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Abstract

Hydrogels have been extensively used for regenerative medicine strategies given their tailorable
mechanical and chemical properties. Gene delivery represents a promising strategy by which to
enhance the bioactivity of the hydrogels, though the efficiency and localization of gene transfer
have been challenging. Here, we functionalized porous poly(ethylene glycol) hydrogels with
heparin-chitosan nanoparticles to retain the vectors locally and enhance lentivirus delivery while
minimizing changes to hydrogel architecture and mechanical properties. The immobilization of
nanoparticles, as compared to homogeneous heparin and/or chitosan, is essential to lentivirus
immobilization and retention of activity. Using this gene-delivering platform, we over-expressed
the angiogenic factors sonic hedgehog (Shh) and vascular endothelial growth factor (Vegf) to
promote blood vessel recruitment to the implant site. Shh enhanced endothelial recruitment and
blood vessel formation around the hydrogel compared to both Vegf-delivering and control
hydrogels. The nanoparticle-modified porous hydrogels for delivering gene therapy vectors can
provide a platform for numerous regenerative medicine applications.
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Introduction

Swift, robust vascularization of the implant is required in regenerative medicine in order to
support the survival and function of endogenous or transplanted cells [1-4]. Hydrogels have
traditionally supported cell infiltration by providing sites for cell adhesion, and by their
degradation can create space for cells to enter. More recently, cell infiltration has been
facilitated through the creation of porous hydrogels, as cells can readily infiltrate through the
pores without the requirement of degrading the hydrogel [5]. Furthermore, cell infiltration
has been enhanced through the application of drug delivery technology, which has promoted
processes such as vascular ingrowth [6-10]. Many technologies have delivered factors for
time scales of days to weeks; however, delivering for long time scales [5] or delivering a
combination of factors [11-14], which may be necessary for some applications, has been
challenging.

Gene delivery provides the opportunity to obtain sustained expression for time scales
consistent with the time required for tissue regeneration, as transduction of endogenous cells
permits the expression of transgenes for months after delivery [15, 16]. Microporous
scaffolds have been extensively investigated for gene delivery for numerous applications
[16-18]. Microporous poly(lactide-co-glycolide) (PLG) scaffolds have been used to provide
sustained release, and upon modification, to reversibly associate with the vector and enhance
vector retention [15, 16, 19]. However, in our laboratory, gene delivery from hydrogels has
been less effective in vivo relative to delivery from PLG scaffolds. The inclusion of
micropores within the hydrogel led to enhanced transduction through increased cell
infiltration [5]. Furthermore, the inclusion of inorganic nanoparticles that reversibly
associate with the vector have increased the vector half-life and maintained greater
concentrations within the material [15]. While these strategies have enhanced transgene
expression, the opportunity remains to further enhance gene delivery from hydrogels.

In this report, our objective was to investigate the incorporation and properties of heparin
and chitosan, separately and in combination, to immaobilize lentivirus onto porous,
poly(ethylene glycol) (PEG) hydrogels in order to promote localized, sustained over-
expression of regenerative factors. We recently reported that surface modification of PLG
scaffolds with heparin and chitosan to reversibly associate with viral vectors retained the
vectors locally, enhanced the vector half-life, and increased transgene expression [16]. We
hypothesized that the manner in which heparin and chitosan were included (i.e., a
component of the bulk hydrogel, or as nanoparticles) would influence the interaction with
lentivirus and subsequent gene transfer. Vector binding and activity were investigated in
vitro, along with the extent and duration of transgene expression in vivo. Lentivirus
encoding for sonic hedgehog (Shh) and vascular endothelial growth factor (Vegf) were
delivered, both of which have been implicated in angiogenesis [11-14], and their ability to
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enhance host integration and vascularization of the hydrogel were assessed for their future
use in regenerative medicine applications.

