
original article

700 www.moleculartherapy.org  vol. 18 no. 4, 700–706 apr. 2010    

© The American Society of Gene & Cell Therapy

Hydrogels can provide a controllable cell microenviron-
ment for numerous applications in regenerative medicine, 
and delivery of gene therapy vectors can be employed 
to enhance their bioactivity. We investigated the deliv-
ery of lentiviral vectors from hydrogels, and employed 
the immobilization of lentivirus to hydroxylapatite (HA) 
nanoparticles as a means to retain and stabilize vectors 
within hydrogels, and thereby increase delivery effi-
ciency. Entrapment of the vector alone within the hydro-
gel maintained the activity of the virus more effectively 
compared to the absence of a hydrogel, and release was 
slowed with an increasing solid content of the hydro-
gel. Association of the lentivirus with HA increased the 
activity of the complexes, with HA increasing the virus 
activity for 72 hours. Cells seeded onto lentivirus–HA-
loaded hydrogels had a decreased number of infected 
cells outside of the hydrogel relative to the absence of 
HA. In vivo studies with collagen hydrogels loaded with 
lentivirus and HA-lentivirus demonstrated sustained and 
localized transgene expression for at least 4 weeks, with 
increased expression using the lentivirus–HA complex. 
This strategy of nanoparticle immobilization to stabi-
lize and retain vectors is broadly applicable to hydro-
gels, and may provide a versatile tool to combine gene 
therapy and biomaterials for applications in regenerative 
medicine.
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5 January 2010. doi:10.1038/mt.2009.300

IntroductIon
Hydrogels have broad applicability to regenerative medicine, 
 having been used in applications such as bone and nerve regener-
ation, islet transplantation, and ovarian follicle maturation.1–4 For 
these and other applications, the hydrogel must create an environ-
ment that presents the appropriate combination of molecular cues 
to promote tissue formation. Hydrogels are frequently designed to 
mimic the numerous properties (e.g., mechanics) and functions 
(e.g., cell adhesion) of the natural extracellular matrix. Hydrogels 
are composed of hydrophilic polymers, either natural (e.g., col-
lagen and hyaluronic acid) or synthetic [e.g., polyethylene glycol 
(PEG)],2,5 that can self-assemble or be chemically crosslinked 

into 3D structures. The stability of the hydrogel can be regulated 
through its solid content or degradation rate, the latter of which is 
typically controlled by varying the extent of crosslinking or self-
assembly.6–9

Gene delivery represents a powerful and versatile tool for 
inducing the expression of tissue inductive factors, with the pri-
mary challenge being delivery. Although hydrogels can readily 
present stimuli to cells that are immobilized to the polymer, pro-
viding soluble growth factors for extended time periods is a signif-
icant challenge.10 The high water content of the hydrogels releases 
most entrapped proteins rapidly, though several strategies based 
on incorporation of growth factor–binding sites (e.g., heparin) are 
being developed. The alternative to delivering proteins is nucleic 
acids, which can induce the production of inductive factors that 
synergize with the biological stimuli within the hydrogel. Relative 
to proteins, gene delivery may provide more sustained availability 
of the protein, as cells expressing the transgene serve as bioreac-
tors for localized protein production.1 Hydrogels can deliver both 
viral and nonviral vectors, and generally address the extracellu-
lar barriers to gene delivery. Encapsulation of vectors within the 
hydrogel aims to maintain the local concentration of the vector 
through a sustained release approach. Alternatively, the hydro-
gel may limit release either through the mesh size or modifica-
tion of the polymer with binding sites for the vector.11,12 In this 
latter approach, polymers can be modified with antibodies that 
bind viruses.12 These approaches localize gene delivery, though the 
modification of the material or the vector complicates the wide-
spread use of this strategy.

In this report, we investigated the association of lentiviral vec-
tors with nanoparticles as a simple strategy to enhance and local-
ize delivery from a hydrogel. These studies employed collagen 
hydrogels, which form under relatively mild conditions that do 
not diminish the activity of the lentiviral vector while also sup-
porting cell infiltration in vitro and in vivo. Initial studies were 
performed with entrapment of lentivirus in collagen gels of 
varying density, with characterization of release and vector sta-
bility, and investigated the relationship between cell migration 
and infection. Subsequent studies investigated the association of 
the lentiviral vectors with hydroxylapatite (HA) nanoparticles, 
which were incorporated to bind and retain the virus. Disks from 
HA have been previously used for adenovirus binding,13 and 
this report investigated the inclusion of small quantities of HA 
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nanoparticles into the collagen gel to promote lentivirus binding 
and  retention within the hydrogel. The enhancement in activity 
resulting from immobilization to HA was investigated in vitro and 
in vivo. Strategies that bind and retain lentiviral vectors within 
hydrogels can be employed to enhance and control gene transfer 
for numerous applications in regenerative medicine and in model 
systems that investigate tissue formation.

