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Abstract
To spatially control the delivery of multiple viral vectors from biomaterial scaffolds, digoxigenin
(DIG) was conjugated to adenoviral capsid proteins as an antigenic determinant for antibody
immobilization. The infectivity, toxicity, specificity and immobilization stability of DIG-modified
adenovirus were examined to investigate the feasibility and effectiveness of this viral surface
modification. Anti-DIG antibody conjugated on chitosan surfaces was able to immobilize DIG-
modified adenovirus and could be stably bound on the material for at least two weeks, yet the
modification was mild enough that viral infectivity was maintained. To immobilize two different
adenoviruses, wax masking was applied to conjugate anti-DIG and anti-adenovirus antibodies in two
discrete regions of a chitosan film, respectively. The distribution of these two viral vectors expressing
different reporter genes was examined after cell culture. Fluorescent protein expression from
transduced cells illustrated that the infection distribution could be controlled: one gene was delivered
to the entire region of the biomaterial, and another was only delivered to defined regions. Compared
to three other cardiac glycosides, ATPase inhibition was undetectable when DIG was conjugated on
the adenovirus, suggesting that the method may be safe for in vivo application. This dual viral vector
delivery system should be capable of generating distinct interfaces between cell signaling viruses to
control tissue regeneration from a range of different biomaterials.
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Introduction
To facilitate tissue regeneration in wound sites, appropriate biological signals are required to
recruit and induce the desired cells to proliferate and differentiate within scaffolds [1].
Regenerative gene therapy is an alternative to protein-based therapy and may offer
improvements by transducing cells that are capable of expressing bioactive factors in vivo
[2]. In order to fully achieve complex organ or tissue regeneration via a tissue engineering
approach, more than one bioactive factor may be required to regulate new tissue growth in
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vivo [3-5]. In the gene therapy paradigm, the delivery of multiple viral vectors could transduce
host cells in defect sites to express defined bioactive factors. While multiple viral vectors are
capable of transducing host cells in tissue defects, how to precisely deliver these transgenes at
the target sites remains a significant challenge.

Bolus and substrate-mediated gene delivery methods are two major strategies for in vivo gene
therapy [6,7]. With bolus virus administration, direct injection into target sites or indirect
delivery via polymer carriers have been used to transfer genes to induce new tissue growth
[8-13]. However, this delivery may lead to virus diffusion from target sites. Therefore, a higher
viral titer becomes necessary to achieve therapeutic levels, which may be cytotoxic or elicit
serious immune responses [14]. Virus that diffuses from the target site may also induce
systemic infection [15]. Furthermore, it is difficult to restrict gene transfer to only the target
sites due to virus dispersion. Consequently, a substrate-mediated strategy has become a
compelling alternative strategy for controlling virus delivery. In this method virus can be
complexed within, or on, a biomaterial that also serves as a substrate for cell adhesion [7,16,
17]. Antibody immobilization is a frequently used substrate-mediated method, by which anti-
virus antibodies tether viral particles to a scaffold, yet the viruses remain capable of being
internalized by adherent cells [18]. This approach has been shown to successfully deliver
adenovirus to cells without diffusing from scaffolds [19-22].

Although anti-virus antibodies can effectively immobilize virus, they are incapable of spatially
controlling multiple viral vector delivery to specific sites within a scaffold because anti-virus
antibodies cannot distinguish between viral vectors with different transgenes. The application
of different viral vector strains with their antibodies may circumvent this difficulty. However,
the administration of different vectors may lead to inconsistencies in the length of time in which
transgenes are expressed. For example, the use of retrovirus would likely provide continuous
expression during the lifetime of a cell, whereas adenovirus would only offer transient gene
expression. In addition, different viral vectors may have interactions with each other, such as
adeno-associated viral vectors being rescued to proliferate in host cells if they are co-infected
with adenovirus. These risks make the co-administration of different types of viral vectors
impractical. Therefore, we sought to tag the capsid proteins of adenovirus with different
antigenic determinants that are capable of being distinguished by different antibodies.

Digoxigenin (DIG) is a steroid extracted from the plants Digitalis purpurea and D. lanata. It
is commonly used for labeling DNA probes for in situ hybridization. N-hydroxysuccinimido-
DIG (DIG-NHS) is a commerically available chemical disigned for conjugation to amine
groups. This DIG modification has been applied to label red blood cells for in vivo aging studies
[23]. Because DIG is a small chemical, we hypothesized that it should be able to tag the surface
of a adenovirus without affecting viral infectivity. Furthermore, adenovirus is a broadly used
viral vector that does not integrate into the host genome. Therefore, its use is appropriate for
short-term expression during the therapeutic period [24]. For these reasons, we labeled the viral
capsids of adenovirus with DIG. Chitosan was used as our biomaterial scaffold because it has
intrinsic amines that can be used for bioconjugation. Additionally, chitosan has excellent
biocompatiblity properties and its hydrophilic surface may promote cell adhesion,
proliferation, and differentiation[11,25]. Anti-DIG and anti-adenovirus antibodies were
conjugated on chitosan surfaces and a wax masking technique was applied to control the
antibody conjugation area. Finally, DIG-modified and non-modified adenoviruses were
immobilized on two different antibody conjugated areas in one scaffold. We hypothesized that
cells could be transduced in situ on specific sites of the biomaterial and thus develop a defined
interface between the two cell signaling factors.
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Materials and Methods
Virus modification by digoxigenin