Materials and Methods

Formation and Characterization of Hydrogels

Fabrication: PEG-acrylate (4 arm, 20,000 Da; Laysan biomaterials; 10% w/v) was dissolved
into PBS with photoinitiator (Irgacure 2959, Ciba; 0.5% wi/v). To form porous hydrogels,
the solution was frozen for 16 hours at =20 °C and then exposed while frozen to UV light
(365 nm, 50 mW/cm?2; 2 min). To form non-porous hydrogels, UV exposure was employed
to crosslink the liquid-phase PEG solution. The formed hydrogel was then immersed in PBS
or distilled water until use.

Mesh Size and Swelling Ratio: PEG hydrogels were formed as before (n = 4 per condition),
weighed, and placed in distilled water. After 24 hours, the hydrogels were weighed, frozen
in liquid nitrogen, lyophilized for 24 hours, and weighed again. Swelling ratio and mesh size
was approximated using a modified Flory-Rehner model [20-22].

Cysteine Addition of Heparin and Chitosan

Heparin (180 USP/mg, ~16,000 Da [22]) and chitosan (8183 Da) were stirred for 30 min in
varying ratios of cysteines in 1 M 2-(N-morpholino)ethanesulfonic acid buffer (1 mg/mL
polysaccharide) in the presence of 9 mg/mL N-ethyl-N'-(3-
(dimethylamino)propyl)carbodiimide (EDC; CreoSalus Inc., Louisville, KY) and 6 mg/mL
N-hydroxysuccinimide (NHS; Research Organics, Cleveland, OH). Unbound cysteines were
removed using 10,000 and 3,000 molecular weight cutoff Slide-A-Lyzer Dialysis Cassettes
(Pierce), respectively. Incorporation of cysteines on the polysaccharides was assessed by
measuring the absorbance of the modified polysaccharides in Ellman's (Pierce) solution at
412 nm [23], and the extinction of absorbance in toluidine blue (Fisher Scientific) and
orange Il assay solutions at 610 nm and 480 nm [16] as described previously. For hydrogel
incorporation, filtered solutions were flash frozen in nitrogen, lyophilized, and stored with
dessicants until use. All materials are from Sigma unless otherwise indicated.

Heparin-chitosan Nanoparticles

Heparin and chitosan solutions (0.9 mg/mL ea. in 2% v/v acetic acid) were dissolved, mixed
in varying ratios, and stirred for 2 hours. Aggregates were removed using a 0.22 um filter.
Size and charge density of nanoparticles were assessed using the Zetasizer Nano ZSP
(Malvern Instruments). For hydrogel incorporation, filtered solutions were flash frozen in
nitrogen, lyophilized, and stored with dessicants until use.

Incorporation and retention of nanoparticles were assessed using the toluidine blue assay
[24]. Solutions of unbound nanoparticles were assayed by immersing the supernatant for 1
hour in toluidine blue (Fisher Scientific). Assay solutions were made according to
previously established methods [16]. Incorporation was defined as the percentage of
nanoparticles remaining after two 5 min washes, consistent with prior reports [16, 19].
Retention was defined as the percentage remaining of incorporated nanoparticles. Release
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rate is defined as the difference in nanoparticle retention at the specified time period divided
by that time period (in days).

Lentivirus Incorporation and in vitro Expression

To make cell-compatible porous PEG hydrogels, precursor solution (1% w/v PEG, 0.5% w/v
photoinitiator in PBS) was conjugated to GCYKNRGCYKNRCGRGD (5 mM, fabricated at
the Northwestern University peptide synthesis core) by Michael-type addition at 37 °C for
10 min to promote cell-adhesi on and incorporate plasmin-degradable sites, frozen at —20 °C
overnight, and e xposed to UV light (365 nm, 50 mW/cm?) for 2 min. Hydrogels were
washed in PBS (twice, 5 min ea.) and partially dried in air to facilitate wetting of the surface
by lentivirus (1x107-1x108 particles encoding for firefly luciferase) pipetted onto the gel. To
evaluate in vitro expression lentivirus-incorporated hydrogels were seeded with 100,000
human embryonic kidney cells and imaged as done previously [16]. In brief, the hydrogels
were incubated with 50 mM of D-luciferin (Molecular Therapeutics, Inc., MI) for 4 hours
and imaged with two 10-second intervals for bioluminescence (integrated photon flux, p/s),
which was assessed using the In Vivo Imaging System (IVIS; Caliper, Hopkinton, MA,
USA) [16].

