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Abstract
Optimization of nonviral gene delivery typically focuses on the design of particulate carriers that
are endowed with desirable membrane targeting, internalization, and endosomal escape properties.
Topographical control of cell transfectability, however, remains a largely unexplored parameter.
Emerging literature has highlighted the influence of cell-topography interactions on modulation of
many cell phenotypes, including protein expression and cytoskeletal behaviors implicated in
endocytosis. Using high-throughput screening of primary human dermal fibroblasts cultured on a
combinatorial library of microscale topographies, we have demonstrated an improvement in
nonviral transfection efficiency for cells cultured on dense micropit patterns compared to smooth
substrates, as verified with flow cytometry. A 25% increase in GFP+ cells was observed
independent of proliferation rate, accompanied by SEM and confocal microscopy characterization
to help explain the phenomenon qualitatively. This finding encourages researchers to investigate
substrate topography as a new design consideration for the optimization of nonviral transfection
systems.

1. Introduction
The promise of gene medicine is intimately linked to the efficiency of nonviral transfection.
Mechanistic understanding of the nonviral gene delivery process remains incomplete, and so
is the structure-function relationship of nonviral vectors. Currently, particulate parameters of
DNA nanocomplexes cannot fully account for the differences in nonviral transfection
efficiency observed between various gene delivery systems (reviewed in [1]). At the same
time, substrate parameters including stiffness [2,3], co-presentation of adsorbed vectors with
ECM and serum proteins [4–6], and surface chemistry [7,8] have been demonstrated to
strongly influence the uptake and expression of nonviral vectors, though comparatively little
focus has been placed on their design. These differences are often attributed to vector-
substrate interactions - using substrates as depots for the capture and/or controlled release of
nonviral gene carriers, thereby increasing their local concentration at cell surfaces [9–11].
However, increasing importance is being placed on biochemical and physical cell-substrate
interactions, which may prime cells to become more readily transfected [3,12,13]. For
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example, collagen-coated surfaces inhibit transfection of mesenchymal stem cells (MSCs)
following bolus delivery of polyplexes compared to those cultured on uncoated surfaces,
whereas fibronectin coating increases transgene expression by enhancing clathrin-mediated
endocytosis [12]. Physically, stiffer substrates support more efficient transfection, attributed
to enhanced proliferation on hard surfaces [3], which is believed to increase nuclear
accessibility to nonviral vectors during cell division [14].

Substrate topography may also be playing a role in the transfection process, through cell-
substrate and/or vector-substrate interactions. Patterned topography has been observed to
engender a number of phenotypic changes in cells, many of which with implications in the
delivery of nonviral vectors that have yet to be investigated. Cells interact with their
substrates through integrins, a family of transmembrane receptors that bind to an assortment
of extracellular matrix proteins. Integrin binding and clustering initiates the assembly of
focal adhesion complexes [15]. Substrate topography and chemistry alter the amount and
conformation of integrin ligands [16–20], and may form the general basis for many if not all
subsequent topographical effects on cell behavior [19–21].

Altered cell spreading is one of the most often-observed effects of culture on nano- and
microtopographic surfaces. The heterogeneous presentation of extracellular matrix proteins
adsorbed to topography supports varying degrees of integrin engagement, leading to varying
degrees of cell spreading [15–17] nuclear deformation [21–24], and subsequent changes in
genomic expression profiles [24,25]. The act of integrin engagement and spreading itself
may have an effect on the clathrin- and caveolae-mediated uptake of nonviral vectors, two of
the primary routes along which particulate gene carriers are delivered to the nucleus [26–
29]. This rationale is supported by studies describing molecular links between cell
substrates, focal adhesions, and the cytoskeletal and endocytic machineries [30–35].

Observing the influence of topographical cues on many cell phenotypes including
proliferation [36–38], spreading, cytoskeletal organization, and endocytosis, we hypothesize
that substrates with micropatterned topographies may also influence the transfectability of
interacting cells. In this study, we investigated the transfection of normal human dermal
fibroblasts (NHDFs) by GFP-encoding lipoplexes on a topographical library comprising 160
patterns of square and/or circular pit geometries, systematically varied with respect to size,
spacing, and arrangement in the 1–6 μm range. Morphology and proliferation were also
documented to further examine the observed differences in transfection efficiency. Patterns
with elevated transfection levels on the library (3×3 mm2 each pattern) were replicated as
large (2×2 cm2) single-pattern substrates for analysis by flow cytometry, luciferase assay,
and characterization with SEM and confocal microscopy.

