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Abstract

Composites of cationized gelatin microspheres (CGMS), crosslinked with either 3 mM or 6 mM glutaraldehyde solution,
and a novel hydrogel material, oligo(poly(ethylene glycol)fumarate) (OPF) were fabricated and investigated toward prolonging
the release of plasmid DNA in vivo relative to the constituent materials. The composites and constituent materials were
investigated in a subcutaneous murine model to assess the release of 2*I-labeled plasmid DNA and *I-Iabeled cationized
gelatin in vivo. The time profiles of the radioactivity remaining were employed to compare the profiles of DNA release and
cationized gelatin degradation. Both composite formulations (incorporating either 3 mM or 6 mM CGMS) prolonged the
bicavailability of plasmid DNA relative to both injected plasmid DNA solution and the respective non-embedded cationized
gelatin microspheres. Injected plasmid DNA solution persisted in the subject for only 7-10 days, whereas the persistence of
DNA from composites of OPF and either 3 mM or 6 mM CGMS extended to at least day 42. The 3 mM and 6 mM CGMS each
increased the persistence of DNA slightly, relative to injection of DNA solution, to between 28 and 35 days. Inferestingly, the
release profile of plasmid DNA from composites was not significantiy different from the release of DNA from OPF alone. The
release of plasmid DNA from the composites was in accord with the degradation of the microspheres within the OPF. These
results show that composites of OPF and cationized gelatin microspheres are able to prolong the availability of plasmid DNA in
vivo relative to cationized gelatin microspheres alone and provide a promising candidate material for the sustained, controlled
release of plasmid DNA.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Gene delivery; Degradable hydrogel; Cationized gelatin microspheres; Plasmid DNA; Controlled release

* Corresponding author. Department of Biomaterials, Institute for Frontier Medical Sciences, Kyoto University, 53 Kawara-cho Shogoin,
Sakyo-ku, Kyoto 606-8507, Japan. Tel.: +81 75 751 4121; fax: +81 75 751 4646.
E-mail address: yasuhiko@frontier.kyoto-u.ac.jp (Y. Tabata),

0168-3659/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jconrel.2005.07.005

- 120 -

'GENE DELIVERY



GENE DELIVERY

548 FK Kasper et al. / Journal of Controlled Release 107 (2005) 547-561

1. Introduction

It has been suggested that the single greatest con-
cern related to the success of systems for the long-
term (days to months) controlled release of therapeutic
proteins is the instability of the proteins themselves
{1]. The delivery of plasmid DNA encoding a ther-
apeutic protein presents a promising alternative to the
outright delivery of the protein. The inherent chemical
stability of DNA facilitates the application of tradi-
tional methods established for the controlled release of
proteins toward achieving coutrolled gene delivery.
The success of therapeutic gene delivery, however,
requires a system that both facilitates cellular uptake
of DNA and maintains gene expression. Although
viral vectors present high transfection efficiency and
sustained expression, the risks and limitations asso-
ciated with their safety has placed an increasing
emphasis on the exploration of non-viral methods
for gene delivery.

The injection of plasmid DNA solution provides a
simple non-viral means for gene delivery that has
been shown to elicit expression of the encoded protein
[2-4). The injected DNA solution, however, is intro-
duced in a bolus fashion and is rapidly cleared from
the site, resulting in a short duration of bioavailability.
It follows that gene expression subsequent to injection
of plasmid DNA is generally limited and brief [2,5,6],
often requiring repeated injections to sustain gene
expression. Alternatively, the controlled release of
plasmid DNA from a carrier matrix material presents
the potential to sustain production of the encoded
protein through prolonging the duration of the local
availability of the DNA.

Although many materials have been explored
toward application in the controlled release of plasmid
DNA, cationized gelatin bas been demonstrated to
allow for prolonged and enhanced gene expression
in vivo, relative to injected plasmid DNA sclution [7-
10]. The high density of positive charge of cationized
gelatin allows for the formation of electrostatic com-
plexes with plasmid DNA [8,11,12], a polyanionic
macromolecule, such that the DNA is electrostatically
bound to the matrix upon loading [7]. Thus, the
release of plasmid DNA from cationized gelatin
hydrogels and microspheres is driven by the enzy-
matic degradation of the gelatin, the kinetics of which
may be controlled through the crosslinking extent of

the hydrogels [7-10]. The DNA likely remains com-
plexed with degradation fragments of the cationized
gelatin upon release [7]. It has been proposed that this
complexation may reduce degradation of the DNA by
nucleases and may also facilitate cellular entry
through interaction of the positively charged com-
plexes with negatively charged cell membranes [8].
Thus, cationized gelatin is an attractive and effective
material for controlled gene delivery.

The duration of plasmid DNA release from catio-
nized gelatin, however, is limited by the enzymatic
degradation of the gelatin matrix. In the case of
cationized gelatin microspheres, the observed release
of plasmid DNA has generally been limited to
approximately 3—4 weeks in vivo [9,13]. Applications
for therapeutic gene delivery, however, often call for
sustained protein expression, which may require the
persistence of DNA beyond a few weeks. A potential
method to prolong the release of plasmid DNA from
cationized gelatin microspheres, while maintaining
the benefits of the cationized gelatin—plasmid DNA
complexes, is to form composites of cationized gelatin
microspheres with a biodegradable synthetic hydro-
gel, such as oligo(poly(ethylene glycol)fumarate)
(OPF). OPF is a water-soluble material that can be
crosslinked in situ under physiological conditions to
form hydrogels, which have been demonstrated to be
biocompatible and biodegradable [14,15] and have
been applied toward cell attachment [16-18] and
cell encapsulation [19,20]. Further, the formation of
composites of OPF and gelatin microspheres has been
shown to be effective in prolonging the controlled
release of proteins, such as TGF-p, relative to the
release of the protein from the microspheres alone
[21,22].

The present study was undertaken to explore the
potential of prolonging the release of plasmid from
cationized gelatin microspheres through formation of
composites with hydrogels of OPF. In the present
study, composites of OPF hydrogels and cationized
gelatin microspheres were fabricated and implanted
subcutaneously into mice. Through the use of '*I-
labeled plasmid DNA and '**I-labeled cationized
gelatin microspheres, the time profiles of the radio-
activity remaining were assessed to compare the pro-
files of DNA release and cationized gelatin
degradation. Additionally, the degradation and DNA
release kinetics of the constituent materials were eval-
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uated and compared, where feasible, to determine the
effect of microsphere encapsulation upon the material
degradation and DNA release.