Adenovirus encoding the bacterial β-galactosidase gene and nuclear localization sequence
(AdLacZ) was prepared by the University of Michigan Vector Core. Digoxigenin-3-O-
methylcarbonyl-ε-aminocaproic acid-N-hydroxysuccinimide ester (DIG-NHS, Roche,
Indianapolis, IN, USA) was dissolved in phosphate buffered saline (PBS, Pierce, Rockford,
IL, USA) prior to incubation with adenovirus. The conjugation reaction was performed at 4°
C for 2 hours, and non-reacting, excess DIG-NHS was removed with a desalt spin column
(Pierce, Rockford, IL, USA). The modified virus was sterilized by being passed through a 0.2
μm syringe filter (Nalgene, Rochester, NY).

To determine the appropriate concentration of DIG-NHS for adenovirus modification, AdLacZ
was reacted with different concentrations of DIG-NHS. The level of DIG modification was
then analyzed by an anti-DIG Fab fragment-conjugated alkaline phosphatase (anti-DIG Ab-
AP, Roche, Indianapolis, IN, USA) sandwich enzyme-linked immunosorbent assay (ELISA).
Goat anti-adenovirus antibody (1 μg/well) (Abcam, Cambridge, MA, USA) was coated on 96-
well plates (Coring, Lowell, MA, USA) and the modified AdLacZ was added to the wells and
incubated for 1 hr. After three washes with 0.05% Tween-20 in PBS (PBST, Teknova, Hollister,
CA, USA), anti-DIG Ab-AP was added to label the DIG on the plate for 1 hour. Subsequently,
the substrate p-nitrophenyl phosphate (PNPP, Pierce, Rockford, IL, USA) was added for 20
min, and enzyme activity was detected by optical density at 405nm (OD405nm).

Virus infectivity before and after DIG modification was determined by in vitro cell culture
infection. A human gingival fibroblast (HGF) cell line was cultured in alpha-minimal essential
medium (Gibco, Carlsbad, CA, USA) containing 10% fetal bovine serum (Gibco) and
penicillin (100 unit/ml)-streptomycin (100 mg/ml) (Gibco) at a density of 5×104 cells/well in
24-well culture plates (Coring, Lowell, MA, USA) for 24 hr. Subsequently, AdLacZ before
and after DIG-NHS treatment was added to the culture wells for a 48 hr infection. The
transduction efficiency of each group was determined by the expression of β-galactosidase,
which was detected using a sandwich ELISA kit (Roach, Indianapolis, IN, USA).

The influence of the DIG on ATPase
As an initial test to investigate if digoxigenin conjugated on a virus surface would be safe for
in vivo application, an adenosine 5′-triphosphatase (ATPase) activity assay was performed to
evaluate the ATPase inhibition of the modified virus. ATPase activity was determined using
a Quamtichrom ATPase/GTPase assay kit (Bioassay, Hayward, CA, USA). DIG modified
AdLacZ was diluted to different concentrations and 5 μl/well was placed in 96-well microplates
with equal volumes of ATPase (Sigma-Aldrich, St Louis, MO) for 15 min at room temperature.
Subsequently, 10 μl 4mM adenosine 5′-triphosphate (ATP, Sigma-Aldrich, St Louis, MO) was
added and the plate was incubated at room temperature for 30 min. Finally, 200 μl kit reagent
was added per well and incubated for 30 min before reading the OD620nm. The same process
was also performed for three different ATPase inhibitors ouabain, digoxigenin, and digoxin
(Sigma-Aldrich). These inhibitors were used as positive control groups to compare the
inhibitory effects to DIG-modified adenovirus.

Antibody conjugation on chitosan surfaces
Chitosan was coated on 24-well culture plates [17]. To conjugate antibody on the surface,
chitosan was modified using N-(γ-maleimidobutyryloxy) succinimide ester (Sulfo-GMBS,
Pierce) to functionalize a layer of maldimide, that could react with sulfhydryl groups. After
dissolving in PBS, Sulfo-GMBS (0.5 mg/well) was added at room temperature for 2 hours and
then removed with several PBS washes. Simultaneously, 12.5 nmole Tris (2-carboxyethyl)
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phosphine hydrochloride (TCEP-HCl, Pierce) was dissolved in PBS with 10 mM
ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich) and reacted with 1 mg goat anti-
adenovirus or sheep anti-DIG IgG (AbD Serotec, Kidlington, Oxford, UK). With the TCEP
treatment, the labile disulfides between heavy chains in the hinge region of IgG molecules were
selectively reduced to get two half-IgG fragments with sulfhydryls. Such partial reduction of
IgG disulfides usually results in sulfhydryl group attachment points that will not sterically
hinder antigen binding. After one hour incubation at room temperature, the TCEP was removed
using desalt spin columns. The antibody (20μg/well) was then added at room temperature for
overnight incubation. Finally, the unbound antibody was washed out and the wells were
sterilized with 70% ethanol.

