
Dynamic Article LinksC<Soft Matter

Cite this: Soft Matter, 2011, 7, 4993

www.rsc.org/softmatter PAPER

Pu
bl

is
he

d 
on

 0
6 

A
pr

il 
20

11
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
D

el
aw

ar
e 

on
 1

7/
12

/2
01

5 
15

:2
2:

46
. 

View Article Online / Journal Homepage / Table of Contents for this issue
Microcontact printing for co-patterning cells and viruses for spatially
controlled substrate-mediated gene delivery

Kellie I. McConnell,a John H. Slater,a Arum Han,b Jennifer L. Westa and Junghae Suh*a

Received 26th October 2010, Accepted 15th March 2011

DOI: 10.1039/c0sm01209b
Spatial organization of gene expression is a crucial element in the development of complex native

tissues, and the capacity to achieve spatially controlled gene expression profiles in a tissue engineering

construct is still a considerable challenge. To give tissue engineers the ability to design specific, spatially

organized gene expression profiles in an engineered construct, we have investigated the use of

microcontact printing to pattern recombinant adeno-associated virus (AAV) vectors on a two

dimensional surface as a first proof-of-concept study. AAV is a highly safe, versatile, stable, and easy-

to-use gene delivery vector, making it an ideal choice for this application. We tested the suitability of

four chemical surfaces (–CH3, –COOH, –NH2, and –OH) to mediate localized substrate-mediated gene

delivery. First, polydimethylsiloxane stamps were used to create microscale patterns of various self-

assembled monolayers on gold-coated glass substrates. Next, AAV particles carrying genes of interest

and human fibronectin (HFN) were immobilized on the patterned substrates, creating a spatially

organized arrangement of gene delivery vectors. Immunostaining studies reveal that –CH3 and –NH2

surfaces result in the most successful adsorption of both AAV and HFN. Lastly, HeLa cells were used

to analyze viral transduction and spatial localization of gene expression. We find that –CH3, –COOH,

and –NH2 surfaces support complete uniform cell coverage with high gene expression. Notably, we

observe a synergistic effect between HFN and AAV for substrate-mediated gene delivery. Our flexible

platform should allow for the specific patterning of various gene and shRNA cassettes, resulting in

spatially defined gene expression profiles that may enable the generation of highly functional tissue.
Introduction

A significant hurdle in tissue engineering and regenerative

medicine is the difficulty in achieving spatially organized tissue

structures.1 To drive the proper differentiation and assembly of

cells, gene expression patterns may need to be tightly regulated.

This may entail the expression of certain genes, involved in tissue

genesis or repair, to be upregulated or downregulated in

a spatially dependent manner. Among the advances in this field

has been the incorporation of gene delivery agents, desired to

guide the development of more native-like in vitro tissues. Pio-

neering methods of incorporating gene delivery in tissue engi-

neering constructs involved the inclusion of plasmid DNA in

polymeric matrices.2 Since that time multiple groups have

worked to create methods to deliver genetic material for tissue

engineering applications, based on either the delivery of plasmid

DNA or on viral transduction.3–7

Viral gene delivery is a promising alternative to the use of

plasmid DNA for substrate-mediated gene delivery, also called
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reverse transfection or reverse transduction when non-viral or

viral vectors are used, respectively. Viral particles can be easily

modified to deliver a desired genetic cargo of either an over-

expression or shRNA cassette. In recent years, several viruses

have been used to control the delivery of genes for a variety of

substrate-mediated applications, including targeted gene delivery

for wound healing, bone remodeling, and prevention of reste-

nosis.8–10 Lentiviral and adenoviral vectors have been used to

create cellular microarrays for upregulation or downregulation

of genes of interest.11–13 Pirone et al. implemented microcontact

techniques for patterning adenovirus onto plastic.5 Retroviruses

have also been immobilized using alkanethiol self-assembled

monolayers (SAMs), either through direct adsorption or through

the use of a protein mediating layer.4 Previous studies have

shown that retrovirus is capable of interacting with extracellular

matrix proteins, including fibronectin, to increase the gene

delivery efficiency in target cell types.14

We set out to build upon these previous studies to advance the

technology to the next level. First, we envisioned creating

a platform where both viral gene delivery vectors and adhesive

proteins can be co-patterned to control both cellular attachment

and gene expression. This can ultimately enable us to modulate

the virus pattern underneath the cell pattern, resulting in the

creation of distinct regions of gene expression within the cell
Soft Matter, 2011, 7, 4993–5001 | 4993
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pattern. Furthermore, we desired to use a gene delivery vector

that can be easily tailored to deliver genes into target cells with

high efficiency. AAV is a relatively simple virus to modify,

encoding only two viral genes: rep and cap. Modification of the

cap gene can substantially improve the specificity and efficiency

of AAV-mediated gene delivery. Numerous advances in AAV

targeting have been made recently (reviewed by Schaffer et al.15),

providing us with many potential options to enhance the selec-

tivity of the vectors for specific cells. Eventually, by exploiting

different combinations of virus patterns, cell patterns, trans-

genes, cell types, and AAV capsids (with different capsids tar-

geting different cell types), we may be able to mimic the structure

and function of highly complex tissues.