2. Materials and methods
2.1. Materials

Gelatin with an isoelectric point of 9.0 (MW
100,000) was prepared through an acidic processing
of porcine skin type I collagen and kindly supplied by
Nitta Gelatin (Osaka, Japan). Ethylenediamine (ED),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hy-
drochloride salt (EDC) and olive oil were purchased
from Wako Pure Chemicals, Ltd. (Osaka, Japan) and
used as obtained. Glutaraldehyde (GA), 2,4,6-trinitro-
benzensulfonic acid, P-alanine, chloramine-T, and
sodium pyrosulfite were obtained from Nacalai Tes-
que (Kyoto, Japan). Poly(ethylene glycol) (PEG) of a
nominal molecular weight of 10,000 Da, N,N’-methy-
lene bisacrylamide (Bis), tetramethylethylenediamine
(TEMED), ammonium persulfate (APS), and bacterial
collagenase 1A were purchased from Sigma-Aldrich
(St. Louis, MO). Fumaryl chloride (FuCl) and
triethylamine (TEA) were acquired from Acros
(Pittsburgh, PA). Agarose gel loading dye and
TAE buffer were obtained from Fisher Scientific
(Pittsburgh, PA). N-Succinimidyl-3-(4-hydroxy-3,5-
dif"**Tliodophenyl) propionate (‘>°I-Bolton-Hunter
Reagent; NEX-120H, 147 MBg/ml in anhydrous
benzene) was obtained from NEN Research Pro-
ducts (DuPont, Wilmington, DE). Na'**I (NEZ033,
2 mCi in 0.1 M NaOH, pH 12-14) was purchased
from PerkinBlmer Life and Analytical Sciences
(Boston, MA).

2.2. Synthesis of OPF

OPF was synthesized according to established
methods [23] from PEG of a nominal molecular
weight of 10,000 Da and termed “OPF 10 K.” Briefly,
PEG was dehydrated by azeotropic distillation in
toluene then dissolved in anhydrous methylene chlor-
ide. TEA and distilled FuCl were added drop-wise
concurrently over the course of 3-6 h to the PEG
solution as it stirred vigorously in an ice bath. FuCl
and TEA were diluted at least threefold by volume

with anhydrous methylene chloride prior to addition
to the PEG solution in a molar ratio of 0.9 PEG:I1
FuCl:2 TEA. The reaction was conducted in a nitro-
gen environment. Once the addition of reagents was
complete, the ice bath was removed, and the reaction
solution was stirred vigorously at room temperature.

After 48 h, methylene chloride was removed from
the polymer solution through rotary evaporation. The
polymer was then dissolved in ethyl acetate and
vacuum-filtered to remove the salt precipitate formed
by the reaction of the chloride with TEA. The result-
ing product was recrystallized twice in ethyl acetate
then washed three times with anhydrous ethyl ether.
The resulting OPF powder was dried under vacuum
for approximately 8 h to remove residual solvent. The
dry, purified polymer was stored in a sealed vessel at
—~20 °C until use.

2.3. Gel permeation chromatography

The molecular weight of OPF was determined
using gel permeation chromatography (GPC). Sam-
ples of the synthesized OPF and the PEG used for the
reaction were dissolved in chloroform and filtered
(0.45 pm) before injection into the system. A Waters
Styragel HR 4E column (50-100 kDa range; Waters,
Milford, MA) was used in conjunction with a system
consisting of a pump (Model 510; Waters) and an
injection module (Model 717; Waters) equipped
with a differential refractometer (Model 410; Waters).
Samples were run at a flow rate of 1 ml/min. Sample
elution times in comparison to those of PEG calibra-
tion standards of known molecular weights were used
tc determine molecular weights of OPF using
Empower GPC Software (Waters). Samples were
mun in triplicate,

2.4. Preparation of cationized gelatin

Porcine gelatin with an isoelectric point of 9.0 was
cationized through the introduction of amino groups
by chemical conversion of carboxyl groups of the
gelatin [7-9]. Briefly, a solution of 20 g of gelatin
in 500 ml of 100 mM phosphate-buffered solution
(PBS) was prepared, and ED was added to the gelatin
solution, such that the molar ratio of ED to the car-
boxyl groups of gelatin was 50. The number of car-
boxyl groups per mole of gelatin was 93. Immediately
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thereafter, the pH of the reaction solution was adjusted
to 5.0 through the addition of 5 M HCI aqueous
solution. Then, EDC was added to the reaction solu-
tion at a ratio of 3 mol of EDC per mole of carboxyl
groups in the gelatin, and the total volume of the
reaction solution was adjusted to 1 L throngh the
addition of 100 mM PBS. The reaction solution was
agitated at 40 °C for 18 h and then dialyzed against
double-distilled water (DDW) for 48 h at room tem-
perature. Following dialysis, the solution was freeze-
dried to isolate the cationized gelatin. The percentage
of amino groups introduced into the gelatin was
determined by the conventional trinitrobenzene sulfo-
nate method [24] to be 43.5 mol% of the carboxyl
groups of gelatin, based on a calibration curve pre-
pared using B-alanine.

2.5. Preparation of cationized gelatin microspheres

Cationized gelatin microspheres (CGMS) were
prepared through the chemical crosslinking of catio-
nized gelatin in a water-in-oil emulsion state [25].
Briefly, a 10 wt.% aqueous solution of cationized
gelatin was prepared under stirring and heating at 40
°C then added drop-wise to 175 ml olive oil under
impeller agitation at 420 rpm at 40 °C to form a water-
in-oil emulsion. After 10 min of stirring, the tempera-
ture of the emulsion was reduced to approximately 4
°C with an ice bath, and the emulsion continued to stir
for an additional 30 min to allow for physical thermal
gelation of the cationized gelatin. The resulting micro-
spheres were then collected through centrifugation
(5000 rpm, 4 °C, 5 min), homogenized in cold acetone
(10,000 rpm, 30 s, 4 °C), washed three times by
centrifugation (5000 rpm, 4 °C, 5 min) with cold
acetone, fractionated in size by sieves with apertures
of 30 and 90 pm, and air-dried at 4 °C. To crosslink
the uncrosslinked, air-dried cationized gelatin micro-
spheres, 50 mg of the microspheres was added to 25
ml of acetone/0.01 M HC] solution (7:3, v/v) contain-
ing either 30 or 60 pl of 25 wt.% GA solution and
stirred at 4 °C for 24 h. Microspheres crosslinked with
30 and 60 pl of 25 wt.% GA solution will be termed
“3 mM” and “6 mM,” respectively, as these terms
reflect the final concentration of GA in the respective
crosslinking solutions. The crosslinked microspheres
were then collected by centrifugation (5000 rpm, 4
°C, 5 min) and washed three times by centrifugation

(5000 rpm, 4 °C, 5 min) with DDW. The microspheres
were then added to 25 ml of 100 mM aqueous glycine
solution and agitated for 1 h at room temperature to
quench the residual aldehyde groups of unreacted
glutaraldehyde. The microspheres again were col-
lected by centrifngation (5000 rpm, 4 °C, 5 min)
and washed three times by centrifugation (5000 rpm,
4 °C, 5 min) with DDW., The cationized gelatin micro-
spheres were collected finally by lyophilization. Plas-
mid DNA was incorporated into the freeze-dried
cationized gelatin microspheres (2 mg) through the
addition of 20 pl of PBS (pH 7.4) containing 150 pg
of pBMP-2 plasmid DNA, followed by incubation
overnight at 4 °C.