DIG-modified virus immobilization on material surfaces
DIG-modified AdLacZ (DIG-AdLacZ) was diluted in 0.5% gelatin (w/v in PBS) at different
virus concentrations and was then placed on anti-DIG IgG conjugated chitosan surfaces at 4°
C for 2 hours. To determine the virus immobilization efficiency on chitosan, an indirect
sandwich ELISA assay was performed: 100 μl supernatant with unbound DIG-AdLacZ was
applied to goat anti-adenovirus antibody coated 96-microwell plates for 1 hour. The bound
virus was labeled with rabbit anti-adenovirus IgG (Abcam, Cambridge, MA, USA), followed
by anti-rabbit IgG antibody conjugated alkaline phosphatase (Abcam), for one hour each.
Finally, PNPP substrate was added to quantify the virus in the supernatant. The extent of
immobilized virus was determined by subtracting the amount of supernatant virus from the
total amount of virus present before the reaction. Additionally, the immobilized DIG-AdLacZ
on chitosan surfaces was visualized using scanning electron microscopy (SEM) to demonstrate
the virus distribution on the material surface [17].

To investigate the stability of immobilized adenovirus on biomaterial surfaces, a time course
experiment was performed to determine adenovirus release. After immobilizing 1 × 109 viral
particles on chitosan surfaces, 1 ml PBS was added on each surface at 37 °C. These samples
were collected at different time points and quantified by sandwich ELISA.

Antibody conjugation with spatial control using wax masking
Because conjugated anti-DIG IgG was capable of immobilizing viral particles on material
surfaces, the tethered virus should be able to transduce cells that attach and proliferate on
chitosan surfaces. To investigate the spatial control of the antibody conjugation, low melting
point wax was applied to mask defined regions of the material surface so that the antibody
could only be conjugated on the non-masked area. Polyester wax (EMS, Hatfield, PA, USA)
was melted at 40 °C and then added (200 μl/well) to cover the right side of the well. After the
wax solidified, anti-DIG IgG was conjugated on exposed chitosan surfaces. Finally, the wax
was removed by incubation in absolute ethanol at 37 °C for 1 hr.

To illustrate the region of antibody conjugation, a secondary antibody (Rabbit anti-sheep IgG
conjugated FITC, Millipore, Billerica, MA, USA) was used to label the sheep IgG (anti-DIG
antibody) conjugated on the chitosan surfaces. The FITC labeled region was observed under
a fluorescent microscope (Eclipse TE300, Nikon, Melville, NY, USA).

The feasibility of in situ cell transduction by immobilized AdLacZ was examined. DIG-
AdLacZ was diluted in 0.5% gelatin (w/v in PBS), and was added to culture wells with spatially
conjugated anti-DIG IgG. The virus was incubated at 4 °C for 2 hours and the wells were then
washed 3 times with PBS. Fibroblasts were seeded at 1 × 105 cells/well for 2 days and stained
with 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-gal) to demonstrate the infection
cells [16]. Counter staining was performed by incubating the cells in crystal violet. Samples
were observed under an SMZ-U stereoscopic zoom microscope (Nikon).
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The specificity of antibody to DIG modified virus
To determine the extent to which DIG modification would ensure virus immobilization to only
anti-DIG antibodies, antibody conjugated wells were examined to determine the specificity
between the viruses and antibodies. Anti-DIG and anti-adenovirus antibodies were conjugated
on chitosan surfaces individually. These surfaces were used to bind DIG-AdLacZ and AdLacZ
in different concentrations, separately. After two hours incubation at 4 °C, unbound virus was
washed out with PBS and the surface virus was examined by an indirect ELISA [17].

Dual adenoviral vector immobilization for in situ transduction on chitosan surfaces
To tether two different adenoviruses on a material surface, and thus create an interface between
cell signaling viruses, anti-DIG and anti-adenovirus antibodies were conjugated on surfaces to
demonstrate the spatial control of virus immobilization. Low melting point wax was added to
the right region of chitosan coated wells, and anti-adenovirus IgG was then conjugated on the
exposed material surfaces. After a 2 hour incubation period, the wax was dissolved with ethanol
washes and the anti-DIG IgG was conjugated on the entire chitosan surface. The second
conjugation of anti-DIG IgG may not be completely restricted to the right side because there
was no physical masking. However, because most of the reactive maldimide groups on chitosan
were already saturated by the first anti-adenovirus IgG, most of anti-DIG IgG conjugation
should be distributed on the right side.