results
lentivirus in collagen gel
The activity of lentivirus retained in and released from the colla-
gen gel was initially investigated. Lenti-luciferase-loaded collagen 
gels were incubated with cell culture medium (Figure 1), with a 
control for virus activity being the suspension of viruses within 
media alone. The control viruses incubated in medium alone had 
activity reduced by ~50% during the first day, which decreased 
further through 3 days. This extent of decrease in activity with 
time was consistent with the previous reports for adenovirus and 
VSV-G pseudotyped lentivirus.14–16 The collagen gels, however, 
reduced the decline in virus activity. In 0.15 and 0.3% collagen 
gels, the virus activity at days 1 and 2 was significantly greater 
than that observed within the control (P < 0.05). Release of the 
lenti virus from the gel was also observed, though the total amount 
released was relatively low. For the 0.05, 0.15, and 0.3% collagen 
gel, approximately 13, 7, and 5%, respectively, of virus particles 
were released from the collagen gel at the first day. This result sug-
gested that lentivirus was retained, and the activity of the virus 
was stabilized for collagen gels with a concentration ≥0.15%.

In vitro transduction in virus-loaded collagen gel
We subsequently investigated transduction in vitro as a function 
of cell infiltration into the collagen gel. Hydrogels used for regen-
erative medicine would be implanted into an injury site, and cells 
from the surrounding tissue would infiltrate. These in vitro stud-
ies simulated this in vivo cell infiltration by seeding cells onto the 
virus-loaded collagen gel. Lenti-luc was loaded in the collagen 
gel for the determination of the cell transduction activity, with 
lentivirus in the medium alone used as a control. Two cell lines 
were investigated that had been classified as either noninvasive 

NIH/3T3 cells17 or invasive C6 glioma cells.18 For the noninvasive 
NIH/3T3 cells, the transduction activity was <10% of control in 
0.15 and 0.3% collagen gel. In contrast, the transduction activity 
in the 0.05% collagen gel was relatively high (16.6%), which likely 
results from a greater release of virus from the gel due to the low 
concentration of collagen. For the invasive C6 glioma cells, trans-
duction activity within all collagen gel conditions was ~80% of 
the control (Figure 2b). These results suggested that the enhanced 
migration of the invasive cells through the gel results in substan-
tial transduction by virus retained within the gel.

Increase of transduction efficiency as cells migrate 
into the gel
We subsequently quantified the percentage of transduced cells 
within the collagen gel, which would be expected to increase if 
infiltrating cells were being transduced. Transduction efficien-
cies at multiple time points were determined by entrapping a 
lentivirus encoding green fluorescent protein (GFP), with subse-
quent quantification of GFP+ and total cells (Figure 3). In 0.05% 
collagen gel, the transduction efficiencies were similar between 
days 3 and 5 after cell seeding. The C6 cells migrate completely 
throughout the 0.05% gel within 3 days. For the 0.15% collagen 
gel, a significant increase in transduction efficiency was observed 
between days 3 and 5 (P < 0.05). This increase in transduction 
efficiency indicated that cells were likely transduced after approx-
imately day 2, which assumes ~24 hours between virus entry 
and sufficient GFP production for visualization. Additionally, 
the increase suggested that active virus was present after 2 days, 
and that cell migration through the gel increased exposure of 
the cells to the virus. For the 0.3% hydrogel, the mean transduc-
tion efficiency also increased between days 3 and 5. However, 
the increase was substantially reduced, which likely results from 
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Figure 1 lentivirus in collagen gel. Lentivirus encoding luciferase was 
loaded into collagen gels and incubated with 10% FBS-DMEM media at 
37 °C. Active amounts of viruses from the gel and supernatant media were 
measured at different gel concentrations and time points. For the mea-
surement of viral activity inside the gels, the gels were solubilized by the 
treatment of collagenase (1 mg/ml) for 1 hour. Virus in 10% FBS-DMEM 
was used as control. Values are mean ± SD. *Statistical significance rela-
tive to control group at P < 0.01. supt, supernatant. DMEM, Dulbecco’s 
modified Eagle’s medium; FBS, fetal bovine serum.
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Figure 2 In vitro cell transduction in virus-loaded collagen gel. 
Lentiviruses encoding luciferase were mixed with collagen during gela-
tion. (a) NIH3T3 cells (noninvasive cell) and (b) C6 cells (invasive cells) 
were seeded on the top of the virus-loaded collagen gel. Virus in 10% 
FBS-DMEM was used as control. At 3 days after cell seeding, the gels 
were solubilized with collagenase, and the luciferase activity was mea-
sured using a luminometer. Amount of the active virus was presented as 
the percentage of control. DMEM, Dulbecco’s modified Eagle’s medium; 
FBS, fetal bovine serum.



