximately
60,000 cells cm−2. Increasing the EG groups to 60 or 80% (Fig. 1d and e) altered the cell
morphology, produced a more sporadic cell distribution on the surface with occasional cell
patches (Fig. 1e) and resulted in a cell density twofold lower than surfaces with fewer EG
groups. A SAM consisting of only EG groups (Fig. 1f) had no cells attached, which was
expected due to the resistance of the surface to protein adsorption [39,40] that would be needed
to support cellular adhesion. A complete elimination of cellular adhesion on SAMs containing
100% EG thiols indicates that the monolayers are robust. Our results are consistent with
previous reports demonstrating that increasing the density of PEG groups decreases cell
adhesion, due to the PEGylated surfaces’ increased ability to resist protein adsorption [43–
46]. Finally, we note that increasing the EG content in solution results in an associated increase
in the number of EG groups within the monolayer [38]. However, the surface concentration of
EG groups is likely less than the solution concentration. Studies with mixed solutions of
alkanethiols have indicated that the EG content on the surface may be reduced 3- to 30-fold
relative to the solution content [38].
3.2. Quantification of complex immobilization
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SAMs with varying densities of EG groups in a background of MUA (COO−) were
subsequently employed to investigate the nonspecific immobilization of complexes. The
amount of DNA immobilized to the surfaces did not vary with monolayer composition (Fig.
2), but was affected by the N/P ratio (Fig. 2). For an N/P of 10 (Fig. 2a), binding averaged
approximately 0.35 μg cm−2, whereas complexes at N/P of 25 averaged higher binding
densities, approximately 0.5 μg cm−2 (Fig. 2b). These amounts are similar to, or much greater
than, previous reports of lipoplexes binding to SAMs [15,22], but are consistent with binding
densities for PEI–DNA complexes on hydrophilic, serum-coated polystyrene substrates [13].
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Previous studies suggest that nonspecific DNA complex adsorption is mediated by at least two
mechanisms: electrostatic and hydrophobic interactions [15]. Increasing the density of charged
functional groups (COO−) in a background of uncharged groups (OH) increased complex
immobilization, suggesting that electrostatic interactions play a major role in binding [15].
However, in this study, by decreasing the EG groups, and thus increasing the COO−
background, no differences in binding were observed. The larger EG headgroups could be
shielding the presentation of the COO− groups, similar to the shielding observed when PEG is
incorporated into DNA–polymer complexes [26]. Shielding by the EG groups within the SAM
could limit the electrostatic interactions between the carboxylic acids groups within the SAM
and complexes and thus reduce the effect of charged functional groups on binding.
Additionally, free PEI in the complex solution, which would be more abundant at an N/P of
25, could be binding to the SAM and changing the surface properties, eliminating differences
between surfaces. Although these EG-modified SAMs have substantially reduced protein
adsorption [39,40], presumably through steric stabilization and excluded volume, some
adsorption of serum proteins does occur [47,48], and complexes may bind to these surfaces
via similar mechanisms.
3.3. Quantification of complex release
Release studies were subsequently used to investigate the stability of the interaction between
the complexes and surface (Fig. 3). Previous studies with complex adsorption to SAMs of
varying surface chemistries [15,22] indicated no difference in the release rate or total amount
of DNA released. For surfaces with increasing amounts of EG groups reported here, no
significant differences in release rates or total amount of DNA released were observed (Fig.
3). For N/Ps of 10 (Fig. 3a) and 25 (Fig. 3b), most of the DNA release occurred by 24 h. After
8 days, less than 30% of the complexes were released, regardless of the composition of the
SAM or complex. For each N/P condition, the mean amount of DNA released was slightly
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greater from SAMs containing only EG groups, which could result from the absence of
electrostatic interactions between the complexes and these surfaces. For all surfaces, release
rates are substantially lower than profiles previously determined for lipoplexes from SAMs
[15], but similar to release curves obtained from PEI–DNA complexes on hydrophilic, serumcoated polystyrene substrates [13]. The presence of serum in the release media significantly
enhances the release of nonspecifically immobilized complexes relative to incubation with
PBS [13]. Our finding that release is independent of surface chemistry, both in this study and
in previous reports [15], suggests that complex release from the substrate is mediated by
competitive binding of serum components to the EG-containing SAMs, which can adsorb
significant amounts of serum proteins [47].
3.4. Transfection on SAMS on gold
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3.4.1. Transgene expression—SAMs with various densities of EG-terminated
alkanethiols were explored to examine the ability of PEG on a surface to affect substratemediated gene delivery. While binding and release were not affected by the EG in the surface,
expression levels increased with the percentage of EG alkanethiols in the SAM (Fig. 4) up to
40% EG. For the lower N/P (Fig. 4a), expression was significantly greater on 40% EG SAMs
than surfaces containing no EG alkanethiols (p < 0.05) or surfaces containing only EG
alkanethiols (p < 0.01); the latter observation presumably due to low cell binding. For
complexes at the high N/P (Fig. 4b), transfection was again significantly greater on SAMs
containing 40% EG than surfaces with no EG (p < 0.05); however, transfection was not
statistically different between the 40% EG condition and SAMs with only EG alkanethiols,
suggesting both significant cell adhesion and subsequent transfection on these surfaces. This