Adenovirus conjugated blue fluorescent protein (AdBFP) and green fluorescent protein
(AdGFP) were prepared by the Vector Core at the University of Michigan. The AdBFP was
modified by DIG (DIG-AdBFP) and AdGFP was not modified. Both viruses were diluted in
0.5% gelatin (w/v in PBS) to a final concentration of 1×108 pfu and were incubated together
at 4 °C for immobilization. The unbound virus was removed by PBS washes and fibroblasts
were cultured on the modified surface for 2 days. A red fluorescent dye that stains for nucleic
acid (SYTO 62, Invitrogen, Carlsbad, CA, USA) was used to illustrate cell distribution.

Results
Adenoviral infectivity is preserved after DIG-NHS modification

The level of DIG modification was determined by a sandwich ELISA (Fig 1a). The amount of
digoxigenin on viral surfaces increased with increasing concentrations of DIG-NHS. The level
of DIG modification was saturated when the number of DIG-NHS molecules exceeded 0.075
nmole per 109 viral particles. We therefore used this concentration for the remainder of our
experiments.

Fibroblasts were infected with AdLacZ before and after DIG modification to determine if DIG
modification affected virus infectivity. After two days infection, the transduced cells were
examined by a β-galactosidase ELISA assay (Fig 1b). This experiment demonstrated that the
β-galactosidase expression of these two groups was similar and without significant differences
in the range of virus concentrations studied. These findings indicated that the DIG modification
was a mild chemical reaction that did not adversely affect adenovirus infectivity.

Digoxigenin conjugated on viral surface reduces its inhibition of ATPase
Digoxigenin is derived from digitalis which is also well-known as a cardiac glycoside. Cardiac
glycosides have inotropic effects on heart muscles, that can be cardiotoxic following in vivo
administration [26]. To investigate the potential risk raised by DIG modification, the toxicity
of the modified virus was evaluated. The inotropic mechanism of cardiac glycosides is
mediated through the blocking of Na+/K+ transporting ATPase transmembrane pump activity
in the sarcolemma [27]. Therefore, an ATPase inhibition assay was performed to assess the
extent of blockage caused by cardiac glycosides and the DIG-modified virus [28]. Three
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different cardiac glycosides: ouabain, digoxigenin, and digoxin, served as positive control
groups in this inhibition assay. The levels of phosphate ion released significantly decreased
with increasing cardiac glycoside concentration, suggesting these inhibitors blocked ATPase
activity (Fig 2a).

Concentrations of DIG-AdLacZ, ranging from 0 to 2 × 1010 viral particles, were also examined
in this assay. The equivalent numbers of DIG molecules conjugated to the viral surfaces were
converted by the assumption that the conjugation rate was perfect. For example, because the
modification of DIG-NHS resulted in a concentration of 0.075 nmole per 109 viral particles,
the equivalent concentration of DIG conjugated to 2 × 1010 viral particles in a 5 μL volume
would be 300 μM. The levels of phosphate ion released in the DIG-AdLacZ group was
significantly higher than the other three cardiac glycoside groups, suggesting that the ATPase
supported ATP hydrolysis without interference (Fig 2a).

The inhibition results were based on the ratio of reducing phosphate ion release to the ideal
amount which should be released without inhibitors (Fig 2b). Ouabain, digoxigenin, and
digoxin significantly inhibited the ATPase activity. Even at the lowest concentration, 0.2 μM,
they had inhibition effects of 18 %, 8 %, and 11 %, respectively. In contrast, DIG-modified
adenovirus displayed essentially no inhibition except at the highest concentration of DIG-
AdLacZ (300 μM, i.e. 2 × 1010 viral particles), where inhibition was only about 10% of
maximum. These data suggest that DIG molecules conjugated to viral surfaces significantly
reduced their reactivity to ATPase by about 1,500-fold (Fig 2b).

Digoxigenin-modified viruses are effectively and stably immobilized by anti-DIG IgG
conjugation to biomaterial surfaces

The efficiency of DIG-AdLacZ immobilized by anti-DIG IgG conjugated to chitosan surfaces
was determined by indirectly detecting unbound virus in supernatants after conjugation. The
immobilized DIG-AdLacZ on chitosan surfaces increased with increasing DIG-AdLacZ
concentrations (Fig 3a). This amount of immobilized DIG-AdLacZ was compared to the
amount of DIG-AdLacZ unbound in solution to determine the conjugation rates (Fig 3b). The
conjugation rates were perfect in the low concentrations and began to decline when the DIG-
AdLacZ concentration was 109 viral particles per well. These data suggest that adenovirus with
digoxigenin modification can be effectively bound to chitosan surfaces.