2.6. Plasmid DNA isclation

An expression vector encoding human Bone Mor-
phogenetic Protein-2 (hBMP-2) was used (pBMP-2).
The pBMP-2 was prepared from Escherichia coli
bacterial cultures with a QlAfilter Plasmid Giga Kit
(Qiagen, Tokyo, Japan) according to the manufac-
turer’s protocol. Briefly, E. coli transformants contain-
ing pBMP-2 were grown by incubating in Luria-
Bertani (LB) medium at 37 °C with vigorous shaking
(140 rpm) for approximately 20 h. The bacterial cells
then were harvested by centrifugation (6000xg, 20
min, 4 °C). The resultant bacterial cell pellet was
resuspended in a resuspension buffer (50 mM Tris—
HCI; 10 mM EDTA, pH 8.0} in the presence of RNase
(100 pg/ml) and lysed in a lysis buffer (200 mM
NaOH; 1% sodium dodecylsulfate). A 3.0 M potas-
sium acetate solution (pH 5.5) was added to neutralize
the lysate, and the resultant solution was vacuum-
filtered and applied to a Qiagen-tip 10,000 column
of anion-exchange resin, which had been equilibrated
with an equilibration buffer (750 mM NaCl; 50 mM
MOPS, pH 7.0; 15% isopropanol; 0.15% Triton X-
100). A medium-salt wash buffer (1 M NaCl; 50 mM
MOPS, pH 7.0; 15% isopropanol) was then applied to
the column to remove traces of remaining protein,
RNA and other contaminants, Following the wash,
the plasmid DNA was eluted through application of
an elution buffer (1.25 M NaCl; 50 mM Tris—HCI, pH
8.5; 15% isopropanol). The plasmid DNA was then
precipitated through addition of isopropancl and col-
lected by centrifugation (15,000xg, 10 min, 4 °C). A
70% ethanol aqueous solution was then applied to
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wash the pellet and replace the isopropanol. The DNA
solution was centrifuiged once again (15,000xg, 10
min, 4 °C), the ethanol solution was decanted, the pellet
was air-dried for approximately 20 min, and the pellet
was resuspended in a small volume of TE buffer (10
mM Tris~HCl; 1 mM EDTA, pH 8.0). The concentra-
tion of plasmid DNA in solution was determined from
the UV absorbance at a wavelength of 260 nm (4160),
and the ratio of the absorbance at wavelengths of 260
nm and 280 nm (4,60/420) Was measured for evalua-
tion of plasmid purity to be between 1.8 and 2.0.

2.7. Radiolabeling of pBMP-2

Plasmid DNA was radiolabeled with '*°I through
an adaptation of established methods [9,26]. Briefly,
to prepare for the radioiodination procedure, 10 pl of
plasmid DNA solution in TE was placed in a 1.5-pl
microfuge tube and 10 ul of Na'®*I was added. Then,
100 pl of a 0.2 mg/ml solution of chloramine-T in
potassium phosphate buffer (0.5 M K,PO,4, pH 7.5)
was added to the tube. The resulting reaction solution
was gently mixed, then left to stand at room tempera-
ture. After 1 min, 100 pl of 2 4 mg/ml solution of
sodium pyrosulfite in MilliQ H,O was added to
quench the reaction. The reaction solution was then
applied to a PD-10 gel filtration column (10-cm;
Amersham Pharmacia Biotech, Tokyo, Japan) for pur-
ification. The effluent solution was collected in 1-ml
fractions, and the radioactivity in each fraction was
assessed to identify the fraction containing the radio-
iodinated DNA,

2.8. Electrophovesis of radioiodinated DNA

The purified *°I-labeled pBMP-2 plasmid DNA
was analyzed using established methods [27] ona 1%
wt. agarose gel prepared with 50 ml 1 XTAE buffer
(40 mM Tris-acetate, 1 mM EDTA, pH 8.3) and 25
pg ethidivm bromide. A small volume (10 pl) of the
DNA sample solution was combined with 2 pl of 6 x
agarose gel loading dye, and 10 pl of the sample/dye
solution was loaded into a lane of the gel. The gel was
run at 80 V for 60 min in 1x TAE buffer followed by
digital imaging under UV illumination. After imaging,
the DNA lane of the gel was isolated and divided
serially into 5-mm sections. Subsequently, the radio-
activity of each section was counted with a gamma
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counter to allow for correlation of radioactivity with
migration distance in the gel.

2.9. Radiolabeling of cationized gelatin microspheres

Cationized gelatin microspheres were radioiodi-
nated by use of '*’I-Bolton-Hunter Reagent [28].
Briefly, dry nitrogen gas was bubbled through 100
pl of '25I-Bolton-Hunter Reagent solution in anhy-
drous benzene. Once the benzene was completely
evaporated, 200 ul of MilliQ H,O was added to the
vial to resuspend the reagent. The resuspended
reagent solution was added to freeze-dried cationized
gelatin microspheres at a ratio of 10 pl/mg for incor-
poration of the solution into the microspheres. The
microspheres were then stored at 4 °C overnight to
allow for the reaction of the '*°I with the amine
groups of the gelatin. Non-coupled, free **I-labeled
reagent was removed from the **I-labeled cationized
gelatin microspheres through periodic rinses with PBS
over the course of 3 days, during which the radio-
activity of the PBS returned to the background level.