2. Materials and Methods
2.1 Preparation of 13 × 13 pattern topographical library

Topographical libraries (arrays) were prepared as described in [39], using a standard
lithography process. Briefly, a resist without hard bake was etched with Cl2, HBr and NF3 to
produce sidewall angles of 85° with etch rate non-uniformity of 2–3% (max–min). After
removal of the resist and cleaning, the surface was sputter- coated with 100 nm of tantalum
at a rate of 50 nm min−1, producing a 13 × 13 master library of post topographies. To create
substrates for cell culture, Sylgard 184 polydimethylsiloxane (PDMS) (Dow Corning,
Midland, MI) was mixed at a curing agent/base ratio of 1.05/10 w/w, degassed in a vacuum
chamber, cast onto the metal master, and cured overnight at 47°C. PDMS arrays were peeled
from the metal master and used for cell culture. These arrays were composed of 10 distinct
pit morphologies (A–J) with: pit size (X) and edge-to-edge spacing (Y) iterated
combinatorially through values of 1, 2, 4, and 6 μm (Figure 1), a uniform depth of 2.4 μm,
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and with 3×3 mm2 patterned area for each. Pattern K did not support robust NHDF
adhesion, and was excluded from all analyses. Smooth control regions were present in the
middle of the array, and in the boundaries between patterns. Large area (2×2 cm2) metal
masters of the single patterns F(X,Y) = F(1,4) and F(4,1) were also produced following the
same lithographical process to facilitate analysis by flow cytometry and luciferase assay.
Pitted PDMS replicates of these “single-pattern” substrates, as well as smooth PDMS
substrates produced from smooth silicon wafers, were stamped into 2 cm2 circular disks,
affixed to the bottom of 24-well tissue culture plates (Falcon, Heidelberg, Germany) with 50
μL PDMS, and cured overnight.

2.2 Cell culture
Adult normal human dermal fibroblasts (NHDFs) (Lonza, Basel, Switzerland) were cultured
in high glucose Dulbecco’s Modified Eagle’s Medium (GIBCO 11960-044) (Invitrogen,
Carlsbad, CA) supplemented with 20% Premium Select FBS (Atlanta Biologicals,
Lawrenceville, GA), 25 μg mL−1 gentamicin (Invitrogen), and 1× GlutaMAX, non-essential
amino acids, sodium pyruvate, and β-mercaptoethanol (Invitrogen), at 37°C and 5% CO2.
NHDFs were passaged a maximum of six times prior to experimentation. PDMS substrates
were washed with 70% ethanol and air-dried twice, then washed with sterile deionized (DI)
water and air-dried twice again. 25 μg mL−1 human plasma fibronectin (BD, Franklin
Lakes, NJ) in DI water was adsorbed to PDMS substrates for 1 hour at room temperature
(RT) before seeding NHDFs at a density of 7,500 cells cm−2 for quantitative analyses, and
3,750 cells cm−2 for visualization by SEM and confocal microscopy.

2.3 Plasmid DNA
pmaxGFP (Amaxa, Cologne, Germany) and VR1255 (Vical, San Diego, CA) plasmids
expressing green fluorescent protein (GFP) and luciferase reporters under control of the
CMV promoter were propagated in Escherichia coli DH5α and purified with the EndoFree
Plasmid Giga Kit (Qiagen, Hilden, Germany). Plasmid DNA concentrations were quantified
by measurement of absorbance at 260 nm with a NanoDrop ND-1000 Spectrophotometer
(Thermo Scientific, Waltham, MA).

2.4 Transfection protocol
24 hours after seeding on topographical libraries or single-pattern substrates, NHDFs were
transfected with a 2:1 ratio of Lipofectamine 2000 (Invitrogen) volume (μL) to pmaxGFP or
VR1255 DNA mass (μg) at a dose of 1 μg plasmid cm−2 in serum- and antibiotic-free
OptiMEM (Invitrogen), according to the manufacturer’s protocol. Transfection medium was
replaced with complete medium 4 hours after the onset of transfection. Mass ratio and DNA
dose were selected based on a preliminary optimization of luciferase expression levels in
NHDFs cultured on smooth substrates (results not shown).