The immobilized DIG-AdLacZ viral particles were examined by SEM to determine the
distribution patterns on the material surface. The adenovirus was found to be evenly bound to
conjugated antibodies on chitosan surfaces (Fig 3c). The stability of adenovirus with and
without DIG modification was compared by incubation in PBS at 37°C. Sandwich ELISA
results demonstrated that the viral retention rates on chitosan surfaces were similar in these
two groups, suggesting the adenovirus immobilization mediated by DIG did not affect the
stability (Fig 3d). In addition, more than 80% of the viral particles, both with and without DIG
modification, bound to the surfaces for 1 week. Approximately 70% of viral particles were
present for 2 weeks. These results indicated that virus with and without DIG modification,
could be stably tethered by antibodies conjugated on biomaterial surfaces.

Wax masking spatially controls antibody conjugation for adenovirus immobilization
Low melting point polyester wax (37° C) is an inert polymer that dissolves in ethanol and can
thus serve as an excellent material for physical masking. After antibody was conjugated to the
non-masked region of chitosan, the surface wax was removed with ethanol washes at 40° C.
Secondary antibody conjugated FITC was used to label the area of antibody immobilization
(Fig 4a). Only exposed chitosan surfaces were identified by green fluorescence, indicating that
antibody conjugation was spatially controlled.
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To investigate the extent to which this antibody immobilization strategy could be applied to
spatially control cell transduction directly from the surface of biomaterials, anti-DIG IgG was
conjugated to chitosan surfaces in which defined areas were controlled by wax masking. After
removing the wax, DIG-AdLacZ was immobilized on chitosan surfaces and fibroblasts were
cultured on the material for 2 days. The transduced cells were identified as blue after X-gal
staining. Non-transduced cells were only identified after counter staining with crystal violet
(Fig 4b). These data demonstrated that HGF cells proliferated to confluence on chitosan
surfaces, and the infected cells were restricted to the non-masked. This suggested that
adenovirus modified by DIG could be immobilized in discrete sites on biomaterials and could
still be released for in situ cell transduction.

Anti-DIG IgG specifically immobilizes DIG-modified adenovirus on material surfaces
In this study, adenovirus was modified by DIG to distinguish it from non-modified adenovirus
for antibody binding. To investigate the extent to which this modification could control virus
immobilization at specific sites, two different antibodies, anti-adenovirus IgG and anti-DIG
IgG, were separately conjugated on chitosan surfaces to demonstrate the specificity of
antibodies to adenovirus with or without DIG modification.

On chitosan surfaces conjugated with anti-DIG IgG, DIG-modified adenovirus was dose-
dependently immobilized on the biomaterial. The bound DIG-modified adenovirus increased
with increasing virus concentration and was saturated when the virus concentration exceeded
3.2×1010 viral particles/well. This was likely due to the limited area of the biomaterial surface.
In contrast, for non-modified adenovirus, there was only minor physical adsorption at the same
concentrations, suggesting that only adenovirus modified by DIG could be recognized and
tethered on conjugated anti-DIG IgG (Fig 5a).

When these two adenoviruses were individually placed on anti-adenovirus IgG conjugated
surfaces, the ELISA results demonstrated that the binding affinities of these two groups were
almost identical. They all increased with virus concentration and were saturated when the virus
concentration was greater than 3.2×1010 viral particles per well (Fig 5b). This indicated that
virus modified by DIG preserved the epitopes that are recognized by anti-adenovirus IgG for
immobilization.

Dual viral vector delivery spatially controls cell transduction with different genes
Because the anti-DIG IgG conjugated surfaces only binds DIG-modified adenovirus, while
anti-adenovirus IgG can immobilize adenovirus with or without modification, we further
investigated the possibility of utilizing these properties to spatially control different bioactive
factor expression on material surfaces (Fig 6a). In this experiment, wax masking was applied
to restrict the conjugation of anti-adenovirus IgG to only the non-masked area, and anti-DIG
IgG was conjugated after removing the wax mask (Fig 6b). The virus-immobilized surfaces
were seeded with fibroblasts to demonstrate the distribution of cell transduction. After 2 days
in culture, the cells were stained with SYTO 62 and observed under a fluorescent microscope
with a TRITC filter. The red fluorescence observed throughout the entire material surface
demonstrated that the cells grew to confluence (Fig 6c). Using a FTIR and DAPI filter, green
and blue fluorescence were identified as expressed from cells transduced by AdGFP and DIG-
AdBFP, respectively (Fig 6c). The BFP expression was distributed throughout the material
surface because DIG-AdBFP could be bound to both anti-DIG and anti-adenovirus IgG. In
contrast, the GFP expression was restricted to the left side of the surface because anti-
adenovirus IgG was only conjugated to the non-masked area. There were no cells that expressed
both blue and green fluorescence, suggesting that co-infection did not occur on the modified
material surface. These results demonstrated that two different transgenes could be spatially

Hu et al. Page 7

J Control Release. Author manuscript; available in PMC 2010 May 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



controlled by the dual viral vector immobilization method to generate a defined interface
between the cell signaling viruses.