702 www.moleculartherapy.org  vol. 18 no. 4 apr. 2010    

© The American Society of Gene & Cell Therapy
Localized Lentivirus Delivery From Hydrogel

a decrease in the rate of cell migration at the increased collagen 
density.19

Protection of virus activity in HA–lentivirus complex
We hypothesized that the localization of lentivirus within the 
collagen gel and the transduction efficiency can be enhanced 
through binding of the lentivirus to HA nanoparticles. HA is 
biocompatible, naturally found in the body, binds several pro-
teins, and has previously been employed to bind adenovirus via 
ionic interactions.13 HA is also insoluble in aqueous solution, and 
thus, the nanoparticles can be entrapped and retained within 
the hydrogel. The binding of lentivirus to HA was investigated 
by incubation of lentivirus encoding for luciferase with HA in 
phosphate-buffered saline (PBS), or PBS alone, and subsequent 
transfer of the virus or HA/virus complex to cells at designated 
incubation time points (Figure 4). HA/virus complex had 2.9 
times higher viral activity than the virus in PBS (P < 0.01), which 
was consistent with a previous study using adenovirus and may 
have resulted from a more efficient delivery to the cell surface 
for HA–virus complex compared to the typical bolus infection.13 
Virus activity decreased with increasing time for both HA and 
PBS conditions. However, the virus activity in HA–virus com-
plex had a slower decline relative to PBS alone (Figure 4), which 
was observed by the increasing ratio of luciferase from HA rela-
tive to PBS. Assuming an exponential decay, a thermal half-life 
of the virus was determined to be 29 hours, consistent with 
previous reports,16 and 34 hours for virus alone and HA–virus 
complexes, an increase of ~17%. These results indicated that the 
nanoparticle bound lentivirus and maintained its activity for 
longer times.

In vitro cell transduction in collagen  
and HA/collagen gel
We subsequently investigated the localization of transduction by 
delivery of lentivirus from collagen gels, with and without HA. 
Virus- or HA/virus-loaded 0.15% collagen gels were transferred to 
24-well plate. The gel did not occupy the entire surface; thus, seed-
ing of C6 cells into the well resulted in cells both on the collagen gel 
and on the tissue culture polystyrene. GFP-expressing cells were 

localized primarily to the collagen gel for both virus and HA/virus 
complex (Figure 5a). Low numbers of GFP+ cells were observed 
outside of the virus-loaded collagen gel, which likely occurs due to 
the virus released from the gel. However, for the HA/virus-loaded 
gel, the number of cells transduced on the polystyrene were sub-
stantially reduced. The amount of active virus retained within 
HA/virus-loaded collagen gel was greater than that retained with 
virus-loaded collagen gel at all time points (Figure 5b). Transgene 
expression was similar between virus- and HA/virus-loaded col-
lagen gel, indicating that the virus released from the collagen 
gel alone produced activity similar to the virus retained by the 
nanoparticles (Figure 5c). If hydrogels were incubated in media 
prior to cell seeding in order to remove unbound virus, transgene 
expression was greater for the HA/collagen hydrogels relative to 
collagen alone (data not shown).