AAV is a small, 25 nm diameter replication deficient parvo-

virus that is being investigated intensively in 75 gene therapy

clinical trials worldwide. AAV is considered to be one of the

safest viral vectors for gene delivery, owing to several properties.

First, approximately 80% of the human population is seroposi-

tive for this non-pathogenic virus, with no deleterious side

effects.16 AAV does not mediate insertional oncogenesis, which

has been observed for retrovirus vectors,17 and immunogenicity

against the virus is substantially less than that of adenovirus

vectors.18 AAV is a non-enveloped virus composed of a protein

shell encapsidating a 4.7 kb single stranded DNA genome. As

mentioned above, the simple viral genome contains only two

genes: rep, coding for non-structural replication proteins, and

cap, coding for three proteins that self-assemble to form the viral

capsid and a fourth protein that aids in this assembly.19 A

number of naturally occurring serotypes with diverse tropism

and transduction profiles have been isolated.20 The most

commonly used serotype is AAV2, known to bind negatively

charged heparin.21 The crystal structure of this well-studied virus

has been resolved.22 In addition to the various serotypes, there

are a variety of methods to alter the tropism of the virus in order

to increase the gene delivery efficiency in a target cell population.

These methods range from rationally inserting a targeting moiety

into the capsid to using directed evolution to isolate an improved

mutant out of a large pool of variants.23–26 Lastly, AAV can be

altered to deliver various genetic cargos, including over-

expression cassettes as well as shRNA.27,28 Collectively, the use of

AAV for gene delivery in tissue engineering/regenerative medi-

cine applications is a highly attractive choice due to its higher

safety profile and ease of manipulation compared to other viral

gene delivery systems, and the numerous methods to achieve

target cell specificity and efficiency.

To spatially localize AAV2 vectors and cellular adhesion, we

used microcontact printing of alkanethiols to create patterned

self-assembled monolayers (SAMs). Microcontact printing

techniques use elastomeric stamps with micron scale features to

print molecules onto a surface.29 For this work, we stamped

alkanethiol chains onto gold-coated glass coverslips. Alkanethiol

molecules are long carbon chains, with a functional group on one

end and a gold binding sulfur molecule on the other end.

Through van der Waals forces, the chains self-assemble into

a monolayer of 2–3 nm in height at a 30� angle.29 These SAMs

form patterned features and can have either protein adhesive or

protein resistive properties. Through this method, we are able to

directly control the spatial localization of the virus, as opposed to

adding it in a bulk solution and exposing all cells to the same gene
4994 | Soft Matter, 2011, 7, 4993–5001
delivery agent. In this work, we patterned chemistries that are

potentially adhesive to both AAV2 and cellular attachment

proteins.

We have developed a patterning platform to combine both the

patterning of cells as well as AAV2 for gene delivery. Micro-

contact printing and a variety of alkanethiol surface chemistries

have been used to identify a SAM that allows for both the

attachment of cell adhesive proteins (human fibronectin, HFN)

and reversible immobilization of AAV2. Relative attachment of

both fibronectin and AAV2 was visualized and quantified using

immunostaining. To test cell adhesion and the efficiency of viral

transduction in this system, we used a green fluorescent protein

(GFP) reporter gene and HeLa cervical cancer cells, which are

known to be highly permissive to AAV2 transduction.30 At

various times post-cell seeding patterns were analyzed for both

cellular attachment as well as efficiency of gene delivery.
Results and discussion

–CH3 and –NH2 surfaces most efficiently immobilize HFN

The ability to spatially control cell attachment to surfaces is an

integral component in the creation of patterned cell constructs.