2.5 Proliferation assay
Proliferation of cells on topographical libraries was quantified with the BrdU (5-bromo-2-
deoxyuridine) incorporation assay, which labels the nuclei of cells that have undergone
mitosis. Following removal of the transfection medium, cells were incubated for 20 hours
with 15 μM BrdU (Invitrogen) in complete media. Cells were then washed briefly with
Cellgro phosphate-buffered saline (PBS) containing Ca2+ and Mg2+ (Mediatech,
Washington, DC), and fixed with 4% paraformaldehyde (PFA) (EMS, Hatfield, PA) at 4°C
for 30 minutes. Genomic DNA was denatured with 2M HCl (Sigma-Aldrich, Saint Loius,
MO) for 10 minutes at RT and 20 minutes at 37°C, immediately followed by a 5 minute
wash with 0.1 M borate buffer (Thermo Scientific), and a 30 minute RT incubation in
blocking buffer containing 0.2% Triton X-100, 3% w/v BSA, and 10% goat serum (Sigma-
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Aldrich). BrdU incorporation was detected by 12 hour incubation at 4°C with anti-BrdU-
AF594 mAb (1:100 dilution, Invitrogen), and 15 minute RT DAPI counterstain (1:5000,
Invitrogen). Between each staining step, cells were washed three times for five minutes at
RT with PBS containing 0.2% Triton X-100 and 1% BSA. An example of the BrdU staining
is provided in Supplementary Figure 1.

2.6 Automated fluorescence imaging and analysis of topographical library
24 hours after the onset of transfection, NHDFs were washed briefly with PBS containing
Ca2+ and Mg2+, and fixed with 4% PFA (EMS) at 4°C for 30 minutes. Cell spreading was
visualized with a 30 minute RT phalloidin-AF594 (1:200, Invitrogen) stain, and nuclei with
15 minute DAPI (1:5000, Invitrogen) stain at RT, with three five-minute PBS washes before
and after each. Following staining, arrays were mounted face-down on Nunc single-well
OmniTrays (Thermo Scientific) with Fluoro-Gel (EMS).

Transfection efficiency (GFP, green), cell spreading (phalloidin, red), and cell number
(DAPI, blue) data were collected from three independent arrays, while proliferation data
(BrdU, red; DAPI, blue) were collected from another three, using a Nikon Eclipse TE2000-
U fluorescence inverted microscope fitted with appropriate filters and ProScanII robotic
stage and autofocus controllers (Prior). Each array was scanned automatically using NIS-
Elements software (Nikon, Tokyo, Japan), with autofocus performed in every field, and a
constant exposure time for each channel within a given array, producing large high-
resolution composite images for each fluorophore.

Adobe Photoshop CS3 (Adobe Systems, San Jose, CA) was used to overlay a black grid
onto an image of an array, outlining the boundaries of each patterned region within that
array (Supplementary Figure 2). This masked image was then used to define regions of
interest (ROIs) in ImageJ (NIH). First, a threshold was set to differentiate the background in
each region from the black mask. The “Analyze particles” command was then used to detect
and store each patterned area as a unique ROI. The original (unmasked) images were then
re-thresholded and analyzed with a custom ImageJ macro, which sequentially stepped
through each ROI and utilized the “Analyze particles” command to count the number of
BrdU+ nuclei, DAPI+ nuclei, and GFP+ cells, or quantified the area fraction of each region
stained with phalloidin. Particles that were significantly smaller than cells or nuclei were
excluded from the relevant quantifications with the “Particle size” setting within “Analyze
particles”.

2.7 Flow cytometry of cells on single-patterned substrates
24 hours after the onset of transfection with pmaxGFP-containing complexes (48 hours after
cell seeding), NHDFs cultured on F(1,4), F(4,1), and smooth PDMS substrates in
quadruplicate were washed briefly with PBS containing Ca2+ and Mg2+, released from
substrate surfaces with 0.25% Trypsin-EDTA (Invitrogen), centrifuged, and resuspended in
propidium iodide (PI) (1:1000, Invitrogen) to stain dead cells. Cells were then filtered
through 40 μm nylon cell strainers (BD) and analyzed with a BD FACSCanto II flow
cytometer. Single-positive PI+ and GFP+ cells were used to adjust spectral compensation.
Non-transfected NHDFs cultured on smooth PDMS served as negative control, with 1% of
these cells considered GFP+.