In vivo cell transduction in collagen  
and HA/collagen gel
Lenti-luc-loaded collagen gels were subsequently implanted to 
mice subcutaneously to investigate the ability to promote long-
term and localized expression in vivo. Transgene expression was 
localized to the implantation site for all time points and persisted 
for at least 4 weeks in vivo and was consistent for all animals 
implanted (Figure 6). Transgene expression was not observed 
for imaging performed at 6 weeks of implantation or later. For 
the initial 4 weeks of implantation, transgene expression in mice 
implanted with HA/virus-loaded collagen gel was greater at all 
time points relative to mice implanted with virus-loaded colla-
gen gel (P < 0.05). This increased activity was consistent with the 
in vitro observation and suggested that virus activity was main-
tained in HA/virus-loaded collagen gel. Interestingly, maximal 
transgene expression was observed 2 weeks after implantation and 
declined through 4 weeks. Maximal expression at 2 weeks may 
result from time required for cells to infiltrate the hydrogel. Taken 
together, these results indicated that lentivirus-loaded collagen gel 
may be a valuable tool to promote localized and transient gene 
expression in vivo.

dIscussIon
In this article, we report the in vitro and in vivo delivery of 
lentiviral vectors from collagen gels, and demonstrate that 
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Figure 3 Increase of transduction efficiency as cells migrate into the 
gel. Invasive C6 cells were seeded on the lentivirus encoding GFP-loaded 
collagen gel. At 3 and 5 days after cell seeding, transduction efficiency in 
collagen gel was measured. Collagen gel was digested with collagenase, 
and diluted cells were seeded on the plates. Transduction efficiency was 
calculated by counting GFP+ and total cells (at least a total of 500 cells). 
Values are mean ± SD. *Statistical significance relative to control group 
at P < 0.05. GFP, green fluorescent protein.
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Figure 4 Protection of virus activity in hydroxylapatite–lentivirus 
complex. Lentiviruses encoding luciferase (1 × 106 lentivirus particles) 
were mixed with PBS or hydroxylapatite (0.1 mg), and incubated at 
room temperature. At each time point, 293T cells were mixed with the 
mixtures and seeded on the 24-well plate. At 2 days after cell seeding, 
the luciferase activities from the cell lysates were measured by lumino-
meter. Values are mean ± SD. *Statistical significance relative to control 
group at P < 0.01. HA, hydroxylapatite; PBS, phosphate-buffered saline; 
RLU, relative light unit.
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retaining and stabilizing the vector by immobilization to HA 
 nanoparticles enhanced and localized expression within the 
hydrogel. Biomaterial scaffolds serve a central role in many 
regenerative medicine strategies by supporting cell adhesion and 
migration, and providing a structure that creates and maintains 
a space for tissue formation. Hydrogels are increasingly being 
developed as they have physical properties similar to soft tissues 
and can potentially be delivered in a minimally invasive manner. 
Although these features are desirable, they are typically insuf-
ficient to promote regeneration, and thus, a variety of strategies 
are being employed to increase the bioactivity of the hydrogels. 
Delivery of gene therapy vectors is potentially a powerful and 
versatile tool for regenerative medicine applications, or as a 
research tool to molecularly dissect tissue formation. However, 
achieving efficient and localized gene delivery is challenging 
due to vector release and inactivation. We thus investigated an 
approach based on retaining, rather than releasing, the vectors 
within the hydrogel in order to promote localized, efficient deliv-
ery. Importantly, retention of vectors within the hydrogel will 
likely require cell infiltration for gene delivery, and thus, the 
vectors must be stabilized to maintain their activity until cell 
 infiltration occurs.

The collagen hydrogel provided a foundation for lentivirus 
encapsulation and served as the primary structure for localized 
delivery. Collagen is a natural biomaterial that is available in 
 several forms, including solutions, sponges, fibers, and hydrogels 
at physiological temperatures. Collagen was the first tissue engi-
neering scaffold used as a gene delivery vehicle,20 and has been 
employed with a range of nonviral and viral vectors. Vectors 
encapsulated within the hydrogel alone are released, with release 
occurring by a combination of diffusion and matrix degradation. 
The release kinetics and delivery efficiencies depend on the vector. 
For  example, polyplexes and lipoplexes have a slower release than 

plasmid alone,21 though modification of the nonviral vector with 
PEG can enhance release. For the studies herein, the release of len-
tivirus incorporated directly into collagen hydrogels was depen-
dent on the collagen content. Increasing the solid content for 
hydrogels is a common mechanism for slowing release.22 Previous 
reports have indicated that lentivirus does not bind directly to col-
lagen I;23 thus, release was likely restricted by the physical proper-
ties of the hydrogel, such as the pore size. For viral vectors, delivery 
from collagen gels has enabled persistent localized expression.24–26 
These hydrogel systems have been applied to promote tissue for-
mation, and have induced transgene expression in vivo at a variety 
of sites and promoted physiological improvements in applications 
such as bone regeneration,1,20 wound healing,24,25,27 muscle repair,11 
and optic nerve repair.28