We implemented microcontact printing to create 500 mm diam-

eter circular patterns of one alkanethiol SAM, either a –CH3,

–COOH, –NH2, or –OH terminated alkanethiol, surrounded by

a biologically inert oligo(ethylene glycol) (–OEG) terminated

SAM. Due to the passive nature of the –OEG SAM, HFN

preferentially adsorbs to the circular patterns leaving the

surrounding background free of protein. Using these alkanethiol

molecules, we are able to create hydrophobic (–CH3), hydro-

philic (–OH), negatively charged (–COOH), and positively

charged (–NH2) surfaces. To study the efficacy of each surface

chemistry (–CH3, –COOH, –NH2, and –OH) to mediate HFN

binding and hence cell attachment, we used immunostaining and

fluorescence microscopy to compare the amount of HFN that

adsorbs to each SAM. The patterned surfaces were exposed to

HFN, fluorescently immunolabeled, imaged under identical

conditions, and the fluorescence integrated density of the

patterned regions was measured. The hydrophobic –CH3 SAM

adsorbs the highest amount of HFN, displays uniform surface

coverage (Fig. 1a and e) and was, therefore, used to normalize the

integrated density values of the remaining surfaces. The –NH2

patterned SAM shows a similar level of high and uniform

attachment (Fig. 1c). The –COOH SAM results in immobiliza-

tion of less HFN, 47% as compared to the –CH3 SAM, and the

patterns contain noticeable defects resulting in non-uniform

HFN coverage (Fig. 1b and e). In these –COOH images, it is

interesting to note that the defects appear as though the protein

layer is peeling away. We believe that this happens because of the

ten washing steps involved with immunostaining and they are

seen in additional immunostaining images (Fig. 3b). In the later

studies where cells are seeded on the surfaces, we do not perform

these washing steps. The –OH pattern shows minimal HFN

attachment and adsorbs only 23% of the HFN compared to the

–CH3 SAM (Fig. 1d and e). Previous studies that used non-

patterned alkanethiol SAMs with varying functional groups

showed similar results in protein adsorption and observed both

surface wettability- and charge-dependent protein adsorption
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Adsorption of HFN to micropatterned SAMs with varying

functional groups. –CH3 (a), –COOH (b), –NH2 (c), and –OH (d)

terminated alkanethiol SAMs were microcontact printed in 500 mm

diameter circles, backfilled with an –OEG terminated SAM, exposed to

HFN, fluorescently immunostained, imaged, and the integrated density

of the patterns measured (e). The –CH3 and –NH2 terminated alkanethiol

patterns (a and c) show a similar amount of adsorbed HFN. The –COOH

(b) and –OH (d) surfaces show significantly less adsorption. Scale bar is

100 mm. (e) Relative amounts of HFN adsorbed to the various SAMs

were determined by comparing the integrated densities (as quantified with

ImageJ) of the circular patterns. Values were normalized to those of the

–CH3 spots. Error bars indicate standard error of the mean. The statis-

tical significance (p < 0.05) is indicated with * for comparison against

–COOH and # against –OH.

Fig. 2 Adsorption of AAV2 to micropatterned SAMs with varying

functional groups. –CH3 (a), –COOH (b), –NH2 (c), and –OH (d)

terminated alkanethiol SAMs were microcontact printed in 500 mm

diameter circles, backfilled with an –OEG terminated SAM, exposed to

AAV2, fluorescently immunolabeled, imaged, and the integrated density

of the patterns measured (e). The –CH3 terminated alkanethiol patterns

(a) adsorb more AAV2 than –COOH (b), –NH2 (c) or –OH (d) termi-

nated alkanethiols. Scale bar is 100 mm. (e) Relative amounts of AAV2

adsorbed to the various SAMs were determined by comparing the inte-

grated densities (as quantified with ImageJ) of the circular patterns.

Values were normalized to those of the –CH3 spots. Error bars indicate

standard error of the mean. The statistical significance (p < 0.05) is

indicated with * for comparison against –COOH, + against –NH2, and #

against –OH.
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behavior.31 The finding that HFN adsorbs to all of the SAMs

tested indicates the potential of each SAM to support cell

attachment. However, SAM-dependent differences in the

amount of HFN adsorbed and in the uniformity of coverage

could lead to differences in initial cell attachment, cellular

proliferation, AAV2 adsorption, AAV2 transduction, and ulti-

mately gene expression.
–CH3 surfaces most efficiently immobilize AAV2

Similar to how spatial control of HFN adsorption is important

for effective cell patterning, spatial control of AAV2 vector

adsorption is crucial in spatial regulation of gene expression. To

determine the efficacy of the four previously tested surfaces on

AAV2 attachment, we repeated the adsorption analysis proce-

dure used to quantify HFN adsorption. Micropatterned surfaces
This journal is ª The Royal Society of Chemistry 2011
of the various functional group SAMs were exposed to AAV2,

fluorescently immunolabeled, imaged under identical conditions,

and the integrated densities measured. The various alkanethiol

terminal groups yield different AAV2 immobilization patterns as

well as variable amounts of virus attachment (Fig. 2). As with

HFN attachment, the –CH3 surface results in the highest

adsorption of AAV2 with the most uniform coverage (Fig. 2a

and e). The patterned –COOH, –NH2, and –OH SAMs result in

heterogeneous, non-uniform, punctate AAV2 coverage (Fig. 2b–

d) with each SAM immobilizing 43%, 46%, and 41% of the

amount adsorbed to the –CH3 SAM, respectively (Fig. 2e).