2.8 Luciferase assay
24 hours after the onset of transfection with VR1255-containing complexes, NHDFs
cultured on F(1,4), F(4,1), and smooth PDMS substrates in triplicate were washed briefly
with PBS containing Ca2+ and Mg2+, and lysed with: 500 μL Glo Lysis Buffer (Promega,
Fitchburd, WI), a −80°C freeze-thaw cycle, and scraping. Non-transfected cells served as
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negative control. 100 μL of each lysate was then combined with 100 μL Steady-Glo
Luciferase Assay Substrate (Promega) in an opaque 96-well plate (Thermo Scientific).
Luminescence signals were normalized to the total dsDNA content in each lysate measured
by Quant-iT PicoGreen assay (Invitrogen), according to the manufacturer’s protocol. A
standard curve of cell number to PicoGreen signal was linear in the required dynamic range.
Luminescence integrated over 7 seconds (luciferase) and fluorescence (PicoGreen) values
were collected at RT following 5 minute incubations using a BMG Labtech FLUOStar
Optima plate reader.

2.9 Confocal laser scanning microscopy
To visualize NHDFs protruding into pits, the cells were stably transduced with fluorescent
cytoskeletal fusion proteins Lifeact-mRFPRuby (F-actin) [40] and α-actinin-GFP [41]
(Addgene plasmid 11908) which were previously cloned into the lentiviral vector FUGW,
and delivered with replication-deficient 2nd generation lentiviruses (packaging vectors
psPAX2 (Addgene plasmid 12260) and pMD2.G (Addgene plasmid 12259)). Lentiviral
transduction was used in place of immunohistochemistry to minimize sample handling. The
stably-transduced NHDFs were cultured on patterns F(1,4) and F(4,1) for 24 hours, washed
with PBS containing Ca2+ and Mg2+, fixed for 20 minutes in 4% PFA at 4°C, mounted face-
down in Fluoro-Gel (EMS) on #1.5 coverslips (VWR, West Chester, PA), and visualized
with the 63× oil immersion objective of a Zeiss LSM 510 inverted confocal microscope.

2.10 SEM
Cells cultured on single-pattern substrates were washed briefly with PBS containing Ca2+

and Mg2+, and dehydrated with a graded ethanol series. The cell samples were then dried
with a Pelco CPD2 critical point drier, and sputter coated with a 10 nm layer of gold using a
Denton Desk IV Vacuum Sputter Unit. Single-pattern substrates without cells were cleaned
with 70% ethanol, freeze-fractured with liquid nitrogen, and sputter-coated with 10 nm of
gold. All samples were then examined with an FEI XL30 scanning electron microscope.

2.11 Statistics
Statistical treatment and graphing of data were performed using Prism (GraphPad Software,
La Jolla, CA). For comparisons of multiple pairs, ANOVA with Tukey post-test was
performed, with p-values < 0.05 considered significant. For post-normalization comparisons
to smooth substrates, one-sample t-test was performed, with p-values < 0.05 considered
significant. Error bars represent the standard deviation of three independent experiments.

3. Results
3.1 Transfection efficiency, morphology, and proliferation of fibroblasts on topographical
libraries

High-throughput parallel screening of 160 pitted topographies revealed a significant 25%
enhancement of GFP transfection efficiency for cells cultured on patterns with small
interfeature spacings (Y = 1, 2 μm) compared to smooth regions (Figure 2a). This
enhancement decreased and disappeared as the pits became spaced further apart; that is, as
they more closely approximated a smooth surface. Regions with large pits (X) increased
transfection efficiency more modestly, while patterns with small pits supported identical
transfection efficiencies as smooth regions. Pit morphologies A–J had no significant impact
on transfection efficiency (results not shown). Topography-mediated enhancement of
transfection was significant compared to smooth regions within each array, as well as
between the averages of three normalized arrays presented in Figure 2. Examples of these
differences are visible in representative widefield fluorescence images presented in Figure 3.