Subcutaneous Implantation

Animals were treated according the Animal Care and use Committee guidelines at
Northwestern University. Surgery was performed as previously described (n = 4 per
hydrogel design and time-point) [5, 25]. Male CD1 mice (30g, Charles River) were
anesthetized using isoflurane (2% v/v). An incision was made in the upper and lower back to
allow for implantation of lentivirus-incorporated hydrogels that were stored at -80 °C until
use. The site was secured in place by s uturing the skin together and stapling the skin.
Postoperative care consisted buprenorphine (0.1 mg/kg) administered immediately after
surgery. To quantify gene expression, animals implanted with hydrogels delivering firefly
luciferase-encoding lentivirus were injected intraperitoneally with 150 mg/kg body weight
of D-Luciferin and imaged using the IVIS at 5 minute intervals until expression peaked as
previously reported [16].

Immunohistochemistry: Hematoxylin and Eosin

Hydrogels were implanted for 8 weeks. Hydrogels extracted from mice were fixed using 4%
w/v paraformaldehyde (Sigma-Aldrich), embedded in sucrose O.C.T. and frozen as done
previously [5], and sectioned transversally in 18 pm thick slices and collected serially. To
detect overall cell presence these sections were stained with eosin and counter-stained with
Mayer's hematoxylin (Surgipath Medical Industries). Images were captured at 5x
magnification for light microscopy (Leica Microsystems, Wetzlar, Germany).

Immunofluorescence: Vascularization

Upon retrieval of the hydrogels, mice were injected by tail vein with biotinylated lectin (175
pL at 1 mg/mL). To assess vascularization, CD31 (Abcam, ab56299; 1:400 dilution) was
used with AlexaFluor 555 goat anti-rabbit 1gG (1:500 dilution) and fluorescein anti-biotin
1gG (1:200 dilution) secondaries to label infiltrating endothelial cells and functional blood
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vessels, respectively. Images were captured at 10x magnification for fluorescence
microscopy (Leica Microsystems, Wetzlar, Germany) and the outer 20 um perimeter of the
hydrogel was assessed for lectin and CD31 presence.

One- and two-way ANOVA with Bonferroni post-hoc analysis were used to assess statistical
differences.

Heparin- and Chitosan-functionalized PEG Hydrogels

Heparin and chitosan were investigated as potential lentivirus immobilization agents that
minimally influenced the bulk properties of porous PEG hydrogels. Initially, the method of
incorporation of these polysaccharides was assessed for their ability to promote gene
transfer in vitro (Figure 1): adsorption of unmodified polysaccharides after hydrogel
formation, mixing unmodified polysaccharides before formation, or conjugating cysteine-
modified polysaccharides using Michael-type addition before formation. Cysteines were
added to the polysaccharides in varying proportions using EDC/NHS chemistry to facilitate
their incorporation into PEG (Supp. 1a). The extent of cysteine conjugation increased
linearly for heparin (6.4-fold) and chitosan (4.5-fold) as the ratio of cysteine:polysaccharide
ranged from 250 to 1000. Hydrogels formed with at a ratio of cysteine:polysaccharide equal
to 1000 swelled to a final volume that was larger than unmodified hydrogels (Supp. 1d,e),
yet a significant difference was not observed at ratios for cysteine:polysaccharide equal to
500 (Supp. 1b,c). Expression levels were not significantly different between control
hydrogels, which did not contain polysaccharides, and hydrogels that incorporated
polysaccharides by adsorption or mixing. Expression levels for hydrogels that incorporated
polysaccharides by conjugation onto the hydrogel were reduced relative to other conditions,
with the greatest reductions for conjugation of heparin (Figure 1). In the case of heparin,
extensive cysteine modification to increase heparin loading decreased transgene expression
(Supp. 2). We next investigated incorporating both heparin and chitosan into PEG
hydrogels, which yielded the highest gene expression when mixing or adsorbing the
unmodified polysaccharides and lower expression when conjugated onto the hydrogels using
cysteines (Figure 2), consistent with hydrogels in which heparin and chitosan were
incorporated alone.