Discussion
To effectively regenerate tissues using tissue engineering strategies, several different bioactive
factors may be required to regulate tissue growth and differentiation at target sites. To address
this complex issue, several methods have been developed to deliver multiple bioactive factors
from biomaterial scaffolds [3,4,29-31]. Most of these approaches use protein-based delivery
methods to induce new tissue formation in scaffolds, but their short half-lives may limit their
therapeutic effectiveness. In addition, the high price of producing large quantities of growth
factors makes clinical administration problematic. Through regenerative gene therapy
approaches, sustainable and stable bioactive factor delivery from transduced cells may be
possible. However, this strategy may result in the rapid diffusion of vectors from the intended
site and elicit systemic infection or immune responses. In contrast, substrate-mediated delivery
is an improved method in which vectors are immobilized on biomaterial surfaces [7,17,32].
Virus bound to material surfaces can transduce cells in situ within deigned biomaterial
scaffolds. Because the virus infection is limited to cells directly in contact with the scaffold,
bioactive factor delivery is restricted to the scaffolds without dispersion. Furthermore, the viral
titer can be reduced due to concentrated transgene localization [16,17].

Virus immobilization by antibodies conjugated to biomaterial surfaces represents an effective
strategy for binding viral vectors to scaffold surfaces. By covalently linking anti-virus IgG on
biomaterials, viral vectors can be stably tethered for site-specific delivery. This strategy has
been applied for the immobilization of viruses on biomaterials to deliver genes in micro-coils,
stents, and intra-aortic implants [19-22]. While this method was applied to effectively control
single gene delivery from scaffolds, this strategy would be incapable of transferring multiple
genes in defined regions of scaffolds because anti-virus antibodies cannot distinguish viral
vectors with different transgenes. Therefore, we sought to tag an antigenic determinant on viral
surfaces so that the modified virus could be bound by antibodies against this antigen. Small
chemicals were used for tagging because they proved effective in modifying viral surfaces,
and because they could easily be conjugated without inhibiting virus infectivity [17]. For
example, biotinylation has been applied to modify adenoviral surfaces that tether viral vectors
to avidin immobilized surfaces [17,33]. Using a similar strategy, we developed a new method
for modifying viral surfaces by DIG conjugation.

In our study, DIG-NHS effectively modified adenovirus surfaces and we were able to maintain
the virus titer after this reaction (Fig 1b). These findings demonstrated that the grafting
modification was a mild chemical reaction that preserved viral integrity. In addition, DIG
should not inhibit the recognition of coxsackie-adenovirus receptors on host cells for
internalization due to its small size. The conjugation of DIG-NHS to amine groups on viral
proteins forms amide bonds, which is a covalent bonding and thus DIG can be stably maintained
on viral surfaces. The MW of DIG-NHS is only 659 Da, which is extremely small compared
to adenovirus (MW=180 × 106 Da). Also, the entry of adenovirus into the host cell is initiated
by the knob domain of the fiber protein binding to the cell receptor. The molecular weight of
fiber protein is 62 kDa, which is approximately 100 times larger than DIG-NHS. Due to the
small size of the conjugated DIG, the infectivity of modified virus can be preserved after
reaction.

Patient safety is an important concern in regenerative gene therapy. Although digoxigenin is
broadly applied as a tag for labeling in different in vitro analyses, it is rarely used for in vivo
studies because of its potential for cardiotoxicity. This cardiotoxicity is caused by ATPase
inhibition [26,27]. Therefore, as an initial measure of safety, an ATPase inhibition assay was
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performed in which DIG-modified adenovirus was compared with digoxigenin and two other
common cardiac glycosides, digoxin and ouabain. Assuming the DIG-NHS molecules
perfectly grafted on viral surfaces, the ATPase inhibition assay demonstrated that the DIG-
modified virus was 1500 times less active than the three positive control groups (Fig 2b). This
may be caused, in part, by the overestimation of DIG molecules on the viral surfaces, resulting
from an imperfect conjugation rate of DIG-NHS. In addition, the interactions between grafted
DIG and ATPase may be inactivated because of an increase in steric hindrance. Because
adenovirus is a very large molecule, DIG covalently linked on adenoviral surface may be too
large to engage its ATPase binding sites. ATPase is located on the transmembrane Na+/K+

pump and steric hindrance would likely be even more significant in vivo, suggesting that
inhibition should be even less than that observed in our experimental tests. Furthermore, it
would be difficult for the bound DIG-modified adenovirus to affect cardiac muscle function
via bloodstream transportation. Although extensive in vivo analyses would need to be
performed prior to use in humans, the experiments described here suggest that this method may
be safe and without serious cardiac implications.