issue of cell adhesion to complexes immobilized on EG-terminated alkanethiols is discussed
in the next section. These findings, that increasing the percentage of EG groups and thus
decreasing the percentage of carboxylic acid groups increases transfection, are in contrast to
previous studies, where surfaces with 100% carboxylic acid functional groups resulted in
highest transfection levels, presumably due to high binding efficiencies [15]. However, in the
present study, the presence of EG in the surface did not affect complex immobilization, and
therefore the amount of DNA bound did not contribute to enhanced transfection.
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EG groups on the surface may enhance transfection through multiple mechanisms, including
PEG–complex and PEG–cell interactions. PEG incorporated into DNA complexes of cationic
polymers can reduce their surface charge [25,26,31,34], cytotoxicity [25,27,31] and interaction
with blood components [25], as well as prevent aggregation through steric stabilization [25,
26,29–31,33,34]. Because of its ability to modulate the properties of complexes, PEG has been
reported to enhance transfection when attached to polymer–DNA complexes directly [24,27,
33,34] or simply added to transfection media containing lipoplexes [49]. The enhancement of
transfection by EG-containing SAMs could be attributed to the possible modulation of complex
properties (surface charge, aggregation, complex–cell interaction), similar to the effects of PEG
with soluble complexes, by mere association of the EG groups with the complexes on the
surface. This enhancement of gene expression with surface PEG has similarly been observed
with the addition of Pluronic, a block co-polymer of poly(ethylene oxide)–poly(propylene
oxide)–poly(ethylene oxide), to microfluidic channels used for deposition of DNA complexes.
Pluronics enhanced substrate-mediated transfection within these channels, possibly by
preventing aggregation or enhancing complex association with the cells [18]. Therefore, the
addition of PEG-like moieties to solutions of complexes during deposition could be an
alternative method to enhance substrate-mediated gene delivery.
However, the association of the cell membrane with the SAMs containing EG groups could
also contribute to an enhancement of transfection. PEG is known to induce association and
fusion of phospholipid vesicles at high concentrations [50], widely used in the cell fusion
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required for formation of hybridomas. Ross and Hui have demonstrated that addition of PEG
to transfection media containing lipoplexes increases the association of lipoplexes with the cell
membrane up to 100-fold over controls without PEG [49]. They proposed that this enhanced
association of lipoplexes with the cell could occur through a depletion effect, which produces
an attractive osmotic force due to a PEG depleted region near the bilayer surface [49]. Thus,
EG groups on the surface of the SAMs may be enhancing the interaction between the
immobilized complexes and the cells through a similar depletion effect, which may promote
internalization of the DNA complexes.
By incorporating PEG groups onto the SAM surface, complex properties and transfection can
be enhanced, but the EG groups cannot interfere with complexation. PEGylation of the polymer
prior to DNA association can interfere with complexation [36], which can reduce transfection
[28,29,32]. Furthermore, in typical PEGylation strategies, the surface charge of polymer–DNA
complexes decreases due to the shielding effect of PEG [26], with PEG side chains covering
the surface of complexes and hindering the interaction between the complex and cell
membrane. However, with EG present on the surface, complexes can be formed with the
traditional procedures for subsequent immobilization. The presence of the EG groups on the
surface should not interfere with cellular association of the complexes as previously reported
[24,26], as the charge of the complexes would be unaffected by immobilization on EGcontaining SAMs.
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3.4.2. Cell adhesion on immobilized complexes—For complexes at the high N/P (Fig.
4b), high transfection levels on SAMs with only EG alkanethiols indicate cell adhesion on
these surfaces. These surfaces had previously resisted cell adhesion (Fig. 1), presumably
through resisting protein adsorption [39,40]. However, adhesion studies on SAMs containing
only EG alkanethiols (100% EG) with immobilized complexes or PEI alone demonstrate
significant cell adhesion (Fig. 5). PEI added alone at concentrations equivalent to N/P 10 (Fig.
5a) or N/P 25 (Fig. 5b) promoted cell adhesion, though cell monolayers were not as robust as
those on surfaces with less EG alkanethiols and no PEI (Fig. 1). DNA complexes were also
able to enhance cell adhesion, at N/P 10 (Fig. 5c) and N/P 25 (Fig. 5d). For high N/P, protein
levels determined on the surface were low, indicating low cell numbers. Correspondingly low
luciferase levels (data not shown), normalized to these low protein levels, result in robust
transfection levels, and could give the appearance of enhancement of transfection on 100% EG
surfaces (Fig. 4b).
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As complexes bind to surfaces through mechanisms similar to proteins [6,15], their binding
on surfaces containing PEG groups would also be expected to be reduced. However, binding
studies reveal that increasing the percentage of EG groups on the surface did not affect the
amount of DNA complex immobilization (Fig. 2). The relatively high contact angles reported
for EG-containing SAMs are consistent with an outer phase that exposes CH2 groups to solution
[38]. PEG, while known as a hydrophilic polymer, is truly amphiphilic, with both hydrophilic
and hydrophobic components, and this combination of properties is a key to its biocompatibility
[51]. PEI molecules contain ethylene units along the backbone, and thus hydrophobic
interactions between these ethylene units and the exposed CH2 groups of the EG-terminated