Overall, it appears that HFN and AAV2 both have similarly high

affinities for the hydrophobic –CH3 patterned SAMs. Interest-

ingly, the surface charge seems to have little influence here on

AAV2 adsorption as the –COOH and –NH2 have similar levels

of attachment. Furthermore, the antibody used in the
Soft Matter, 2011, 7, 4993–5001 | 4995
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Fig. 3 Adsorption of AAV2 to pre-adsorbed HFN on micropatterned

SAMs with varying functional groups. –CH3 (a), –COOH (b), –NH2 (c),

and –OH (d) terminated alkanethiol SAMs were microcontact printed in

500 mm diameter circles, backfilled with an –OEG terminated SAM.

Samples were pre-incubated with HFN and then exposed to AAV2,

fluorescently immunolabeled, imaged, and the integrated density of the

patterns measured (e). Images are pseudocolored for visualization of

overlay. The left column shows HFN staining, the middle column shows

AAV2 staining, and the right column is an overlay of the two channels.

The –CH3 and –NH2 terminated pre-incubated patterns (a and c) adsorb

more AAV2 than –COOH (b) or –OH (d) terminated alkanethiols. Scale

bar is 100 mm. (e) Relative amounts of AAV2 adsorbed to the various

SAMs were determined by comparing the integrated densities (as quan-

tified with ImageJ) of the circular patterns. Values were normalized to

those of the –CH3 spots. Error bars indicate standard error of the mean.

The statistical significance (p < 0.05) is indicated with * for comparison

against –COOH and # against –OH.
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immunostaining detects intact virus capsids only. Thus, the

immobilized virus appears structurally intact and not denatured.
–CH3 and –NH2 surfaces most efficiently immobilize AAV2 and

HFN

Patterned gene expression requires the attachment of both cell

adhesive protein (HFN) and gene delivery vectors (AAV2) to the

same micropatterned region. To achieve this, we patterned HFN

and viral vectors together on one surface. For our studies,

micropatterned SAM surfaces were exposed to HFN followed by

incubation with AAV2. We rationalized that immobilizing HFN

first will prevent this layer from sterically impeding the virus

from gaining access to cells. The four different functional group

SAMs were investigated and the samples were immunostained,
4996 | Soft Matter, 2011, 7, 4993–5001
imaged, and analyzed as described above. In this co-patterned

case, the –CH3 and –NH2 (Fig. 3a and c) spots show qualitatively

high, homogenous levels of attachment. Again, –COOH and

–OH patterns display incomplete pattern coverage (Fig. 3b and

d). As with Fig. 1b, we see a similar staining pattern for the

–COOH surface that suggests washing away of the protein layer.

The image shown in Fig. 3b is one example from the images

taken, all of which showed a similar phenomenon. Quantitative

measurements show that the –CH3 and –NH2 spots have

statistically similar levels of AAV2 adsorption while the –COOH

(42%) and –OH (18%) spots show significantly less (Fig. 3e).

Since adsorption of both HFN and AAV is important for the

viability of this technique, these qualitative and quantitative

results for all surfaces suggest that AAV2 can successfully attach

to a layer of HFN. In particular, homogenous coverage of AAV2

on the HFN pre-incubated –CH3 and –NH2 SAMs suggests that

these surfaces will be particularly effective in supporting viral

transduction, as seen previously with retrovirus.4
–CH3, –COOH, and –NH2 surfaces support cell adhesion and

efficient gene delivery

The goal of this platform technology is to precisely pattern cells

of interest and deliver desired genes via immobilized viral vectors.

To determine the efficacy of both of these goals, we conducted

cell studies using HeLa cells as a model. Cells were added to

HFN and AAV2 co-patterned substrates to determine cell

attachment and transduction. For the construct to be maximally

successful, the pattern should be uniformly covered with cells

and all cells should be expressing the virus encoded transgene,

GFP. Alkanethiol patterns were incubated with HFN, then

AAV2–GFP, and finally seeded with HeLa cells at a density of

100 cells per mm2. Samples were imaged at 24, 48, and 72 h post-

seeding and cell coverage and GFP expression were qualitatively

observed. Minimal background cell attachment is seen in each

case, indicating that the –OEG terminated alkanethiol surfaces

provide an effective block to protein and cell attachment (Fig. 4).

Three surfaces, –CH3, –COOH, and –NH2 (Fig. 4a–c), yield

homogenous coverage of cells throughout the pattern. The

–COOH surface may better retain the protein layer in this

experiment, in comparison to immunostaining studies (Fig. 1 and

3), since we do not perform the ten washing steps when we seed

cells. Cell attachment on the –OH patterned surface yields

incomplete spot coverage (Fig. 4d). The viral vectors immobi-

lized on the surfaces retain their infectivity, as seen by the robust

GFP expression in the patterned cells for all four surfaces. This

implies that vectors are able to efficiently release from the

surfaces and are not denatured by immobilization.