2.10. Composite and hydrogel fabrication

OPF (150 mg) was dissolved in 395 pl of PBS
containing 14 mg N,N’ -methylene bisacrylamide as a
crosslinking agent. In the case of composites of OPF
with cationized gelatin microspheres, 118 pul of PBS
and 2 mg of cationized gelatin microspheres (impreg-
nated with of 20 pl PBS/DNA solution) were added,
followed by vigorous mixing to disperse the micro-
spheres. In the case of OPF hydrogels without a
microsphere component, 98 pl PBS and 20 pl of
PBS/DNA solution were added, followed by gentle
mixing. The volume of PBS/DNA solution added to
the formulation for OPF without a microsphere com-
ponent allowed for the theoretical loading of plasmid
DNA per disc to be equivalent to that of the compo-
sites of OPF and cationized gelatin microspheres,
approximately 14 pg plasmid DNA per disc. Lastly,
51 pl of 0.3 M tetramethylethylenediamine (in PBS)
and 51 pl of 0.3 M ammonium persulfate (in PBS)
were added to the polymer solution and thoroughly
mixed to disperse the microspheres and initiate cross-
linking of the network. Immediately after mixing, the
suspension was injected into individual wells (6 mm
diameter, 1 mm height) of a Teflon mold and incu-

GENE DELIVERY



g
-
m
=
-
i
&
"
e,
i

552

bated at 37 °C to facilitate crosslinking of the polymer
network. After 30 min, the hydrogel networks were
removed from the mold, vielding discs of approxi-
mately 6 mm diameter and 1 mm thickness.

2.11. In vivo DNA release

The in vivo release of radioiodinated plasmid DNA
from the following five material groups was evaluated
in a murine model: (1) OPF hydrogels without a
microparticle component, (2) composites of OPF and
3 mM cationized gelatin microspheres, (3) composites
of OPF and 6 mM cationized gelatin microspheres, (4)
3 mM cationized gelatin microspheres, and (5) 6 mM
cationized gelatin microspheres. Briefly, OPF hydro-
gels and composites of OPF and cationized gelatin
microspheres were implanted subecutaneously into the
dorsal space of 7-week-old female ddY mice (Japan
SLC, Inc., Hamamatsu, Japan). Each composite of
OPF and cationized gelatin microspheres theoretically
contained approximately 183 pg of microspheres. The
theoretical DNA loading in each OPF hydrogel and
composite of OPF and cationized gelatin microspheres
was approximately 14 ug DNA. Cationized gelatin
microspheres (approximately 2 mg in 100 pl sterile
PBS) were subcutaneously inoculated into the dorsal
subcutis of mice. As a control, an additional group
was examined in which 14 pg of radioiodinated
pBMP-2 plasmid DNA was injected subcutaneously
in solution with 100 pl of sterile PBS into the dorsal
subcutis of mice. One treatment was introduced per
mouse, with a total of three mice per treatment per
time point. At 3, 7, 14, 21, 28, 35 and 42 days after
implantation or injection, the mice corresponding to
the respective sampling time were sacrificed, and the
dorsal skin and remaining implant, if any, were
excised. Additionally, the underlying muscle tissue
was thoroughly swabbed. The radioactivity of the
dorsal skin, swab and remaining implant material
was measured collectively with a gamma counter
(ARC-301B, Aloka, Tokyo, Japan). The ratio of the
collective radioactivity in the dorsal skin, swab and
remaining implant material to the radioactivity of the
implant material initially was calculated and expressed
as the fraction of activity remaining in the implant. All
the animal experiments were conducted in accordance
with the Institutional Guidance of Kyoto University
on Animal Experimentation.

FK. Kasper et al. / Journal of Controlled Release 107 (2005) 547-561

2.12. In vivo
degradation

cationized gelatin  microsphere

The in vivo degradation of radioiodinated catio-
nized gelatin microspheres was evaluated in a murine
model for the following four groups: (1) composites of
OPF and 3 mM cationized gelatin microspheres, (2)
composites of OPF and 6 mM cationized gelatin
microspheres, (3) 3 mM cationized gelatin micro-
spheres, and (4) 6 mM cationized gelatin microspheres,
Briefly, composites of OPF and radioiodinated catio-
nized gelatin microspheres were implanted subcuta-
neously into the dorsal space of 7-week-old female
ddY mice. Each composite of OPF and cationized
gelatin microspheres theoretically contained approxi-
mately 183 pg of microspheres. Cationized gelatin
microspheres (approximately 2 mg in 100 pl sterile
PBS) were subcutaneously inoculated into the dorsal
subcutis of mice. One treatment was introduced per
mouse, with a total of three mice per treatment per time
point. The sampling schedule and analysis procedure
were the same as those employed in the evaluation of
the in vivo release of radioiodinated DNA.

2.13. Electrophoresis of plasmid DNA released in
vitro

The structural integrity of plasmid DNA was
assessed by agarose gel electrophoresis upon release
in vitro from the following material groups: (1) OPF
alone, (2) composites of OPF and 6 mM cationized
gelatin microspheres in which plasmid DNA was
loaded into the microspheres, and (3) composites of
OPF and 6 mM cationized gelatin microspheres in
which plasmid DNA was loaded into the OPF. The
plasmid DNA was incorporated into the materials as
before, with the exception that the plasmid DNA was
not radioiodinated. The samples were housed indivi-
dually in tubes containing 3 ml of PBS with 373 ng/
ml bacterial collagenase 1A. The samples were placed
at 37 °C with orbital shaking (~75 rpm). The PBS was
completely aspirated from each tube at 3, 7, 14, 21,
28, 35 and 42 days and replaced with 3 ml of fresh
enzyme-containing PBS. The collected release solu-
tions were compiled for all samples within a group.

Released plasmid DNA was collected from each
compiled release solution though ethanol precipita-
tion. Additionally, plasmid DNA was isolated from
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an aliquot of a stock solution of the imput DNA
(neither encapsulated nor released) for each time
point. Briefly, 500 pl of ethanol and 20 pl of 5M
NaCl were added to 200 pl of release solution in a
micro-centrifuge tube. The tube was inverted to mix
the solution then centrifuged at 13,000 rpm for 30
min. Following centrifugation, the supernatant was
aspirated from the tube, and the pellet was resus-
pended in 10 ul TE buffer and 2 pl of 6X agarose
gel loading dye. The resuspended DNA solutions
were analyzed on 1% (w/v) agarose gels prepared
with 50 ml 1x TAE buffer (40 mM Tris—acetate, 1
mM EDTA, pH 8.3) and 25 pg ethidinm bromide.
Lanes of the gel were loaded with 10 ul of the sample/
dye solution. Additionally, a lambda DNA/EcoRI+-
HindIll marker was nin on each gel. All gels were run
at 80 V for 60 min in 1x TAE buffer followed by
digital imaging through UV transillumination.

2.14. Statistical analysis

Values for the fraction of initial radioactivity
remaining were compared statistically between two
formulations within a time point using Student’s z-
test (p<<0.05). In the case of comparison between
more than two treatments within a given time
point, statistical significance was determined by
one-way ANOVA and post hoc Tukey HSD ftests
(p<0.05). All values are reported as average +
standard deviation.