alkanethiols could allow for immobilization of PEI–DNA complexes on EG-containing SAMs,
similar to reports of DNA complex binding through hydrophobic interactions [15,52]. By
binding to the SAMs containing EG alkanethiols, PEI–DNA complexes or free PEI could coat
the surface, producing substrates with net positive charge, which could allow for protein
immobilization through electrostatic interactions [53], and subsequent cell adhesion. This
hypothesis agrees well with our transfection results, as complexes at high N/P (25) would have
much more free PEI in solution than complexes at low N/P, which could further coat the surface
and promote cell adhesion and thus transfection.
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3.4.3. Transfection efficiency on SAMs—Transfection efficiency, reported as a
percentage of transfected cells, was subsequently quantified for complexes immobilized on
EG-containing SAMs (Fig. 6). β-Galactosidase expression was assayed at 48 h using phase
microscopy. For both N/P ratios, the transfection efficiency increased as the percentage of EG
groups within the SAMs increased, similar to the trend observed with the transfection levels.
However, for both complex formulations, SAMs containing only EG groups resulted in the
highest percentage of transfected cells. At low N/P (Fig. 6a), the transfection efficiency on
100% EG SAMs was statistically greater than surfaces containing 20% (p<0.05) or no EG
groups (p<0.01). Additionally, 40% EG SAMs resulted in statistically greater transfection
efficiency than 0% EG (p<0.05). For N/P of 25 (Fig. 6b), 100% EG SAMs supported the highest
transfection efficiency, though the standard deviation was large and statistical tests did not
indicate significant differences.
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The transfection efficiency data indicate that more cells are transfected on surfaces containing
more EG groups, but do not reflect that total cell numbers were reduced on the 100% EG SAMs.
No trend could be determined between the number of cells on the surface (indirectly measured
by BCA assay) and the percentage of EG in the monolayer with immobilized complexes (data
not shown). For N/P 10, cell numbers were similar for all percentages of EG, but slightly higher
for SAMs containing 20 and 100% PEG. For N/P of 25, cell numbers are nearly identical for
all SAMs, except much lower for 100% EG (data not shown), consistent with our transfection
efficiency results, which demonstrate few cells adhered (data not shown). Those cells that did
adhere to these surfaces (100% EG, N/P 25) were more likely to be transfected than in the
corresponding N/P 10 condition, resulting in huge variability in transfection efficiency
evidenced by the large standard deviation (Fig. 6b).
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3.4.4. Transfection enhancement specificity—SAMs containing combinations of
alkanethiols with alternative functional groups were used to determine if the enhancement in
transfection was specific to surfaces containing EG and COO− groups (Fig. 7). Alternative
functional groups included OH and CH3 in backgrounds of 40% EG (Fig. 7a and b) and 60%
COO− (Fig. 7c and d), as these compositions provide maximal expression levels and
transfection efficiency with optimal cell adhesion and morphology. For complexes with N/P
of 10 (Fig. 7a and c), surfaces containing the combination of 40% EG and 60% COO− groups
resulted in statistically higher transfection than surfaces containing OH or CH3 groups in
background of EG (p < 0.05) or COO− (p < 0.01). On SAMs with a background of 40% EG,
complexes with the higher N/P of 25 (Figs. 7b) resulted in statistically higher transfection (p
< 0.05) on surfaces with either hydrophilic functional group (COO− or OH). However,
transfection by complexes with N/P 25 on SAMs with 60% COO− background (Fig. 7d) was
statistically greater on surfaces with 40% EG than on SAMs with 40% OH (p < 0.05) or
CH3 (p < 0.01). Therefore, the highest transgene expression occurs on SAMs with
combinations of EG groups and carboxylic acids, which could indicate that charged functional
groups contribute important properties within the monolayer, presumably providing reversible
interactions between the substrate and complex that can also enhance transfection, similar to
previous reports [15].
3.5. Atomic force microscopy imaging of immobilized complexes
The enhancement in transfection levels and efficiency on SAMs containing EG groups cannot
be attributed to binding densities of complexes or release profiles, thus the morphology of the
complexes was examined using AFM. AFM has proven to be an excellent tool to image soft
biological structures and can be performed after complex deposition on a surface, with high
resolution. AFM images were obtained by scanning SAMs with immobilized complexes and
representative images (Fig. 8a, c, e and g) revealed the morphology of PEI–DNA complexes
on SAMs containing 0% EG (100% COO−) (Fig. 8a and e) and 40% EG (60% COO−) (Fig.
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8c and g). On surfaces with no EG groups, complexes formed at N/P of 10 (Fig. 8a) exhibited
large globular structures with varying heights (indicated by light intensity of image) and
diameters, along with smaller structures throughout the background of the image. Further
analysis of the height distribution of these complexes (Fig. 8b) reveals a rather large distribution
of particles, with average heights of 20 nm (Table 2) and a mean roughness of 12 nm (Table
2). Note that images demonstrated two distinct regions: regions with large globular structures
and regions with smaller, more uniform particles. Area–perimeter ratios were analyzed in each
region, with ratios ranging from 337 to 1270 nm (Table 2). In contrast, complexes (N/P 10) on
SAMs containing 40% EG (60% COO−) (Fig. 8c) had a very uniform morphology of small
spherical particles evenly distributed across the surface. Analysis of the representative AFM
image resulted in a narrow height distribution (Fig. 8d), with an average height of 8 nm, a mean