At each time point, gene expression was quantified. Fluores-

cence for each time point was normalized to that of the –CH3

samples at the 24 h time point. GFP expression increases over

time for all four SAMs (Fig. 4e). At the 24 h time point, GFP

expression is significantly higher for –CH3 compared to the other

3 surfaces. All samples are similar at the 48 h time point. By the

final 72 h time point, the –COOH spots have significantly higher

overall GFP expression only when compared to the –OH surface.

The –OH surface has a lower cell density compared to the other

surfaces (73% average cell coverage). If the –CH3 normalized

integrated density at 72 h is adjusted to match the cell density of
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c0sm01209b


Fig. 4 Attachment and transduction of HeLa cells. Gold coated coverslips were patterned with –CH3, –COOH, –NH2, or –OH terminated alkanethiols

in a spot pattern (a–d). Patterns were pre-incubated with HFN and then exposed to AAV2. Samples were rinsed and seeded with HeLa cells at a density

of 100 cells per mm2. Cells were imaged under DIC conditions to evaluate cell deposition (left image) and fluorescence to evaluate GFP expression (right

image). Images shown are at 72 h time point. Scale bar is 100 mm. The fluorescence intensity was measured at 24, 48, and 72 h post-cell seeding (e). Values

were normalized to the –CH3 spot intensity at 24 h. Error bars indicate standard error of the mean. At 24 h, –CH3 is significantly higher (*) than the other

three surfaces (p < 0.05). At 48 h, all surfaces are similar. At 72 h, the statistical significance (p < 0.05) is indicated with # for comparison against –OH.
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the –OH surface, the density will drop to 2.3—a value lower than

the –OH integrated density of 2.6. This result suggests that cells

on the –OH pattern have a slightly higher fluorescence per cell.

The ability to localize cells and deliver genes efficiently is

a favorable outcome for this study. For three of the chemistries,

pattern features are completely covered with cells, with almost no

background or extension off the spots. As expected from

immunostaining data, both the –CH3 and –NH2 surfaces support

cell attachment and efficient gene delivery. However, the same

cellular result is also true for the –COOH SAMs, a result that

seems inconsistent with immunostaining data. From analyzing

the images in Fig. 1b and 3b, we believe that the flaws in these

patterns are due to the removal of protein during the successive

wash steps in immunostaining. For cell studies, fewer washes are

conducted, likely resulting in more protein remaining attached to

the surface. Additionally, it is possible that even on surfaces

adsorbing significantly less AAV (–COOH and –OH), there is

still enough virus to transduce the overlying cells. If we assume

that there is a complete monolayer of viral vectors on the HFN

coated –CH3 surfaces, this would equate to a multiplicity of

infection (MOI) of 4 � 108 viral vectors per cell, based on the

average cell density. Even with the lower amount of viral vectors

seen on other surfaces, this would still lead to an MOI of 8 � 105

and 4 � 105 viruses per cell on the –COOH and –OH SAMs,
This journal is ª The Royal Society of Chemistry 2011
respectively. These MOIs are substantially large and could lead

to the high levels of expression observed on these surfaces. More

quantitative analytical methods are currently under investigation

to validate these hypotheses. Overall, gene expression is robust

on all four SAMs, indicating that there are a variety of surface

chemistries that can support this technique.

Cell transduction studies show high transduction of the

patterned cell population. By transducing a large percentage of

cells, we have the ability to efficiently modulate the behavior of

the whole cell population. Ultimately, this process can be

extended to the creation of more complex tissues using various

cells, adhesive proteins, and gene delivery cassettes. Since cellular

attachment and viral transduction are compatible with –CH3,

–NH2, and –COOH surfaces, this may allow for the use of other

adhesive proteins besides HFN. Other cell types may require

different proteins for proper attachment and guidance, so this

platform will be versatile for a number of systems. Additionally,

AAV2 vectors are easily modifiable to include overexpression

cassettes and shRNA cassettes, leading to the efficient upregu-

lation and downregulation of many combinations of genes that

may be of interest for tissue engineering applications. Moreover,

AAV is an attractive viral platform because there are currently 12

identified serotypes, each serotype having the ability to deliver

genetic cargo to different cell types within the body. The virus
Soft Matter, 2011, 7, 4993–5001 | 4997
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can also be modified through the introduction of a targeting

ligand into the virus capsid.23,32 Finally, there are a number of

directed evolution procedures that can be implemented to

increase tropism to a desired cell type.24–26,33–35 Overall, our

versatile platform allows for the facile creation of different

patterns, as well as the attachment and potential targeting of

many cell types.