3. Resulis
3.1. Gel permeation chromatography

The number average and weight average molecular
weights of the initial PEG and resulting OPF are
reported in Table 1.

Table 1

Number average (M,) and weight average (M,,) molecular weight
values of PEG and OPF as determined by gel permeation chroma-
tography (each sample was run in triplicate) and reported mesh sizes
of crosslinked OPF hydrogels [22]

M, My Mesh size (nm)
PEGI0K 12,000+0 14,000 £ 0 na
OPF 10 K 24,000£1000 63,000£5000 13.6%0.3

3.2. Electrophoresis of radiociodinated DNA

A control study was conducted to verify the asso-
ciation of the radiolabel with the plasmid DNA fol-
lowing labeling and purification. The purified
radiolabeled DNA was run on an agarose gel, and
the radieactivity with migration distance in the gel
was measured. One peak of radicactivity was
observed in the gel, with a migration corresponding
to that of the radiolabeled plasmid DNA (Fig. 1). The
total activity measured in the gel accounted for
greater than 93% of the radioactivity initially loaded
into the gel.

3.3. In vivo DNA release

The release of radioiodinated plasmid DNA from
cationized gelatin microspheres alone occurred
rapidly in a burst fashion in the first 3 days, with little
subsequent release. As seen in Fig. 2, less than 7% of
the initial radioactivity remained for either micro-
sphere formulation after 3 days of implantation, indi-
cating a release of greater than 93% of the DNA in
this time period. Approximately 3% of the initial
radioactivity of the injected DNA solution persisted
at day 3, and by day 14, no activity remained for this
group. No significant difference in the fraction of
initial radioactivity remaining was observed between
the 3 mM CGMS, 6 mM CGMS and the DNA solu-
tion injection (p<0.05) at any time point for which
remaining activity was detected in the DNA solution
injection group (days 3 and 7).

The release of radioiodinated plasmid DNA from
cationized gelatin microspheres of either formulation
embedded within OPF was slower than the release
from the respective microspheres alone, as shown in
Fig. 2, although the final fraction of DNA released
was not significantly different between the two
groups. The fraction of initial radioactivity remaining
was higher for the composites of cationized gelatin
microspheres and OPF than for the respective catio-
nized gelatin microspheres alone for both microsphere
formulations at all time points, except day 7, at which
there was no significant difference for the 6 mM
CGMS alone vs. those in composites. Additionally,
the release of DNA was prolonged from cationized
gelatin microspheres in composites when compared to
the microspheres alone, for both microsphere formu-
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Fig. 1. Agarose gel electrophoresis of purified radiciodinated plasmid DNA and the corresponding radioactivity measured in serial 5-mm
sections of the gel. The x-axis of the graph corresponds directly with the scale of the associated electrophoresis image,
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Fig, 2. Fraction of the initial radioactivity remaining in subjects receiving implants of '>*T-labeled plasmid DNA loaded in 3 mM cationized
gelatin microspheres (CGMS) (¢), 6 mM CGMS (B), composites of 3 mM CGMS and oligo(poly(ethylene glycol) famarate) (OPF) {O),
composites of 6 mM CGMS and OPF (00), OPF alone (X), or an injection of 1257 Jabeled plasmid DNA solution (4 ). To maintain simplicity of
the figure, results of statistical comparisons are described in the text. Data are plotied as average + standard deviation, n=3.
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lations. The release of DNA from cationized gelatin
microspheres alone did not petsist past day 28 for
either microsphere formulation, whereas the release of
DNA from cationized gelatin microspheres within
OPF continued through day 42 for both formulations.
The release of radioiodinated plasmid DNA from
composites of OPF and cationized gelatin micro-
spheres and from OPF alone followed the same gen-
eral sustained profile from days 3 to 42, as seen in Fig.
2. Indeed, the fraction of the initial radioactivity
remaining was not significantly different between
the composites and OPF alone at any time point,
except day 3, where OPF alone had a significantly
higher fraction of activity remaining, and day 21,
where 6 mM CGMS composites had a significantly
higher fraction of activity remaining than the 3 mM
CGMS composites.

3.4. In vivo cationized gelatin degradation

The degradation of radiolabeled cationized gelatin
microspheres both alone and in composites with OPF
was evaluated in vivo (Fig. 3). The mean of the
degree of degradation of 3 mM CGMS was greater

than that of 3 mM CGMS embedded in OPF at each
time point, although the difference between groups
was not statistically significant at any time point. In
both cases, no remaining radioactivity was observed
for 3 mM CGMS beyond day 28, with the 3 mM
CGMS alone reaching a value of approximately 0%
of the initial activity remaining at day 21. Similarly,
no remaining radioactivity above background was
observed for 6 mM CGMS alone beyond day 28,
although radioactivity persisted for the 6 mM CGMS
m OPF through day 42. Thus, the persistence of
CGMS in OPF was prolonged over that of the
CGMS alone for both the 3 mM and 6 mM
CGMS. The degree of degradation of 6 mM
CGMS was lower than that of 6 mM CGMS
embedded in OPF at days 3 and 7, and then higher
at each subsequent time point. The only statistically
significant differences observed in the fraction of
initial radioactivity remaining between the 3 mM
CGMS alone and those embedded in OPF were at
day 7, where the remaining activity was higher in
CGMS alone, and day 28, where the remaining
activity in the composite was higher than in the
CGMS alone.

18
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Fig. 3. Fraction of the initial radioactivity remaining in subjects receiving implants of '**I-labeled cationized gelatin microspheres (CGMS)
either alone (3 mM CGMS (¢) or 6 mM CGMS (B)) or as composites with oligo(poly(ethylene glycol) fumarate) (OPF) (3 mM CGMS and
OFF (O) or 6 mM CGMS and OPF (0)). OPF was not radiolabeled in the present study, To maintain simplicity of the figure, results of statistical
comparisons are described in the text. Data are plotted as average + standard deviation, n=3.
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3.5. Electrophoresis of plasmid DNA released in vitro

The structural integrity of plasmid DNA released
in vitro from OPF and composites of OPF and
CGMS was assessed through agarose gel electro-
phoresis (Fig. 4). The lanes on each gel correspond-
ing to the material control groups (lanes 5 and 7)
into which no plasmid DNA was loaded did not
exhibit any fluorescent bands. The input plasmid
DNA (non-entrapped, non-released) was present in
both super-coiled and open-circular conformations at
all time points (lane 2). Plasmid DNA released from
composites of OPF and 6 mM CGMS in which the
DNA had been loaded into the OPF (lane 3) was
predominantly in the open-circular conformation
over the course of the study, with a faint band of
super-coiled DNA present for days 3-21. The DNA
band for this group at day 42, although present, was
very faint. Plasmid DNA released from composites
of OPF and 6 mM CGMS in which the DNA had
been loaded into the CGMS (lane 4) was present
predominantly in the open-circular conformation
over the course of the staudy. DNA released from
OPF alone was predominantly in the open-circular
conformation over the course of the study, with faint
super-coiled bands at days 3 and 21 and faint linear
bands at days 35 and 42.