roughness of 5 nm and an area–perimeter ratio of 100 nm (Table 2). These values are all much
lower than for the corresponding 0% EG condition, indicating smaller, more uniform
complexes on surfaces containing EG groups, which in turn resulted in higher transfection
levels.
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For complexes formed at N/P of 25, the correlation between complex morphology and surface
chemistry was reversed. On SAMs containing no EG-terminated alkanethiols (Fig. 8e),
complexes exhibited a uniform morphology of small particles evenly distributed across the
surface. Analysis of the representative AFM image resulted in a narrow height distribution
(Fig. 8f), with an average height of 8 nm, a mean roughness of 2 nm and an area–perimeter
ratio of 72 nm (Table 2), similar to complexes with N/P 10 on surfaces containing 40% EG
(Fig. 8c). In contrast, complexes (N/P 25) on surfaces with 40% EG (60% COO−) (Fig. 8g)
exhibited large aggregates of globular structures with varying heights and diameters. Further
analysis of the height distribution of these complexes (Fig. 8h) reveals a rather large distribution
of particles with two main populations of complexes, with an average height of 32 nm, a mean
roughness of 12 nm and area–perimeter ratios ranging from 196 to 355 nm (Table 2), depending
on the region analyzed. These values are higher than for the corresponding 0% EG condition,
indicating smaller, more uniform complexes on surfaces containing no EG groups, but resulting
in lower transfection levels.
Previous studies examining complexes using AFM, typically on mica substrates, reported a
range of complex morphologies similar to the results presented here. PEI–DNA complexes
had a disperse distribution of condensates with rounded, globular forms [54,55]. PEGylated
PEI–DNA complexes analyzed by AFM had defined, spherical complexes [30–32], with less
aggregation and smaller diameters than similar complexes without PEG, but were also
demonstrated to be less uniform.
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In the AFM images and analysis of PEI–DNA complexes formed at an N/P of 10, the presence
of EG groups on the SAM reduced the average height and the area–perimeter ratio, and thus
and the size of complexes (Fig. 8c vs. Fig. 8a). The surface PEG may function to decrease
aggregation of the complexes on the surfaces, similar to studies that have demonstrated that
PEGylation of polymer–DNA complexes can prevent salt-induced aggregation [25,26,29,34],
to produce discrete particles with similar appearance with AFM [30,31,33]. Treatment of
microfluidic channels with Pluronic has similarly demonstrated lower aggregation of
complexes, evidenced by a homogeneous layer of deposited lipoplexes [18]. Alternatively, the
presence of EG groups could be preventing complex unfolding, as conformational changes are
widely reported at surfaces for other macromolecules [56–58]. This change in complex
morphology on SAMs containing EG terminal functional groups correlates with high
transfection levels and transfection efficiencies, and could indicate the ability of EG-containing
SAMs to preserve complex morphology upon binding by limiting electrostatic interactions
with the surface and reducing aggregation of the complexes through steric stabilization, or
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alternatively by preventing complex unfolding, which could also contribute to the large height
and area–perimeter ratios of the complexes immobilized on surfaces without EG.
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However, in the AFM images and analysis of PEI–DNA complexes formed at N/P of 25 (Fig.
8e and f), the presence of EG groups on the SAM leads to large particles that appear in clumps,
suggesting the aggregation of complexes. The formation of these aggregates, which are
morphologically different from the large, disperse globules observed for complexes of N/P of
10 on 0% EG SAMs yet produce high levels of expression, could be attributed to excess free
PEI in the N/P 25 complexes, resulting in a layer of PEI on the surface prior to complex
immobilization, which could alter the conformation of the complexes. Alternatively, these
large aggregates could also be attributed, in part, to evaporation prior to AFM imaging. Though
all samples were treated identically, drying has the potential to cause artifacts induced by the
receding meniscus during drying [59]. Taken together, these AFM studies demonstrate how
the design of both the surface and vector contribute to the morphology of immobilized
complexes and how that, in turn, can affect substrate-mediated transfection.
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Our observations with the adsorption of non-viral vectors are consistent with the mechanisms
proposed for protein adsorption to surfaces. Protein adsorption has been described as occurring
in three general steps: (i) partial dehydration of proteins and surfaces; (ii) redistribution of the
groups at the interface; and (iii) conformational changes in the protein [60,61]. The
functionality of the adsorbed proteins is determined by the adsorption profile (e.g. amount)
and the protein bioactivity. PEGylation of surfaces typically increases hydrophilicity, which
influences the quantity of protein bound and also its surface conformations [60,61]. In this
report, non-viral vectors, which are a collection of DNA and cationic polymers rather than a
single molecule, were adsorbed. Consistent with protein adsorption, we have previously
demonstrated that hydrophilicity and surface charge influenced vector binding and transfection
[15]. The addition of EG to these hydrophilic surfaces did not impact the quantity of bound
complexes or their release, but influenced their conformation. The conformation of non-viral
vectors has been a well-characterized factor that influences vector binding, internalization and
intracellular trafficking [62], which contributes to the gene transfer efficiency. Thus, our results
suggest that surface EG maintains or produces conformations that promote gene transfer more
effectively.