Adler et al. Page 5

Biomaterials. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cell spreading was quantified as the area occupied by actin on each pattern normalized by
the number of cells in that region (Figure 2b). Spreading showed a trend opposite that
observed for transfection efficiency; NHDFs on large, closely spaced pits were significantly
less spread than those on small, distal pits, and on smooth regions. Regions with large,
closely-spaced pits were also observed to encourage cell alignment. The strong influence of
pitted topography on NHDF morphology is also evident in Figure 3.

Pit size had no effect on the number of cells in each patterned region after transfection.
However, features with closely-spaced pits had slightly but significantly fewer cells than
those with large interfeature distances (Figure 2c). No combination of pit size or spacing
supported a significantly different number of cells than found on smooth regions. No
significant differences in proliferation rates were observed for NHDFs cultured on
topographical libraries (Figure 2d).

3.2 Flow cytometry on single-patterned substrates
Without normalization, an average of 55.0 ± 3.5% NHDFs cultured on smooth PDMS were
GFP-positive following nonviral transfection, whereas an average of 68.3 ± 2.7% of cells
cultured on pattern F(4,1) and 57.8 ± 3.6% on pattern F(1,4) were successfully transfected
across all three experiments (95% confidence intervals). Normalization to the transfection
efficiency of cells on smooth PDMS in each experiment gives a significant 24.4% average
enhancement of transfection efficiency for cells cultured on F(4,1), compared to F(1,4) and
smooth substrates (Figure 4). Representative flow cytometry data are provided in
Supplementary Figure 3.

3.3 Luciferase assay
Luciferase activity normalized to total cellular DNA was not significantly different for
NHDFs transfected on smooth, F(1,4), or F(4,1) patterned topographies (data not shown).
Cells transfected with luciferase were 4,000 times more luminescent than no-transfection
negative controls.

3.4 SEM
Inspection of NHDFs cultured on pitted topography with SEM revealed NHDFs cultured on
pattern F(4,1) were less spread, and more aligned than those on pattern F(1,4) (Figure 5).
The cells were also observed to drastically deform the walls of the 4 μm pits, sometimes
with a single thin membrane process. For both patterns, cells could be seen extending
portions of their membrane over the edge of open pits. Freeze fracture of the patterns
revealed a uniform pit depth of 2.4 μm (Supplementary Figure 4).

3.5 Confocal microscopy
Cytoskeletal fusion proteins expressed in NHDFs were observed protruding 2.4 μm below
the rest of the basal membrane plane from cells cultured on both 4 and 1 μm pits (Figure 6).
Cells cultured on 4 μm pits appeared as “waves” in the XY and XZ planes, because both the
apical and basal membrane descended into pits. This is in contrast to cells on 1 μm pits,
which only extended their basal membrane surface to the pit bottom. Further, in many of the
cells cultured on 1 μm pits, there were no protrusions visible.

4. Discussion
In this study, our goal was to test the hypothesis that topography, which has been shown to
affect many cell phenotypes, also has an influence on cell transfectability. High-throughput
microscopy of primary NHDFs cultured on topographical arrays revealed that cells on large,
closely spaced pits were transfected a significant 25% more efficiently than those on smooth
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surfaces, while small, distant pits did not significantly alter GFP expression (Figure 2a).
Flow cytometric analysis of NHDFs cultured on single patterns verified the prediction made
by screening (Figure 4). To our knowledge, these results represent the first demonstration of
a topographic control of transfection.

Additional experiments and measurements were performed in an effort to understand why
cells cultured on patterned topography were transfected more efficiently. NHDFs that were
least-spread were most efficiently transfected (Figures 2a, 2b, 3). Visible deformation of
pattern F(4,1) but not of pattern F(1,4) implies cells may experience a different effective
surface modulus and intracellular tension on each topography (Figure 5)– there is less
contractile force required to deform pattern F(4,1). Cytoskeletal tension and cell spreading
have been repeatedly demonstrated to modulate genome-wide changes in protein expression
levels and patterns, including many involved in endocytosis: clathrin, epsin 2, caveolin-1,
REP-2, and integrins [42–45]. Actin contraction, a process required for formation and
strengthening of focal adhesions on integrin ligands during spreading, has been suggested to
drive the internalization of cholesterol-rich lipid rafts containing cationic complexes bound
to proteoglycans [46].