Day 3 Day 7

4. Discussion

The release of plasmid DNA from non-embedded
cationized gelatin microspheres was not significantly
different between microsphere formulations at any
time point. Further, the duration of plasmid DNA
release from both cationized gelatin microsphere for-
mulations exceeded the duration of the persistence of
the injected DNA solution. These results indicate that
cationized gelatin microspheres retained the plasmid
DNA and released it in a controlled manner, thereby
extending the bicavailability of the DNA beyond that
achieved through injection of the DNA solution alone.
When the profiles of microsphere degradation and
DNA. release are compared for the non-embedded
cationized gelatin microspheres, no direct correlation
between degradation of the microspheres and the
release of plasmid DNA from the microspheres is
apparent (Figs. 2 and 3), with the release of plasmid
DNA occurring much more rapidly than the degrada-
tion of the microspheres.

However, the release of DNA from cationized
gelatin microspheres embedded in OPF was signifi-
cantly prolonged with respect to the release observed
from the non-embedded microspheres, with no sig-
nificant difference in the final amount of DNA
released from either formulation. Thus, the entrap-

Day 14 Day 21

Fig. 4. Agarose gels following electrophoresis of plasmid DNA released from OPF and composites of OPF and CGMS in vitro. The lanes on
each gel are as follows (left to right): (1) molecular weight marker; (2) unencapsulated plasmid DNA solution; (3) plasmid DNA released from
composites of OPF and 6 mM CGMS (DNA loaded into OPF); (4) plasmid DNA released from composites of OPF and 6 mM CGMS (DNA
loaded into CGMS); (5) release solution from composites of OPF and 6 mM CGMS (no DNA); (6) plasmid DNA released from OPF (no CGMS
component); (7) release solution from OPF (no DNAY); (8) molecular weight marker.
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ment within OPF gels of cationized gelatin micro-
spheres loaded with plasmid DNA prolongs the
release and subsequent bioavailability of the DNA
compared to both the release of DNA from non-
entrapped cationized gelatin microspheres and the
persistence of injected DNA solution. A direct corre-
spondence is apparent between the degradation of the
cationized gelatin microspheres of either formulation
embedded within OPF and the release of plasmid
DNA from these composites (Figs. 2 and 3). Com-
plete degradation of cationized gelatin microspheres
embedded within OPF apparently required more time
than for microspheres not embedded within OPF. It is
likely that the slower apparent degradation of catio-
nized gelatin microspheres embedded within OPF was
due to the retention of cationized gelatin degradation
fragments complexed with plasmid DNA within the
OPF network,

Interestingly, the release of DNA from OPF alone
and from either composite formulation was not sig-
nificantly different. This result indicates that the OPF
network controlled the rate of plasmid DNA release
once the DNA was liberated from the cationized
gelatin microspheres embedded within it. Indeed, the
mesh size of OPF 10 K hydrogels is 13.6 +0.3 nm
[22], whereas the apparent molecular size of plasmid
DNA is much larger, on the order of hundreds of
nanometers [8,29], as is the apparent molecular size
of plasmid DNA-cationized gelatin complexes
(164 £+ 21.3 nm) [8]. Enzymes, however, are smaller
than the mesh size of the OPF and can readily enter
the hydrogels. Indeed, the entry of enzymes such as
collagenase into OPF is required to degrade the
CGMS component of the composites. Thus, the
release of plasmid DNA from within the OPF network
is likely dominated by the degradation of the OPF
itself, as the small mesh size of OPF in relation to the
size of plasmid DNA and of plasmid DNA-cationized
gelatin complexes likely presents a significant barrier
to the release of plasmid DNA by simple diffusion.
However, as radiolabeling of the OPF was not feasible
for this study due to a lack of primary amines in OPF,
the in vivo degradation kinetics of OPF could not be
examined for comparison with the observed DNA
release kinetics.

In the case of the non-embedded cationized gelatin
microspheres, it was expected that the release of DNA
would be in good accordance with the degradation of
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the microspheres, as has been observed in previous
studies {9,10,13]. Based upon previous results, it was
anticipated that approximately 40-50% of the initial
plasmid DNA and of the initial cationized gelatin
would be remaining by day 3 [9,10,13], However,
this was not the case in the present study, as less
than 10% of the initial plasmid DNA was remaining
at day 3 for either microsphere formulation. Further,
the degradation of cationized gelatin microspheres
and the apparent release of plasmid DNA from the
microspheres were not in accord in the present study
for either microsphere formulation.

The use of radiolabeled materials required the
assumption that no unbound radioisotope was present
in the samples initially and that the radiolabel
remained bound to the DNA or cationized gelatin
throughout the duration of the study. This assumption
was valid based upon experience from previous stu-
dies involving the release of radioiodinated plasmid
DNA from CGMS [9,10,13]. Further, as seen in Fig,
1, the results of the radioiodination control study
indicate that the radiolabel was associated with the
plasmid DNA, with little to no unbound radioisotope
present after purification. With respect to the possible
dissociation of radioiodine from the plasmid, the pri-
mary mechanism for dissociation, in general, would
be damage to the DNA induced by the hydrolytic
action of nucleases or by comparable conditions,
such that the plasmid is cleaved into small fragments,
some of which contain the radiolabel. Release of these
small fragments would result in an apparent release of
the plasmid DNA. In the evenf that a small amount of
unassociated radioisotope survived the purification
procedure and was present in the samples initially or
that radiolabel dissociated from the DNA or catio-
nized gelatin during the course of the study, an appar-
ent burst release or degradation effect would be
observed.

Further, in the event that the plasmid DNA was not
fully incorporated into the cationized gelatin micro-
spheres, it is possible that an apparent burst release of
DNA from the microspheres would be observed, as in
the present study. However, as the volume of DNA
solution added to the freeze-dried CGMS for loading
was lower than the equilibrium swelling volume for
the CGMS, the solution was completely incorporated
into the CGMS, as in previous studies [9,10,13]. It
follows that any DNA that did not incorporate into the
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CGMS with the solution was associated with the
surfaces of the CGMS. Therefore, the DNA was
fully associated with the CGMS following loading,
be it within the microspheres or on the surface of the
microspheres.