Specific binding of lentivirus to HA nanoparticles for encap-
sulation within the hydrogel enhanced retention and activity of 
the virus relative to hydrogel alone, which increased and local-
ized transgene expression. We report that HA-loaded collagen 
hydrogels implanted subcutaneously had significantly increased 
expression relative to the collagen hydrogels alone. Previous 
approaches for retention of viruses have been performed with 
adenovirus. An avidin-modified surface was employed to bind 
a biotinylated antiadenovirus antibody, which functioned to 
immobilize the vector.12 Although these approaches have been 
effective, the modification of biomaterials with large proteins 
(e.g., antibodies) can be challenging due to the large size of 
the proteins. We investigated an approach based on the inclu-
sion of HA nanoparticles that provide binding sites that can 
retain and stabilize the vector. HA contains calcium, phosphate, 
and hydroxyl groups, which provides a complex combination 
of cationic and anionic residues for interaction with the len-
tivirus. Lentiviruses interact with the anionic head group on 
phosphatidylserine,29 which may suggest a potential interaction 

Virus-loaded collagen gela b

c

HA/virus-loaded collagen gel

0.0 × 100

Collagen HA/collagen

4.0 × 104

8.0 × 104

V
iru

s 
ac

tiv
ity

 (
R

LU
)

1.2 × 105

1.6 × 105

0

Collagen

HA/collagen

0 h 24 h 48 h 72 h

50

100

V
iru

s 
ac

tiv
ity

 (
%

)

150

200

Figure 5 localization of lentivirus in collagen gel. (a) HA (hydroxylapatite) nanoparticles were complexed with lentivirus encoding green fluores-
cent protein for 10 minutes, and the complex was mixed with collagen solution. After gelation, the virus-loaded collagen gel was transferred to the 
24-well plates. C6 cells were then seeded on the virus-loaded hydrogel. At 3 days after cell seeding, cells were stained with Hoechst and observed 
under the fluorescence microscope. Bars indicate 150 µm. (b) Active viruses within gels were measured after solubilizing the collagen gel with col-
lagenase. The solubilized solution was added to 293 cells to assess the virus activity. Values are mean ± SD. (c) Lentivirus encoding luciferase was 
complexed with HA and mixed with collagen solution. C6 cells were seeded on the virus- or HA/virus- loaded collagen gel, and the luciferase activities 
were measured 3 days after cell seeding. RLU, relative light unit.
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with the negatively charged phosphate groups. HA has been 
employed for the association of adenoviral vectors,13 and moti-
vated the application to the lentiviral vectors. The incorporation 
of these particles into the hydrogel is relatively simple and may 
translate to other hydrogel systems. Additionally, HA nanopar-
ticles may also be applicable to other vectors, as HA has been 
reported to increase activity of other vectors.13 The inclusion of 
HA does impact the hydrogel properties, which must be factored 
into the hydrogel design. A greater quantity of HA in the gel can 
more effectively bind entrapped lentivirus, yet can produce more 
rigid gels. In vitro, a 10 mg/ml dose of HA in the collagen gel had 
slightly lower transduction compared to a dose of 1 mg/ml HA, 
suggesting that the interaction between collagen and HA that 
may influence the physical properties of the hydrogel and the 
subsequent cellular response (e.g., cell infiltration).

In vivo strategies based on retaining the vector within the 
hydrogel must maintain the vector activity until cells infiltrate 
the hydrogel. Our in vitro studies suggest a connection between 
the rate of cell migration and the extent of transgene expression. 

The solid content impacts cell migration through multiple 
mechanisms. The rate of cell migration represents a balance of 
adhesion and traction forces, with matrix stiffness also playing a 
role.30,31 Motility through hydrogels with a mesh size smaller than 
 cellular dimensions is also dependent on proteolytic activity.31 
Taken together, high densities of collagen can limit cell migra-
tion, and transgene expression was lowest at the greatest collagen 
density. Note that the solid content can also impact vector reten-
tion, with higher densities increasing the retention within the 
hydrogel,24,25 consistent with data reported herein. Additionally, 
we investigated gene delivery for two cell types that have varied 
migration within the collagen gel. Noninvasive cells remained 
on the hydrogel surface, whereas invasive cells infiltrate into the 
gel and had greater levels of expression. Additionally, the in vivo 
studies demonstrated increasing levels of expression initially 
after implantation. The increase in gene expression is hypoth-
esized to be related to a combination of cell infiltration into the 
hydrogel and cell proliferation. The decline in gene expression 
after day 14 likely results from either clearance of the infected 
cells by the immune system or a turnover of the cells. The deliv-
ery of vectors from biomaterials results in transgene expres-
sion by macrophages, which are recruited as a component of 
the foreign body response and are transient at the implant site. 
Additionally, the decline in expression may be related to clear-
ance of transduced cells.