Nanoparticle-modified Hydrogels

Heparin-chitosan nanoparticles (HCNPs) were subsequently investigated as a means to
immobilize lentivirus within porous PEG hydrogels, with initial studies investigating the
fabrication and incorporation of HCNPs into PEG hydrogels. Nanoparticles were fabricated
using multiple ratios of heparin and chitosan solutions ranging from 5:1 to 1:5. For this
range, the charge densities of HCNPs varied from -19 mV to +23 mV (Figure 3a), and after
filtration, the nanoparticle diameters were between 143 and 202 nm (Figure 3b). HCNPs
fabricated with 3:1 (-17 mV) and 1:1 (-4 mV) ratios of heparin-to-chitosan (25 pg to 250 pg)
were incorporated within porous PEG hydrogels and their retention was assessed (Table 1).
Neither particle amount nor charge affected incorporation and retention. On average, 95.6%
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of nanoparticles (by weight) were incorporated into the PEG hydrogels after washing. A
majority of the incorporated HCNPs (89.2%) was retained through 14 days, with most of the
release occurring within the initial 24 hours.

We subsequently investigated the effect of nanoparticle incorporation on hydrogel pore
structure and properties (Supp. 3). HCNPs were visualized with toluidine blue dye, which
turns purple in the presence of heparin. For loadings of 25 ug and 50 pug of HCNPs, the
purple staining was observed throughout the gel around unstained regions that were likely
pores within the hydrogel. At 250 pg of HCNPs, staining was sporadic likely reflecting a
loss of the porous architecture. Swelling ratios of hydrogels with 0 pg to 50 pg HCNPs were
similar. In contrast, hydrogels with 250 pg of HCNPs had swell ratios nearing non-porous
PEG hydrogels. Cells seeded onto the hydrogels had a consistent density across the surface
and appeared to be unaffected by nanoparticle content up to 50 g (Supp. 4). Based on these
observations, hydrogels loaded with 50 ug of HCNPs were used for the remaining studies.

Lentivirus Immobilization and Expression using Heparin-chitosan Nanoparticles

Two formulations of HCNPs, 3:1 and 1:1 heparin-to-chitosan ratios, were assessed for their
ability to interact with lentivirus particles (Figure 4). At a loading of 107 lentiviral particles,
the loading efficiency surpassed 98% for all hydrogel formulations. However, at a loading of
108 lentiviral particles, only the heparin-rich (3:1) HCNP-loaded hydrogels were able to
capture greater than 98% of the lentivirus particles, whereas the control hydrogels or
hydrogels loaded with the other HCNP formulation captured less than 80% (p < 0.05). This
observation is consistent with a prior report, which revealed enhanced incorporation of the
lentivirus due to enhanced binding and retention in the presence of chitosan and heparin
[16]. Subsequent studies used a loading of 107 lentiviral particles in order to compare
transduction at similar particle loadings.

The dynamics of lentivirus-mediated gene expression were subsequently characterized for 5
days of in vitro cell culture (Figure 5). After 1 day of culture, transgene expression by cells
on unmodified hydrogels was similar to transgene expression for cells on HCNP-
functionalized hydrogels. By day 3 and 5 of culture, gene expression had increased relative
to day 1 for both conditions. Expression by cells on HCNP-functionalized hydrogel was
significantly increased compared to unmodified hydrogel (p < 0.05). We subsequently
investigated whether differences in gene expression were due to differences in cell
proliferation. Calcein-AM and Ethidium homodimer staining (30 min incubation at 37 °C, 2
UM each) at 1, 3, and 5 days revealed similar cell densities on unmodified and HCNP-
functionalized hydrogel at all time-points (Figure 5b-g).