The functionalization of chitosan surfaces was achieved by treating the material with Sulfo-
GMBS. These thiol-reactive surfaces conjugated with the sulfhydryls of half-IgG derived from
reducing disulfide bonds in the antibody hinge region. By this method, IgG was conjugated to
the material surface by the specific sulfhydryl groups of Fc. Therefore, this treatment forced
Fab to face out from the biomaterial surface to reduce steric hindrance. The DIG-modified
adenovirus immobilizations were dependent on the titer of viral vectors, suggesting that the
disulfide reduction of IgG was mild, and that IgG maintained its ability to bind adenovirus (Fig
3a). In addition, the conjugated anti-DIG half-IgG perfectly immobilized DIG-modified
adenovirus at concentrations as high as 1×109 viral particles per well (Fig 3b). Higher virus
concentrations caused the immobilization rate to decline due to the limited substrate area, but
over 50% of the virus was still captured on the surface when virus concentration was less than
1011 viral particles per well. This suggests that DIG-modified adenovirus can be effectively
tethered by surface anti-DIG IgG. The DIG-modified adenovirus maintained a similar stability
pattern as non-modified virus (Fig 3d). At last 75% of both of these two adenoviral vectors
were bound on the biomaterial for 2 weeks; evidence that virus remains stable on material
surfaces without spreading from target sites and eliciting unwanted systemic infection.

To further investigate the potential of this model for in situ cell transduction, a low melting
point wax technique was applied to spatially control anti-DIG IgG conjugation on chitosan
surfaces. Secondary antibody and X-gal staining results illustrated that viruses immobilized
by conjugated antibodies specifically transduced cells on the target sites (Fig 4a & b). These
results demonstrated that DIG modification is feasible for mediating adenoviral vector
immobilization and for in situ cell transduction on biomaterial surfaces. Although this study
was performed on 2-D surfaces, wax or other masking techniques can easily be used to infiltrate
3-D structures to spatially control antibody conjugation. Therefore, this method should be able
to successfully deliver virus to specific sites on biomaterial scaffolds with the goal of generating
specific interfaces between cell signaling vectors and eventually used to engineer multi-tissue
interfaces.

Several different bioactive factors have been applied to scaffolds to induce new tissue growth.
For example, vascular endothelial growth factor (VEGF) can induce angiogenesis to facilitate
new tissue growth [34,35]. On the other hand, bone morphogenetic proteins (BMPs) are
osteogenic growth factors that have a robust ability to induce bone regeneration in skeletal
defects [36]. The combined release of both VEGF and BMP signaling proteins in scaffolds can
greatly improve bone regeneration over the delivery of the individual growth factor [4]. For
some complex clinical situations, such as orthopedic interfaces, the functional integration of
subchondral bone with cartilage still poses a significant regenerative challenge because
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uncontrolled BMPs delivery may lead to excessive bone formation outside of the defect
margins [37]. Composite scaffolds loaded with different cell types have been applied to control
the regeneration at tissue interfaces [38,39]. The loaded cells formed different tissues
conducted by biomaterials, but this method requires the harvest of different cells from patients
for in vitro cell culture followed by in vivo transplantation, which is very laborious and may
not be cost effective.

In vivo regenerative gene therapy is a method to induce new tissue growth without the need
for cell transplantation and repeated surgery [16]. Immobilizing viral vectors on biomaterials
has been shown to be capable of delivering specific growth factors in scaffolds [16,22]. This
method spatially controls the region of transgene expression, something that is currently not
possible with conventional in vivo gene transfer. Due to the difficulty in distinguishing viral
vectors with different transgenes, we developed a viral surface modification method to
differentiate multiple viral vectors. DIG grafts on viral surfaces were utilized as antigen
determinants for antibody immobilization. Both adenovirus with and without DIG modification
were immobilized on anti-adenovirus IgG conjugated surfaces, suggesting that DIG grafts were
small enough that the epitopes maintained their antigenic properties after modification (Fig
5b). Likewise, anti-DIG IgG specifically captured DIG-modified adenovirus on the surface of
the biomaterial (Fig 5a).

To coordinately combine different bioactive factors for regenerative applications, a dual
adenovirus immobilization model was developed in our study (Fig 6a). In this model, one
adenovirus was immobilized on the entire scaffold, and another virus was restricted to specific
regions controlled by wax masking. This dual viral vector immobilization model was
performed on a 2-D surface (Fig 6b). Cells expressing green or blue fluorescent proteins were
both expressed in the non-masked area because anti-adenovirus IgG binds to both AdGFP and
DIG-AdBFP. In contrast, the masked area that was conjugated by anti-DIG IgG contained only
cells expressing BFP, suggesting that DIG modification can be used for specific virus
immobilization (Fig 6c). While DIG-modified adenovirus can be bound on both anti-DIG and
anti-adenovirus IgG, the immobilization ratio of modified virus to two different antibody-
conjugated surfaces was dependent on antibody affinity. These results demonstrate that this
dual adenoviral vector immobilization method can spatially control the distribution of cell
signaling viruses on biomaterials and may be further developed to engineer multi-tissue
interfaces in vivo.