Interestingly, when AAV is adsorbed to an HFN layer, there

are a variety of surface chemistries that are capable of supporting

the surface immobilization needed for successful reverse trans-

duction. Previous studies on retrovirus or adenovirus have sug-

gested that virus adsorbed directly on –CH3 terminated

alkanethiol surfaces may denature or fail to release these

viruses.4,5 Similar to these results, we do not see acceptable

transduction levels using AAV incubated directly onto SAMs.

When analyzed on a –CH3 SAM, we find that without the use of

a mediating HFN layer, gene expression is only 13% of that seen

with the HFN layer (Fig. 5a). Our immunostaining with an

antibody that detects intact capsids only indicates the presence of

undenatured AAV capsids on the –CH3 surface (Fig. 2a).

Therefore, inefficient release of AAV from the –CH3 surface may

be the more likely explanation for the poor reverse transduction.

Most surfaces show an increase in virus attachment when HFN is

present (Fig. 5b). HFN pre-adsorption on –CH3 and –COOH

SAMs yields an 80% increase in AAV2 attachment while
Fig. 5 AAV2 and HFN have a synergistic relationship. GFP expression

was analyzed with or without the use of an HFN mediating layer on

–CH3 SAMs (a). When compared to autofluorescence of HeLa cells

alone, fluorescence intensity measurements (as determined using ImageJ)

are significantly higher (p < 0.05). However, AAV2 alone yields only 13%

of the fluorescence measured in the HFN pre-incubated sample. To help

explain this result, we compared the integrated density values from

immunostaining AAV2 on SAMs alone versus AAV2 on HFN pre-

incubated SAMs (b). When compared, HFN preincubation yields an 80%

increase on –CH3 and –COOH surfaces. For the –NH2 surface, HFN pre-

incubation yields an almost 300% increase in attachment. Pre-incubation

leads to no improvement on the –OH SAM, instead causing a 20%

decrease in attachment. Error bars represent standard error of the mean

(a) and propagation of error (b).

4998 | Soft Matter, 2011, 7, 4993–5001
pre-adsorption on –NH2 surfaces yields an almost 300% increase.

As seen with a previous retrovirus study, successful transduction

is observed from –CH3, –COOH, and –NH2 surface chemistries

when HFN is used as a protein mediating layer.4 This was

a surprising result given that retroviruses and AAV have

substantial structural and functional differences between the two

virus particle surfaces. Retroviruses are �100 nm enveloped

viruses, where the embedded envelope proteins mediate interac-

tions of the virus with extracellular factors.36 AAV, in contrast,

are 25 nm non-enveloped viruses, where patches of amino acid

residues displayed on capsid surfaces allow the virus to interact

with extracellular factors.21 These structural differences in

conjunction with the knowledge that retroviruses and AAV

infect different target cell types in vivo,20,37 in part due to differ-

ences in virus particle surface–target cell surface interactions, we

did not predict similar behavior of AAV and retroviruses on

HFN. Further studies are necessary to determine more precisely

how AAV is binding HFN.

An interesting outcome from this study was the discovery of

a synergistic relationship between AAV2 and pre-adsorbed

HFN. Specifically, the presence of HFN significantly improves

the ability of AAV to reverse transduce cells. The quantity of

virus that attaches to the substrate surface is higher when HFN is

used to mediate adsorption. More interestingly, gene expression

is nearly 8 times higher on surfaces pre-adsorbed with HFN. A

possible explanation for this result is that AAV2 is able to bind

HFN through electrostatic interactions. Previous reports have

taken advantage of the negative charge of HFN in forming

assembled layers.38,39 AAV2 binds its natural receptor heparan

sulfate, a negatively charged extracellular biomolecule, via

patches of positively charged amino acids on the virus capsid.21 It

is possible that AAV2 is able to bind negatively charged HFN

using a similar electrostatic mechanism. Different conformations

of HFN exist when adsorbed on different surfaces, potentially

exposing variable binding regions of the protein.40,41 This varia-

tion in exposed HFN domains could yield changes in attachment

and detachment of the virus to and from HFN that is adsorbed

onto different chemistries. Previous reports have identified

interactions between fibronectin and retrovirus,14 suggesting

binding to fibronectin may be a common feature between these

two viruses. To our knowledge, no reports exist on AAV2

binding HFN, therefore, more in-depth quantitative investiga-

tions are necessary to support this potential explanation.