The retention of active virus on the hydrogel was assessed by characterizing the expression
by that successfully adhered onto the hydrogel (termed ‘seeded’) and cells within the well
(termed ‘non-seeded”) after 3 days of culture (Supp. 5). Seeded cells on hydrogels
functionalized with HCNPs had significantly enhanced gene expression relative to hydrogels
without HCNPs. In contrast, ‘non-seeded’ cells from HCNP-functionalized hydrogels had
lower gene expression compared to unmodified hydrogels. The total expression, i.e. the sum
of expressions from both ‘non-seeded’ and ‘seeded’ cells, was similar in HCNP-
functionalized and unmodified hydrogels. These observations suggest that the shift in gene
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expression—from ‘non-seeded’ cells that were exposed to the first 4 hours of released
lentivirus to ‘seeded’ cells—when hydrogels are functionalized with HCNPs is due to the
retention of lentivirus on the hydrogel. Figures 4 and 5, when considered with Supp. 5,
reveal changes in gene expression profiles in vitro that result from enhanced retention and
transduction of lentivirus, and not greater cell growth, in HCNP-functionalized hydrogels,
which is consistent with a prior report in which these polysaccharides were shown to
immobilize the lentivirus [16]. As cells adhere to the hydrogel, the vector is present at the
hydrogel to which cells are adhered, which concentrates the vector within the cell
microenvironment [26]. This high concentration within the cell environment leads to cell
binding, internalization, and ultimately expression of the transgene.

In vivo Gene Expression and Vascularization

We subsequently assessed the extent and duration of transgene expression in vivo (Figure
6). For the initial 2 weeks, unmodified hydrogels had greater levels of expression than
HCNP-loaded hydrogels. However, by four weeks, the HCNPs loaded hydrogels had greater
expression than unmodified hydrogels. Unmodified hydrogels had expression that increased
through 2 weeks, and subsequently declined over the subsequent 5 weeks. Interestingly the
HCNP-loaded hydrogels produced more consistent expression throughout the 8 weeks of the
study.

Hydrogels with nanoparticles were functionalized with lentivirus particles encoding for
sonic hedgehog (Shh), vascular endothelial growth factor (Vegf), or firefly luciferase (Fluc,
as a control) and implanted subcutaneously for 8 weeks (Figure 7). Delivery of Shh or Vegf
increased cell infiltration into the pores of the hydrogel. Furthermore, Shh increased the
presence of endothelial (CD31+) and blood vessels (lectin+) around the hydrogel, with the
area of positive staining increased by approximately 3-fold relative to the Fluc control.
However, Vegf did not significantly affect endothelial cell or blood vessel presence
compared to controls, possibly due to the formation of immature vessels that regressed by 8
weeks [27-29].

Discussion

In this report, we demonstrated that the incorporation of HCNPs could significantly enhance
the binding and retention of lentiviruses leading to prolonged transgene expression in vivo.
These studies highlight that these components are more effective when formulated as
nanoparticles for incorporation into the gel as opposed to incorporation of the components
individually. Both polysaccharides were modified with varying amounts of cysteines in
order to enhance their ability to bind to and crosslink PEG monomers using Michael-type
addition. When incorporated in to the PEG hydrogel separately, neither polysaccharide
significantly enhanced expression. For heparin, transgene expression was actually
significantly inhibited at the highest extent of cysteine modification, which likely results
from limited access of the cell to the virus for incorporation in this manner. Previously,
heparin-chitosan complexes were revealed to enhance gene expression of poly(lactide-co-
glycolide) hydrogels in vitro and in vivo [16]. Herein, heparin and chitosan were mixed at
varying ratios to create nanoparticles (< 220 um in diameter) of multiple charge densities.
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The incorporation and retention of nanoparticles onto PEG hydrogels was not dependent on
their charge. Nanoparticles in quantities of 50 g or less could be incorporated into the
hydrogels with minimal change to mechanical properties such as porosity and swelling ratio.
Lentivirus incorporation onto PEG hydrogels, however, was significantly improved using
negatively charged nanoparticles (3:1 ratio of heparin-to-chitosan, -17 mV).