Emerging research suggests cell spreading may have a direct impact on endocytic processes.
The formation, maturation, contraction, and disassembly of focal adhesions allow cells to
spread over and move across their substrates. The speed of this cycle is controllable with
substrate topography, as mediated through the heterogeneous spatial availability of adsorbed
integrin ligands [15,47]. A loss of integrin-mediated adhesion results in dramatic
internalization of caveolae [34]. Disassembly of focal adhesions is a clathrin-dependent
endocytic process; clathrin colocalizes with focal adhesions as nucleated by actin fibers, and
knockdown of clathrin activity results in diminished integrin internalization [32]. These
studies demonstrate strong links between integrin function and caveolae- and clathrin-
mediated trafficking. These links could manifest as a coincident uptake of complexes or as a
downregulation of particle uptake through competition for the endocytic machinery by
altered integrin presentation and internalization on patterned topographies. As such,
enhanced transfection efficiency of NHDFs cultured on patterned topography may be a
downstream consequence of altered endocytic uptake and/or intracellular trafficking.

Substrate stiffness has been previously demonstrated to control transfectability, with stiffer
substrates supporting more efficient transfection, putatively a consequence of enhanced
proliferation on stiff surfaces [3]. Similarly, dense presentation of integrin ligands has also
been shown to improve gene transfer through increased proliferation [48]. In our study
however, neither pit spacing nor size had a significant impact on cell density or proliferation
compared to smooth substrates (Figures 2c, 2d), indicating differences in cell division are
not responsible for the enhanced transfection efficiency. Regions with large pit spacing had
a greater number of cells than those with small spacing after transfection (Figure 2c); when
taken with the observation that proliferation is unchanged this suggests either decreased
initial attachment, or survival, during transfection on more discontinuous surfaces.

Luciferase expression levels were not detectably altered with transfection on the patterns
that increased the percentage of GFP-expressing cells. This result may reflect the difference
in how the reporter signals are weighted in each case - weakly GFP+ cells are counted with
equal importance as those that saturate the photodetectors when quantified with thresholded
fluorescence microscopy or flow cytometry. In contrast, luciferase assays weight highly-
expressing cells more heavily than weakly-positive cells. Therefore, patterned topography
may be exerting its influence on cells that express only a few copies of reporter - that is, on
cells that are very near to the positive/negative threshold. Alternatively, luciferase
expression could be more toxic than GFP in NHDFs, leading to greater cell death in
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luciferase-positive cells. Increased transfection efficiency without an associated increase in
transfection level is desirable at times, particularly for transfected cell arrays, where over-
expression can be a significant problem if it doesn’t reflect a natural phenotype in vivo [49].

Detailed microscopic examination of cells cultured on patterned topography reveals more
possibilities to explain the increase in transfection efficiency. SEM images demonstrate
NHDFs stretch their membrane over open pits as they move across the substrate, thereby
exposing their basal surface to complex-containing medium (Figure 5). It is reasonable to
expect this process to occur more often, and for a larger proportion of the cell membrane, on
surfaces with large, dense pits. Including sidewall surfaces, dense pits have an increased
effective surface area than sparse patterns or smooth surfaces; pattern F(4,1) has ~ 2.4 and
1.8× greater effective surface area than smooth and F(1,4) substrates, respectively. This
potentially increases the amount of fibronectin that is able to adsorb to pitted surfaces, and
the amount of nonviral vector that can adsorb during transfection. Substrate-mediated gene
delivery has at times been demonstrated to be more effective than bolus delivery [4,6,50]; if
cells can interact with this increased substrate surface area, they may have access to a larger
amount of complexes, increasing their probability of being successfully transfected.
Confocal microscopy revealed that NHDFs were indeed capable of reaching the bottom of
both 1 and 4 μm pits (Figure 6), though the cells were more able to do so for 4 μm pits,
which may have contributed to their enhanced transfection.

Cell culture substrates for in vitro use are typically smooth by default, whereas implantable
gene-eluting scaffolds often impart tunable porosity (and therefore topography) via
electrospinning [51], polymer chemistry, or porogen inclusion [52] to promote cell
penetration and enhance mass transfer of entrapped therapeutics. The microenvironment at
implant surfaces is critically important to efficient transfection; the inclusion of soluble
factors, adsorption of ECM molecules, maintenance of cell-cell interactions, and tuning of
mechanical stress are all currently leveraged towards the improvement of transfection
efficiency [53]. Scaffold surface topography is an additional design parameter that may be
optimized to bolster in situ genetic manipulation of infiltrating cells.