Conclusions
A novel virus modification method was developed to tag DIG grafts as different antigenic
determinants for antibody immobilization. This DIG modification method preserved virus
activity without eliciting ATPase inhibition. In addition, the DIG modified virus was
effectively and stably immobilized on biomaterial surfaces, whereas these bound viral vectors
could still be released to infect adherent cells. A wax masking technique facilitated the
patterning of two different IgG conjugations on the biomaterial surfaces. By immobilizing
adenovirus with and without DIG modification, cells were transduced in situ so that one
transgene was expressed on the entire scaffold surface, while another existed only in defined
regions. This dual adenoviral vector delivery system should prove beneficial for engineering
tissue interfaces by regulating multiple bioactive factor expression with spatial control.
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Figure 1.
Adenovirus modified by DIG-NHS maintains its infectivity. (a) DIG-NHS treated AdLacZ
was captured on ELISA plates to detect and quantify DIG molecules on viral surfaces with
anti-DIG Ab-AP. The data suggest that the DIG modification was dose dependent and saturated
when there were more than 0.075 nmole DIG-NHS per 109 viral particles. (b) The β-
galactosidase expression from cells infected with AdLacZ with (solid line) and without (dashed
line) DIG modification were compared by sandwich ELISA. The results demonstrate that there
were no significant differences between these two groups with different virus concentrations,
suggesting that this modification was mild, and that viral infectivity could be maintained.
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Figure 2.
An ATPase inhibition assay was performed to investigate the potential toxicity caused by DIG
modification. ATPase was reacted with different concentrations of DIG-AdLacZ (cross), and
the enzymatic activities of ATPase were determined by the freeing of phosphate ions released
from ATP. Three different cardiac glycosides, ouabain (triangle), digoxigenin (square), and
digoxin (diamond), were compared as positive controls. (a) The phosphate ion concentrations
decreased with increasing inhibitors because the enzymatic activity of ATPase was blocked.
DIG-AdLacZ only slightly reduced phosphate release. (b) Three cardiac glycoside molecules
demonstrated a dose dependent inhibition of ATPase activity, while an equivalent dose of DIG-
AdLacZ exhibited nearly undetectable levels.
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Figure 3.
The binding capacity of conjugated anti-DIG IgG on chitosan and the virus immobilization
stability were determined by indirect sandwich ELISA assay. (a) The DIG-AdLacZ
immobilized on chitosan was proportional to the concentration of incubated DIG-AdLacZ. (b)
The immobilization rate of DIG-modified adenovirus was 100% when the concentration was
equal to or less than 109 viral particles per well. Higher virus concentrations led to lower
immobilization rates due to a limited substrate area. (c) The distribution of immobilized DIG-
AdLacZ on anti-DIG conjugated chitosan surfaces was illustrated by SEM examination. The
scale bar in the picture is 1 μm. (d) Adenovirus with and without DIG modification were placed
on anti-DIG IgG (solid line) and anti-adenovirus IgG (dashed line) conjugated surfaces,
respectively. The released viral particles were detected at different time points to determine
retention rates. There were no differences between these two groups and more than 75% of the
virus could be stably maintained for two weeks.
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Figure 4.
Anti-DIG IgG immobilization was spatially controlled by a low melting point wax masking
technique. (a) Anti-sheep IgG antibody conjugated FITC was used to label the surface antibody.
Only the exposed area without wax protection illustrated green fluorescent expression. (b) HGF
cells were cultured on chitosan surfaces for 2 days. The transduced cells turned blue after X-
gal staining. Cells grew to confluence on the material surfaces; however, cell transduction was
restricted to the non-masked area. These findings are consistent with the results of the
fluorescent labeling.
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Figure 5.
Adenovirus, with (solid line) or without (dashed line), DIG modification were placed on
antibody conjugated chitosan surfaces to investigate the specificity of the conjugated antibody
to adenovirus. (a) On anti-DIG IgG conjugated chitosan surfaces, DIG-modified virus was
immobilized by surface antibodies in a dose dependent manner, whereas there was only a slight
adsorption of non-modified adenovirus due to nonspecific binding. (b) On anti-adenovirus IgG
conjugated chitosan, both adenovirus with and without DIG modification were bound to the
surfaces with a similar affinity.
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Figure 6.
Dual adenoviral vector immobilization was performed to demonstrate the spatial control of in
situ transduction. (a) Schematic of the viral delivery model. By conjugating two different
antibodies against DIG and adenovirus using the wax masking technique, one viral vector is
tethered on the entire scaffold, whereas the other virus is restricted to specific regions. (b) The
scheme of the dual viral vector immobilization method to control two antibody conjugations
on biomaterial surfaces. (c) The transduced cell distribution visualized under fluorescent
microscopy. Red fluorescent staining demonstrated that cells grew to confluence on material
surfaces (TRITC filter). Cells expressing BFP were distributed over the entire surface, whereas
GFP expression was restricted to the left side, where AdGFP was bound by anti-adenovirus
IgG

Hu et al. Page 18

J Control Release. Author manuscript; available in PMC 2010 May 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