The results indicate that a high degree of plasmid
DNA was not fully incorporated within the cationized
gelatin microspheres. Any DNA not incorporated
within the CGMS would be either associated with
the surface of the microspheres or injected in solution
with the microspheres and would be expected to
persist at the site of injection in a manner as observed
for the injection of DNA solution alone. Indeed, no
significant difference was observed between the
release of plasmid DNA from non-embedded catio-
nized gelatin microspheres and the persistence of
injected DNA solution through day 7, whereas large
differences were observed between released DNA and
mjected DNA over this time period in previous studies
[9,10,13]. However, as DNA continued to be released
beyond the limit of the observed persistence of
injected DNA solution, it follows that some plasmid
DNA was indeed incorporated within the cationized
gelatin microspheres and subsequently released in a
controlled manner.

With respect to the composites of OPF and catio-
nized gelatin microspheres, any effect of unincorpo-
rated plasmid DNA on the observed release would
be expected to be minimal, as one would anticipate
unincorporated DNA to be released from the OPF
scaffold in the same manner as DNA that was incor-
porated into the microspheres, based upon previously
discussed size considerations. Although it is possible
that the salt content of serum could accelerate dis-
sociation of plasmid DNA from the CGMS relative
to what one might observe in the absence of serum,
the large size of plasmid DNA relative to the mesh
size of OPF would result in retention of the plasmid
within the OPF network of composites. Indeed, the
observed release of plasmid DNA occurred in a
sustained fashion in good accordance with the degra-
dation of the embedded microspheres. Further inves-
tigation is warranted to more fully elucidate the
apparent limitations on DNA incorporation within
the cationized gelatin microspheres faced in the pre-
sent study. Taking the effects of potentially unincor-
porated plasmid DNA upon the observed release
kinetics into consideration, especially in the case of

non-embedded cationized gelatin microspheres, it
follows that the actual increases in the availability
of DNA provided by cationized gelatin microspheres
and by composites of the microspheres with OPF
may be greater than those observed in the present
study.

Although a prolonged bicavailability of therapeutic
plasmid DNA is important to the success of a con-
trolled release gene therapy system, the structural
integrity of the DNA following release is of great
importance to the potential of the DNA to transfect
cells and be expressed. As characterization of the
structural integrity of plasmid DNA released in vivo
was not feasible, the structural integrity of plasmid
DNA released from materials in vitro was assessed
through agarose gel electrophoresis. The samples
were housed in PBS containing the enzyme collage-
nase 1A, an enzyme known to digest gelatin through
recognition of the sequence —X—Gly-Pro-R—, where
X is a neutral amino acid [30]. The presence of
collagenase was necessary to degrade the CGMS
and to simulate physiological conditions. The collage-
nase 1A was present in the PBS at a concentration that
approximates physiologically relevant concentrations
[31].

The clectrophoresis results indicate that plasmid
DNA converts predominantly to the open-circular
conformation when released from both the OPF
alone and from composites of OPF and CGMS. The
structure of the released DNA, however, does not
change appreciably from the open-circular conforma-
tion with time of release for any of the material
formulations examined. Although some conversion
of plasmid DNA from the super-coiled to the open-
circular conformation was observed, the literature
suggests that there is little difference between the
efficiency in transfection or transformation protocols
of super-coiled and open-circular plasmid DNA,
whereas linear DNA is much less efficient [32,33].
Although the integrity of plasmid DNA following
release from composites of OPF and 3 mM CGMS
was not assessed in vitro, the results would not be
expected to differ from those of composites of OPF
and 6 mM CGMS, as the only difference between the
two groups is the higher concentration of glutaralde-
hyde employed in the crosslinking of 6 mM CGMS.
Thus, the in vitro results demonstrate that plasmid
DNA released from OPF and composites of OPF
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and CGMS maintains viable structural integrity over
the course of 42 days of release.

In addition to releasing plasmid DNA in a con-
trolled manner while maintaining the structural integ-
rity of the released DNA, the success of a candidate
system for controlled DNA release in vivo requires
that the components of the system be cytocompatible.
Although potentially toxic materials such as TEMED
and glutaraldehyde were employed in the fabrication
of the materials examined in the present study, the
cytotoxicity of the chemicals associated with OPF
crosslinking has been addressed in previous reports
[34,35]). Indeed, OPF crosslinked by the present
method has been employed in studies involving cell
encapsulation [19,20]. Further, extensive measures
were taken to remove and deactivate glutaraldehyde
following crosslinking of the CGMS, including treat-
ment with glycine solution and a total of six washes
with water, Indeed, gelatin microspheres crosslinked
with glutaraldehyde in this manner were recently
explored for the encapsulation of chondrocytes within
composites of gelatin microspheres and OPF [36],
demonstrating the cytocompatibility of the composite
system.

Despite the limitations potentially associated with
loading of plasmid DNA within the cationized gelatin
microspheres, the increased persistence of plasmid
DNA at the site of intreduction provided by the
microspheres and by the composites of cationized
gelatin microspheres and OPF relative to the injection
of DNA solution is apparent. Additionally, the pro-
longed persistence of plasmid DNA when delivered
through cationized gelatin microspheres embedded
within OPF rather than through the microspheres
alone was demonstrated. Although no difference in
DNA release was observed between OPF and compo-
sites of OPF and cationized gelatin microspheres, the
presence of the microspheres may serve two valuable
functions. First, the microspheres may act to serve as a
porogen within the OPF hydrogel, allowing for the
formation upon degradation of void volume into
which tissue may grow. Although the term of plasmid
DNA release can be controlled through the use of
cationized gelatin microspheres alone [9,10], the
degradation rate of the microspheres alone is too
rapid with respect to typical rates of tissue ingrowth
to allow for the microspheres to act as viable tissue
scaffolds. The combination of cationized gelatin

- 132 -

microspheres with OPF, however, may provide an
ideal tissue scaffold by both prolonging the period
of the bioavailability of the cationized gelatin and
therapeutic plasmid DNA and by creating a porous
OPF network into which tissue may grow. Second,
plasmid DNA has been shown to form polyionic
complexes with cationized gelatin upon loading and
been proposed to be released with cationized gelatin
degradation fragments as a complex with net positive
charge [7]. This released complex of plasmid DNA
with cationized gelatin has been proposed to protect
the DNA from degradation by nucleases and to facil-
itate cellular entry [8]. Indeed, the release of plasmid
DNA from cationized gelatin has been shown to pro-
long the duration of gene expression relative to the
injection of plasmid DNA in solution form
[7,9,10,12]. Thus, composites of cationized gelatin
microspheres and OPF show promise as a vehicle
for the controlled, sustained delivery of piasmid
DNA for enhanced and prolonged gene expression.
Further study is warranted, however, to investigate the
effect of the controlled release of plasmid DNA from
the composites upon gene expression.