Ultimately, our goal is to understand the functional relationship between substrate
topography, focal adhesion formation, cytoskeletal tension, endocytosis, and transfectability.
We elected to take the first step with demonstration of the most downstream effect,
transfectability, using bolus delivery of ubiquitous Lipofectamine 2000 complexes to
primary human fibroblasts cultured on a combinatorial library of well-defined pitted
topographies. Transfection is a multi-step process with many known and unknown
modulators, with some that are evidently tunable with substrate topography. Discovery of
topographies that increase transfection efficiency in primary human fibroblasts is another
example of the power of high-throughput screening, complimenting the previous use of this
technique to discover substrates with desirable stem and progenitor cell maintenance [54] or
differentiation [39] effects and cytoskeletal changes in primary fibroblasts [55]. Our future
work is focused on the extension of this finding to nanotopographic surfaces for substrate-
mediated transfection, which we hypothesize to be even more potent than microtopographic
influences on bolus transfection.

5. Conclusions
We have performed a systematic screen of nonviral transfection on microtopographic
substrates, and discovered a significant 25% enhancement of transfection efficiency for
primary human fibroblasts cultured on densely-pitted surfaces compared to smooth. This
improvement could not be attributed to altered proliferation rate for cells on pitted
substrates, and represents the first demonstration of a topographic influence on nonviral
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gene transfer. Topographic modulation of transfection is a new and therefore under-
appreciated factor to consider when developing and studying gene delivery systems.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Topographical library details: 10 pit morphologies (A–J) were replicated with 16 different
combinations of size (X, 1–6 μm) and spacing (Y, 1–6 μm), giving 160 unique patterned
PDMS substrates for cell growth, each with a uniform pit depth of 2.4 μm. Smooth regions
were present in the center of the array (SM), and in the regions between patterns. Pattern K
was excluded from all analyses due to poor cell attachment.
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Figure 2.
(a) Transfection efficiency, (b) spreading, (c) cell number, and (d) proliferation of NHDFs
cultured on topographical PDMS libraries normalized to values taken from smooth regions
in each array. Data are grouped across pit morphologies A–J by pit diameter (X, left), and
pit spacing (Y, right). Letters denote significance between columns and #’s denote
significance compared to smooth regions. (a) Small interfeature spacing (Y = 1μm)
produced a 25% increase in transfection efficiency compared to smooth regions, while
feature size (X) had a less-significant impact. (b) Pits spaced far apart (large Y), and those
with small diameters (small X), supported the highest levels of spreading. (c) Feature size
(X) had no detectable effect on cell number whereas patterns with large interfeature spacing
(Y = 6 μm) contained 25% more cells than those with small interfeature spacing (Y = 1 μm).
(d) No significant dependence of proliferation on feature spacing was detected, suggesting
increased cell number on features with large interfeature spacing may reflect increased
initial attachment.
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Figure 3.
Representative fluorescence microscopy images of NHDFs transfected on topographical
PDMS libraries, with visible GFP transgene (green), actin (phalloidin stain, red), and nuclei
(DAPI, blue). Patterns with small interfeature spacing (B(6,1) and I(6,1)) supported higher
transfection efficiency, greater alignment, and less spreading than those with large
interfeature spacing (B(1,6) and I(1,6)).
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Figure 4.
Flow cytometry corroborates the results presented in Figure 3a; F(4,1), a pattern with small
interfeature spacing (1 μm), supported 25% higher transfection efficiency than smooth
PDMS and F(1,4), a substrate with large interfeature spacing (4 μm).
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Figure 5.
SEM of cells interacting with pitted topography, imaged with 30° tilt. NHDFs cultured on
F(1,4) are more spread than those cultured on F(4,1). Regions of the cell membrane were
stretched over open pits on both patterns. Cells cultured on F(4,1) were observed to
dramatically deform pit sidewalls.
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Figure 6.
Confocal microscopy revealed NHDFs exploring the bottom of 1 and 4 μm diameter pits.
The appearance of “holes” in the cell membrane of cells cultured on pattern F(4,1) is a
consequence of the apical and basal cell surfaces bending below the focal plane, whereas
cells on F(1,4) only reached the bottom of pits with their basal membrane.
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