4. Conclusions
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Substrate-mediated delivery describes the immobilization of DNA, complexed with cationic
lipids or polymers, to a biomaterial or substrate. Efficient delivery of DNA complexes from a
surface is dependent on the interactions between the substrate and the complexes. SAMs
presenting EG groups were used to investigate surfaces containing PEG-like moieties for
complex binding, release, transfection and morphology. Nonspecific complex immobilization
to SAMs containing combinations of EG- and COO−-terminated alkanethiols resulted in
substantially greater transfection, which increased with increasing amounts of EG in the
monolayer. These significant differences in transfection levels and efficiency on SAMs
containing EG groups could not be attributed to binding densities of complexes or release
profiles, nor could they be replicated in SAMs composed of EG-terminated alkanethiols
combined with alkanethiols presenting other functional groups. This enhancement of
transfection by EG-containing SAMS could be attributed to interactions through a proposed
depletion mechanism [49], or by possible modulation of complex properties. We demonstrate
that complex properties (surface charge, aggregation, complex–cell interaction) are modulated
by mere association of the EG groups with the complexes. Atomic force microscopy imaging
of immobilized complexes supports this hypothesis, revealing that the presence of PEG on the
surface significantly affects the morphology of the complexes, which correlates with greater
high transfection levels and transfection efficiencies. The ability to control the morphology of
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the immobilized complexes and thus influence transfection levels could be translated to
scaffolds for gene delivery in tissue engineering applications [5,6], as well other applications
of substrate-mediated gene delivery, including transfected cell arrays [63].
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Fig. 1.