Transgene expression from our PEG hydrogels was increased both in vitro and in vivo in the
presence of HCNPs, consistent with the observations that interactions between the vector
and the biomaterial can modulate and localize transgene expression [5, 16, 25, 30]. In vitro
gene expression was higher in PEG hydrogels with negatively-charged heparin-chitosan
nanoparticles than unmodified hydrogels. Additionally, the amount of virus released from
the hydrogel was reduced, as evidenced by a substantial reduction in the transduction of
cells that were in the well but not on the hydrogel. In contrast, the unmodified hydrogel had
greater expression at early time points and had greater transduction of cells not on the
hydrogel. The transgene expression profile observed in vitro was similar to that observed in
vivo. At a subcutaneous site, unmodified hydrogels, which achieved greater expression at
earlier time-points relative to modified hydrogels, had expression decline after 4 weeks,
which is consistent with previous observations [30] and suggests the transduction of
inflammatory cells that can be transiently present after biomaterial implantation. In contrast,
nanoparticlefunctionalized hydrogels had a gradual increase in expression that plateaued
after 4 weeks. These studies reveal that retention of lentivirus on PEG hydrogels using
nanoparticles resulted in more sustained gene expression at the hydrogel in vitro and in vivo.

Nanoparticle-functionalized PEG hydrogels implanted subcutaneously for 8 weeks
demonstrated enhanced vascular growth with expression of Shh. Shh has been shown both
invitro [11, 12] and in vivo [13, 14] to induce the expression of vascular endothelial growth
factor, as well as factors known to promote the maturation and stabilization of blood vessels.
Shh enhanced cell infiltration into the hydrogels. Shh recruited CD31+ endothelial cells to
the implant site, which contributed to an increase in lectin+ functional blood vessels,
consistent with previous reports [11-14]. In contrast, after 8 weeks with induced expression
of Vegf, endothelial cells were not observed to be present in greater numbers at the
implantation site compared to controls. Furthermore, the number of lectin+ blood vessels
was also similar to control conditions. The inability of Vegf to promote blood vessel
formation using our gene-delivering system may be due to the requirement of co-factors to
mature and stabilize blood vessels promoted using Vegf [11-14]. More generally, the
induced overexpression of an angiogenic factor can lead to abnormal vessel formation, that
may regress with time [31]. Taken together, this report reveals the potential of Shh as a pro-
angiogenic factor for use in regenerative medicine.

Conclusions

We assessed a novel gene delivery platform for porous PEG hydrogels that can promote and
localize lentivirus-mediated transgene expression. Chitosan and heparin promoted lentivirus-
mediated gene delivery only when used in combination. Interestingly, the method of
incorporating these polysaccharides into the hydrogel dictated their ability to promote
transgene expression. Heparin and chitosan incorporated as individual or combined
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components through blending or conjugation to the gel did not significantly enhance gene
delivery. However, their formulation as nanoparticles led to more effective lentivirus

association with the hydrogel and sustained transgene expression in vitro and in vivo. Shh
expression promoted vascularization of the implantation site at 8 weeks post implantation,

which in combination with other factors, can be used to promote regeneration in a variety of
applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Gene expression (integrated photon flux) of HEK 293T cells transduced with luciferase-

encoding lentivirus (1 x 107 particles) after 2 days of cell culture on porous PEG hydrogels
containing 25 pg of (a) heparin or (b) chitosan. Polysaccharides were incorporated either by
adsorption of unmodified polysaccharides after hydrogel formation, mixing of unmodified
polysaccharides into the polymer solution before formation (mixed), or conjugating
cysteine-modified polysaccharides using Michael-type addition before formation
(conjugated). Control hydrogels do not contain polysaccharides. * indicates statistically
significant difference to the other groups (p < 0.05).
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Figure 2.
Gene expression (integrated photon flux) of HEK 293T cells transduced with luciferase-