In conclusion, we investigated the delivery of lentiviral 
 vectors from collagen hydrogels to promote in vitro and in vivo 
gene delivery. Enhancing the retention and stability of the vector 
within the hydrogel promoted more localized and efficient gene 
transfer. The collagen gel contributed to the retention and stabili-
zation of the vector; however, the immobilization of the vector to 
HA nanoparticles substantially increased the vector retention and 
activity, which led to efficient and localized expression. The stabi-
lization of the vector is particularly significant, given the depen-
dence of transgene expression on cell migration for this strategy 
of retaining the vector. Taken together, these studies demonstrate 
the ability to efficiently deliver lentiviral vectors from collagen 
hydrogels to yield both in vitro and in vivo transgene expression, 
which would have broad applicability to numerous applications 
in regenerative medicine and in model systems that investigate 
tissue formation.

MAterIAls And MetHods
Virus production. Lentivirus was prepared for the studies using estab-
lished techniques. Lentivirus was produced in HEK-293T cells grown 
in Dulbecco’s modified Eagle’s medium plus 10% fetal bovine serum at 
37 °C, and 5% CO2. The lentiviral packaging vectors (pMDL-GagPol, 
pRSV-Rev, and pIVS-VSV-G) were co-transfected along with plenti-
 CMV-GFP or plenti-CMV-luciferase into HEK-293T cells using 
Lipofectamine 2000 (Roche Bioscience, Palo Alto, CA). After 48 hours 
of transfection, the supernatant was collected and filtered (0.45 micron). 
Viruses were then concentrated using PEG-it (System Biosciences, 
Mountain, CA), with the precipitated lentiviruses resuspended with PBS. 
The virus titer [lentivirus particle (LP)] was determined by HIV-1 p24 
Antigen ELISA Kit (ZeptoMetrix, Buffalo, NY). Infectious titer [infec-
tious unit (IU)] of lenti-GFP was determined by counting the number of 
cell expression GFP at 2 days after incubation of serially diluted viruses 
with HEK-293T cells.
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Figure 6 In vivo cell transduction by lentivirus in collagen gels. 
(a) Imaging and quantification of firefly luciferase expression for 4 weeks 
following subcutaneous implantation of lentivirus or hydroxylapatite (HA)/
lentivirus-loaded collagen gels. Lentivirus encoding luciferase  (Lenti-luc, 
3 × 108 lentivirus particles) was loaded during gelation. (b) Integrated 
light flux (photons/second) as measured using constant-size regions of 
interest over the implant site (n = 4 for experimental and background 
data). Collagen gels loaded with lentivirus encoding luciferase (closed 
squares), HA/lentivirus (open diamonds), and background (closed cir-
cles). Values are mean ± SEM. *Statistical significance relative to control 
group at P < 0.05.
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Preparation of lentivirus-loaded collagen gel. Virus-loaded collagen gels 
were prepared by mixing lentivirus encoding luciferase (lenti-luc, 107 LP) 
with acid-soluble rat tail collagen type I (BD Biosciences, San Jose, CA), 
followed by neutralization and incubation at 37 °C for 30 minutes. Final 
collagen gel concentration was set to 0.05, 0.15, or 0.3% (wt/vol).