Microcontact printing is a versatile technique that has previ-

ously been applied to cellular localization studies.42–44 Pattern

formation for this method is simply controlled by the features on

the elastomeric stamp and can easily be tailored to a desired size

and pattern for a particular application. Additionally, various

chemical surfaces can be created using different terminated

alkanethiols. For this work we chose to test the efficacy of four

different potentially protein adhesive groups: –CH3, –COOH,

–NH2, and –OH. These various surfaces allowed us to test

a spectrum of conditions, including hydrophobic/hydrophilic

and negatively/positively charged surfaces, to determine the

optimal conditions for HFN and virus attachment. It is imper-

ative to create an efficient, reversible immobilization. To prevent

protein from attaching to the non-patterned regions of the

substrate, we utilized an oligo(ethylene glycol) terminated alka-

nethiol solution to create a protein resistant layer. This layer
This journal is ª The Royal Society of Chemistry 2011
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successfully provided a crucial barrier to background protein

attachment.

As tissue engineering strategies continue to develop, incorpo-

ration of gene delivery vectors presented in spatially meaningful

ways may become increasingly important. Here, we have

demonstrated the ability to spatially localize both cells and gene

delivery vectors. Importantly, we overcame the concern of virus

localization—viral vectors must be tightly localized, but also be

able to release efficiently to transduce cells. By being able to

control the deposition of extracellular matrix proteins and gene

delivery vectors, we are able to control both cell localization and

spatial gene delivery. In the future extension of this work, we will

endeavor to create complex virus patterns underneath the cell

patterns. This will lead to a clear advantage over creating cell

patterns and adding gene vectors suspended in the bulk media. In

this latter approach, all of the cells will be transduced by the viral

vectors, yielding no formation of a gene expression pattern. In

our approach, we should be able to pattern multiple different

gene vectors, each encoding different transgenes, underneath

a cell pattern. By combining variable virus patterns with cell

patterns, complex blueprints for tissue genesis can be designed.

Studies are underway to separate virus patterning from cell

patterning so that these features can be controlled independently.

Experimental

Virus preparation

AAV2 was prepared as described previously.45 Briefly, 293T cells

and a triple transfection method were used to produce

recombinant AAV2–GFP (AAV2 capsid with a green fluorescent

protein (GFP) cassette under the cytomegalovirus (CMV)

promoter). Cells were lysed 72 h post-transfection and virus was

purified using ultracentrifugation and an iodixanol step gradient.

Virus used for these studies remained in a solution of 40%

iodixanol. Viral genomic titers were determined using quantita-

tive polymerase chain reaction (QPCR) with primers against the

CMV promoter. Virus used in this study was determined to have

a concentration of 6.5 � 1011 vector genomes per ml.

PDMS stamp and coverslip preparation

Polydimethylsiloxane (PDMS) stamps were prepared by cast

molding PDMS from a mold master that was fabricated by

a photolithography process. First, a photoresist (SU-8TM,

Microchem, Inc., Newton, MA) layer was spin-coated on a

3-inch silicon wafer (SQI, Inc., Santa Clara, CA) and selectively

exposed to UV light to transfer stamp patterns on the photomask

to the SU-8TM layer. It was then immersed in a photoresist

developer (Thinner P,Microchem, Inc., Newton,MA) and rinsed

with isopropyl alcohol (IPA). To facilitate the release of PDMS

stamps from the master after the cast molding process, the mold

master was vapor-coated with (tridecafluoro-1,1,2,2-tetrahy-

drooctyl) trichlorosilane (United Chemical Technologies, Inc.,

Bristol, PA) for 10 min and briefly rinsed with IPA. The stamps

were replicated by pouring PDMS pre-polymer (10 : 1 mixture,

Sylgard� 184, Dow Corning, Inc., Midland, MI) on the mold

master, followed by degassing inside a vacuum connected desic-

cator for 15–20 min to remove air bubbles and to completely fill

the micropatterns with the PDMS. The degassed PDMS device
This journal is ª The Royal Society of Chemistry 2011
was placed inside a leveled 85 �C oven for 1 h for polymerization.

The fully polymerized PDMS device was then peeled off from the

mold master and used as a microcontact printing stamp.

PDMS stamps presenting 500 mm diameter circles with a 1.2

mm pitch were cleaned by sonication in 100% ethanol. 35 mm

diameter gold-coated glass coverslips (100 �A gold over 20 �A

titanium, Platypus, Madison WI) were cleaned in dilute TL1

solution (6 : 1 : 1 H2O : NH4OH : H2O2) for 1 min at 80 �C,
rinsed twice inMillipore purified water (MPH2O), and dried with

ultrapure nitrogen (N2).

Surface functionalization

Alkanethiol solutions were diluted to 2 mM in 100% ethanol.