encoding lentivirus (1 x 107 particles) after 2 days of cell culture on porous PEG hydrogels
containing 25 pg of chitosan with or without 25 pg of heparin. Polysaccharides were
incorporated either by adsorption of unmodified polysaccharides after hydrogel formation
(adsorbed), mixing of unmodified polysaccharides into the polymer solution before
formation (mixed), or conjugating cysteine-modified polysaccharides using Michael-type
addition before formation (conjugated). -H indicates hydrogels with only chitosan. +H
indicates hydrogels with both chitosan and unmodified heparin. Control hydrogels do not
contain polysaccharides. Different letter designations indicate statistically significant
differences (p < 0.05).
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Figure 3.
(a) Zeta potential of heparin-chitosan nanoparticles (HCNPs) formulated at multiple ratios of

heparin to chitosan (0.9 mg/mL total polysaccharide content). Chitosan (0.9 mg/mL. CHI),
heparin (0.9 mg/mL, HEP) and plain acetic acid (0.6% AA) solutions served as a reference.
(b) Mean diameter of HCNPs formulated at multiple ratios after filtering with 0.22 pm
mesh.

Biomaterials. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Thomas et al.

Page 14

Q
O

1.0x108 LP 1.0x10” LP
Q  100;
= = 90
R K]
© s 80;
3 B 70-
Q. Q.
} . } ..
) O 60
() (&)
k= £ 50!
3:1 1:1 None 3:1 1:1 None

HCNP content (50 ng)  HCNP content (50 png)

Figure 4.
Incorporation efficiency of porous PEG hydrogels loaded with (a) 1 x 108 and (b) 1 x 107

lentiviral particles (LP). * indicates statistically significant difference of negatively-charged
(3:1) HCNP-functionalized hydrogels to neutrally-charged (1:1) HCNP-functionalized
hydrogels and unmodified hydrogels (p < 0.05).
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Figure 5.
(a) Gene expression (integrated photon flux) of HEK 293T cells transduced with luciferase-

encoding lentivirus (1 x 107 particles) fromday 1 to day 5 on (3:1) HCNP-functionalized
and unmodified porous PEG hydrogels. * indicates statistically significant difference (p <
0.05). Cell content, as assessed by a live/dead assay, of cells seeded onto (b-d) unmodified
or (e-g) HCNP-functionalized hydrogels. Viable cells on (b,e) day 1, (c,f) day 3, and (d,g)
day 5.
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Figure 6.
Gene expression (integrated photon flux) after subcutaneous implantation of lentivirus-

delivering (1 x 107 particles) porous PEG hydrogels in the upper back for 8 weeks. *
indicates statistically significant difference (p < 0.05) to background levels. # indicates
statistically significant difference (p < 0.05) of (3:1) HCNP-functionalized hydrogels to
unmodified hydrogels. Doubling and tripling of symbols indicates differences significant at
the p < 0.01 and p < 0.001 levels, respectively.
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Figure 7.
Vascularization after subcutaneous implantation of lentivirus-delivering (1 x 107 particles)

porous PEG hydrogels in the upper back for 8 weeks. Hoechst+ cell (blue) and fibronectin+
(white) infiltration of the hydrogel, lectin+ blood vessel (green) and CD31+ endothelial
(white) recruitment to the implantation site in the presence of (a) firefly luciferase (Fluc,
control) or (b) sonic hedgehog (Shh). Quantification of (c) CD31+ and (d) lectin+ area
surrounding the hydrogel after delivery of Fluc, Shh or vascular endothelial growth factor
(Vegf). * indicates statistically significant difference to Shh-delivering hydrogels (p < 0.05).
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