Assessment of active viruses retained in and released from collagen 
gel. Lenti-luc-loaded collagen gels (100 µl) were prepared in 96-well 
plates. Dulbecco’s modified Eagle’s medium plus 10% fetal bovine serum 
(100 µl) were then added to the gel and incubated at 37 °C and 5% CO2. 
To measure the amount of entrapped active virus, gels were washed with 
PBS and treated with 1 mg/ml of collagenase (Sigma-Aldrich, St Louis, 
MO) for 30 minutes at 37 °C. Control studies were performed to deter-
mine the concentration of collagenase that had minimal influence on 
the virus activity. Virus without collagen gel was used as a control and 
incubated with media. Supernatant that contained the virus released 
from the collagen gel was collected at 1, 2, and 3 days after incubation. 
Control viruses and supernatant samples were treated with the collage-
nase (1 mg/ml). Active virus was assessed by adding 10 µl of each sample 
to HEK-293T cells growing in a monolayer. At 2 days after infection, 
cells were lysed with reporter lysis buffer (Promega, Madison, WI) and 
assayed for enzymatic activity. The luminometer was set for a 3-second 
delay with signal integration for 10 seconds. Luciferase activity was nor-
malized to total cellular protein using the bicinchoninic acid (BCA) assay 
kit (Pierce, Rockford, IL). Virus activity was expressed as a percentage of 
control (i.e., no collagen gel).

In vitro cell transduction in the virus-loaded collagen gel. To examine 
the transduction of the cells growing on the virus-loaded collagen gel, 
invasive C6 cells and noninvasive NIH3T3 cells (105 cells) were seeded 
on virus encoding luciferase-loaded collagen gel, which were prepared in 
96-well plate. At 3 days after cell seeding, the gels were washed with PBS 
and digested with 1 mg/ml of collagenase. Cells were collected after cen-
trifugation of the solution and assayed for luciferase activity. To assess the 
change of transduction efficiency over time, virus encoding GFP (105 IU) 
was loaded on collagen gel in 96-well plate and 105 C6 cells were seeded on 
the gel at multiplicity of infection of 1. At 3 and 5 days after cell seeding, the 
cells in the gels were collected as described above. The cells were isolated by 
trypsin and then diluted (up to 1,000) and seeded on the 24-well plate. After 
attaching cells to the plate, the transduction efficiency was determined by 
counting GFP+ cells (at least 500 cells were counted per condition).

Complexation with HA nanoparticles. Hydoxylapatite nanoparticles 
(Sigma-Aldrich) were suspended in PBS, and lenti-luc (1 × 106 LP) was 
mixed with PBS (control) or HA-PBS (1 mg/ml of final concentration of 
HA) for 10 minutes and incubated at room temperature. At different time 
points of incubation, 105 HEK-293T cells were mixed with the virus or 
HA–virus complex, and seeded on the 24-well plate. At 2 days after cell 
seeding, the luciferase activity was assayed as described above.

Cell transduction in the collagen gel. Lentivirus encoding GFP (1 × 104 
IU) alone or complexed with HA (1 mg/ml) was entrapped with 0.15% col-
lagen gels (5 µl). After transferring the gels to 24-well plate, 5 × 105 C6 cells 
were seeded. At 3 days after cell seeding, cells were fixed with 4% para-
formaldehyde and stained with Hoechst (blue). GFP-expressing cells were 
visualized using a fluorescence microscope. For the quantitative measure-
ment of the transduction in the gel, lentivirus encoding luciferase (1 × 106 
LP) alone or complexed with HA was used. At 3 days after cell-seeding gel, 
the luciferase activity was assayed as described above.

Bioluminescence imaging. Lenti-luc (3 × 108 LP) alone or complexed with 
HA (1 mg/ml) nanoparticles were loaded on collagen gel and the colla-
gen gels were implanted subcutaneously into male CD1 mice (20–22 g). 
In vivo luciferase expression was monitored using an IVIS Imaging System 
(Xenogen, Alameda, CA), which includes a cooled CCD camera. For 

imaging, the animals were injected i.p. with D-luciferin (150 mg/kg body 
weight; Molecular Therapeutics, Ann Arbor, MI) using 28-gauge insulin 
syringes. The animals were placed in a light-tight chamber, and biolumines-
cence images were acquired (every 5 minutes for a total of 20 minutes) until 
the peak light emission was confirmed. Gray-scale and bioluminescence 
images were superimposed using the Living Image software (Xenogen). 
A constant-size region of interest was drawn over the implantation site. 
The signal intensity was reported as an integrated light flux (photons/
second), which was determined by IGOR software (WaveMetrics, Tigard, 
OR). Background photon fluxes were obtained using the same procedures 
prior to the injection of D-luciferin. Care and use of the laboratory ani-
mals followed the guidelines established by the Northwestern University 
Institutional Animal Care and Use Committee.

Statistical analysis. The statistical significance of the differences between 
groups was analyzed by one-way analysis of variance followed by Tukey’s 
post hoc test for multiple comparisons. A value of P < 0.05 was accepted 
as significant.
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