Stamps were inked with either a –CH3 (1-hexadecanethiol),

–COOH (16-mercaptohexadecanoic acid), –NH2 (11-mercapto-

1-undecanol), or –OH (11-amino-1-undecanethiol hydrochlo-

ride) terminated alkanethiol, all from Sigma Aldrich (St Louis,

MO). Stamps were dried with N2, placed on a gold coverslip for

20 s, and gently removed. After printing, coverslips were incu-

bated with 2 mM oligo(ethylene glycol) (–OEG) terminated

alkanethiol (HSC11-EG6, Prochimia, Poland) for 1 h. Samples

were rinsed twice with 100% ethanol and dried with N2.

Protein attachment

Functionalized coverslips were incubated with 1 ml human

fibronectin (HFN, Sigma Aldrich) warmed to 37 �C at

a concentration of 25 mg ml�1 in phosphate buffered saline (pH

7.0, PBS) for 20 min at room temperature and rinsed dropwise

with PBS. To adsorb virus, functionalized coverslips were incu-

bated with 0.75 ml AAV2–GFP at a concentration of 6.5 � 1011

vector genomes per ml in 40% iodixanol for 30 min at room

temperature and rinsed dropwise with PBS.

Immunostaining

HFN and/or AAV2 functionalized samples were blocked with

1% BSA in PBS for 1 h followed by gentle dropwise rinsing with

PBS. HFN patterns were incubated with sheep anti-FN primary

antibody (Abcam, Cambridge, MA) at 0.01 mg ml�1 overnight at

4 �C, rinsed with PBS, and exposed to donkey anti-sheep Alex-

aFluor 633 (AF633) conjugated antibody (Invitrogen, Carlsbad

CA) at 0.02 mg ml�1 for 1 h at room temperature. Samples were

rinsed dropwise with PBS, sterile water, and allowed to air dry.

AAV2 patterns were incubated with A20 antibody (mouse anti-

AAV2 capsid, American Research Products, Belmont, MA) at

a concentration of 0.25 mg ml�1 overnight at 4 �C, rinsed with

PBS, and exposed to goat-anti-mouse AlexaFluor 532 (AF532)

conjugated antibody (Invitrogen) at a concentration of 10 mg

ml�1 for 1 h at room temperature. Samples were rinsed dropwise

with PBS and sterile water and allowed to air dry.

Cell studies

HeLa cells were seeded on functionalized surfaces in 60mm tissue

culture dishes at a density of 100 cells permm2. Cells were cultured

in Dulbecco’s Modified Eagle Medium (Invitrogen), supple-

mented with 10% fetal bovine serum and 1% penicillin/strepto-

mycin (Invitrogen). Cells were maintained at 37 �C with 5% CO2.
Soft Matter, 2011, 7, 4993–5001 | 4999
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Imaging and image analysis

Images were acquired using a Zeiss LSM 5 LIVE confocal

microscope (Carl Zeiss, Munich, Germany). Images within

a given sample set (i.e. AAV2 adsorption, HFN adsorption, cell

fluorescence) were acquired under identical conditions. GFP

images were obtained using a 489 nm excitation at 1.8% power

and data were collected for 2 ms pixel dwell time with a bandpass

filter between 500 and 525 nm. Virus immunostaining images

were collected using a 532 nm excitation at 50% power and data

were collected for 2 ms pixel dwell time using a bandpass filter

between 550 and 600 nm. HFN immunostaining images were

collected using a 635 nm laser at 20% power and data were

collected for 2 ms using a longpass 650 nm filter. Confocal

control experiments were done to ensure no crosstalk between

channels. To quantitatively compare the ability of each SAM to

adsorb HFN and AAV2, the integrated densities of 15 spots

(5 spots from 3 different stamps) were measured with ImageJ

(NIH, Bethesda MD). For transduction studies, 5 fluorescence

and differential interference contrast (DIC) images were taken at

each time point. Integrated densities of fluorescence images were

taken and values were normalized to those of –CH3 samples at

the 24 h time point. Data are given as the mean and standard

error of the mean. JMP 9 software was used to determine the

statistical significance (p < 0.05) using ANOVA and Tukey’s

HSD for post-hoc pair comparisons.
Conclusion

We have demonstrated the ability to precisely localize the

immobilization of both extracellular matrix proteins and viral

gene delivery vectors. Patterns were isolated to the desired area

without background attachment. Through the use of micro-

contact printing, we have shown there are a variety of surface

chemistries capable of immobilizing both HFN and AAV, and

allowing for efficient viral transduction and gene expression. This

effective approach has been shown for HeLa cells and a model

reporter gene but can be translated to other cell types and

multiple AAV vectors delivering either overexpression or

shRNA cassettes. In the future, more complicated structures can

be created by patterning different combinations of adhesive

proteins and viral vectors. Approaches such as this should

support the future generation of structurally and functionally

complex tissues.
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