Cell adhesion on EG-containing SAMs. Images were captured 48 h after seeding cells on SAMs
of (A) 0% EG/100% COO−, (B) 20% EG/80% COO−, (C) 40% EG/60% COO−, (D) 60% EG/
40% COO−, (E) 80% EG/20% COO− and (F) 100% EG, all lacking immobilized DNA
complexes. Scale bars correspond to 100 μm.
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Fig. 2.

DNA complex immobilization on EG-containing SAMs. The amount of immobilized
radiolableled DNA was determined for SAMs with increasing percentages of EG groups in a
background of MUA (COO−), for complexes formed at N/P of 10 (A) and 25 (B). Values are
reported as the mean ± SD.
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Fig. 3.

EG-containing SAMs and release. Radiolabeled DNA was used to quantify the amount of DNA
released from each type of SAM (• 0% EG, ■ 20% EG, ▲ 40% EG, ○ 100% EG) into serumcontaining media. Complexes formed at N/P 10 (A) and 25 (B). Values are reported as
cumulative percentage released, reported as the mean ± SD at each time point.
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Fig. 4.

EG-containing SAMs and substrate-mediated transfection. SAMs were formed with increasing
percentages of EG groups in a background of MUA (COO−) and transfection was assayed for
complexes formed at N/P of 10 (A) and 25 (B) by normalizing luciferase levels to total protein
amounts. Values are reported as the mean ± SD (*p < 0.05, **p < 0.01).
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Fig. 5.

Cell adhesion on complexes immobilized on EG-containing SAMs. The morphology and
adhesion of cells was observed 48 h after seeding cells on SAMs of (A) 100% EG with PEI
concentration equivalent to N/P 10, (B) 100% EG with PEI concentration equivalent to N/P
25, (C) 100% EG with PEI–DNA complexes formed at N/P 10 and (D) 100% EG with PEI–
DNA complexes formed at N/P. Scale bars correspond to 100 μm.
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Fig. 6.

EG-containing SAMs and transfection efficiency. SAMs were formed with increasing
percentages of EG groups in a background of MUA (COO−) and transfection efficiency was
assayed for complexes formed at N/P of 10 (A) and 25 (B) by counting the number of cell
expressing β-galactosidase and dividing by the total number of cells. Values are reported as
the mean ± SD (*p < 0.05, **p < 0.01).
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Fig. 7.

Substrate-mediated transfection on SAMs with backgrounds of EG and COO−. SAMs were
formed with alkanethiols containing various terminal functional groups, including OH, CH3,
EG and COO−, in backgrounds of 40% EG (A and B) and 60% COO− (C and D). Transfection
was assayed for complexes formed at N/P of 10 (A and C) and 25 (B and D) by normalizing
luciferase levels to total protein amounts. Values are reported as the mean ± SD (*p < 0.05,
**p < 0.01).
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Fig. 8.

AFM images and analysis of complexes immobilized on SAMs. Complexes were formed at
N/P of 10 (A–D) and N/P 25 (E–H) and immobilized on SAMs formed with 0% EG/100%
COO− (A, B, E, F) or 40% EG/60% COO− (C, D, G, H). Pixel brightness in images (A, C, E,
G) corresponds to particle height. Scale bars correspond to 1.0 μm. Height analysis histogram
(B, D, F, H) reports analysis of image to left.
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Table 1

Alkanethiols used for SAM formation
Abbreviation

Terminal function group
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Table 2

AFM analysis of PEI–DNA complexes on SAMs
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Surface

Complex N/P

Mean height (nm)a

RMS roughness (nm)b

Area–perimeter ratio (nm)
c

0% EG
40% EG
0% EG
40% EG

10
10
25
25

20
8
8
32

12
5
2
12

337 – 1270
100
72
196 – 355

a

Mean height of Fig. 8 histograms.

b

RMS roughness of Fig. 8 images.

c
Area–perimeter ratio of Fig. 8 images, ranges specify different regions of analysis.
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