5. Conclusion

Composites of cationized gelatin microspheres
and a novel hydrogel material, oligo(poly(ethylene
glycol)fumarate) were fabricated and investigated
toward prolonging the release of plasmid DNA in
vivo relative to the constituent materials. The effec-
tiveness of the composites in prolonging plasmid
DNA bioavailability relative to both injected plasmid
DNA solution and non-embedded cationized gelatin
microspheres was demonstrated. Interestingly, the
release of plasmid DNA from composites was not
significantly different than release from OPF alone.
The release of plasmid DNA from the composites
appears to be controlled by the degradation of the
OPF and of the embedded microspheres. Despite the
lack of difference in DNA release observed from
OPF and the composites, the formation of compo-
sites provides the potential for the formation of
porous OPF scaffolds to facilitate tissue infiltration
and for enhanced gene expression through the
release of plasmid DNA complexed to cationized
gelatin ‘degradation fragments. Thus, composites of
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OPF and cationized gelatin microspheres show pro-
mise for application in the long-term conirolled
release of plasmid DNA.

Acknowledgements

This work was supported by a grant from the
National Institmtes of Health (R0O1 DE15164)
(AGM) and by NSF-IGERT Grant DGE-0114264.

References

[1] K. Fu, AM. Klibanov, R. Langer, Protein stability in con-
trolled-release systems, Nat. Biotechnol. 18 (2000) 24-25.

[2] J.A. Wolff, R. W, Malone, P. Williams, W. Chong, G. Acsadi,
A. Jani, PL. Felgner, Direct gene transfer into mouse muscle
in vivo, Science 247 (1990) 1465—1468.

[3] G. Acsadi, S.S. Jiao, A. Jani, D. Duke, P. Williams, W. Chong,
J.A. Wolff, Direct gene transfer and expression into rat heart in
vivo, New Biol. 3 (1991) 71-81.

[4] S. Jiao, G. Acsadi, A. Jani, PL. Felgner, J.A. Wolff, Persis-
tence of plasmid DNA and expression in rat brain cells in vivo,
Exp. Neurol. 115 (1992) 400-413.

[5] JA. Wolff, 1J. Ludtke, G. Acsadi, P. Williams, A. Jani,
Long-term persistence of plasmid DNA and foreign gene
expression in mouse muscle, Hum. Mol. Genet. 1 (1992)
363~369.

[6] J.A. Wolff, P. Williams, G. Acsadi, S. Jiao, A. Jani, W. Chong,
Conditions affecting direct gene transfer into rodent muscle in
vivo, BioTechniques 11 (1991) 474-485.

[7] Y. Fukunaka, K. Iwanaga, K. Morimoto, M. Kakemi, Y.
Tabata, Controlled release of plasmid DNA from cationized
gelatin hydrogels based on hydrogel degradation, J. Control.
Release 80 (2002) 333~343.

[8] T. Kushibiki, R. Tomoshige, Y. Fukunaka, M. Kakemi, Y.
Tabata, In vivo release and gene expression of plasmid DNA
by hydrogels of gelatin with different cationization extents,
J. Control. Release 90 (2003) 207-216.

[9] T. Kushibiki, K. Matsumoto, T. Nakamura, Y. Tabata, Sup-
pression of tumor metastasis by NK4 plasmid DNA released
from cationized gelatin, Gene Ther. 11 (2004) 1205-1214.

[10] T. Kushibiki, K. Matsumoto, T. Nakamura, Y. Tabata, Sup-
pression of the progress of disseminated pancreatic cancer
cells by NK4 plasmid DNA released from cationized gelatin
microspheres, Pharm. Res, 21 (2004) 1109-1118.

[11] H. Hosseinkhani, T. Aoyama, O. Ogawa, Y. Tabata, Ulira-
sound enhancement of in vitro transfection of plasmid DNA by
a cationized gelatin, J. Drug Target. 10 (2002) 193-204.

[12] T. Aoyama, H. Hosseinkhani, S. Yamamoto, O. Ogawa, Y.
Tabata, Enhanced expression of plasmid DNA-cationized gela-
tin complex by ultrasound in murine muscle, J. Control.
Release 80 (2002) 345-356.

[13] T. Aoyama, S. Yamamoto, A. Kanematsu, O. Ogawa, Y.
Tabata, Local delivery of matrix metalloproteinase gene pre-
vents the onset of renal sclerosis in streptozotocin-induced
diabetic mice, Tissue Eng. 9 (2003) 12891299,

[14] 1.P. Fisher, JW. Vehof, D. Dean, J.P. van der Waerden, T.A.
Holland, A.G. Mikos, J.A. Jansen, Soft and hard tissue response
to photocrosslinked poly(propylene fumarate) scaffolds in a
rabbit model, J. Biomed. Mater. Res. 59 (2002) 547-556.

[15] H. Shin, P. Quinten Ruhe, A.G. Mikos, J.A, Jansen, In vivo
bone and soft tissue response to injectable, biodegradable
oligo(poly(ethylene glycol)fumarate) hydrogels, Biomaterials
24 (2003) 3201-3211.

[16] H. Shin, K. Zygourakis, M.C, Farach-Carson, M.J. Yaszemski,
A.G. Mikos, Attachment, proliferation, and migration of mar-
row stromal osteoblasts cultured on biomimetic hydrogels
modified with an osteopontin-derived peptide, Biomaterials
25 (2004) 895-906.

[17] H. Shin, S. Jo, A.G. Mikos, Modulation of marrow stromal
osteoblast adhesion on biomimetic oligo[poly(ethylene gly-
col)fumarate] hydrogels modified with Arg~Gly—Asp peptides
and a poly(ethyleneglycol) spacer, J. Biomed. Mater. Res. 61
(2002) 169-179.

[18] J.S. Temenoff, E.S. Steinbis, A.G. Mikos, Effect of drying
history on swelling properties and cell attachment to oligo(-
poly(ethylene glycol)fumarate) hydrogels for guided tissue
regeneration applications, J. Biomater. Sci, Polym. Ed. 14
(2003) 989-1004.

[19] 1.S. Temenoff, H. Park, E. Jabbari, D.E. Conway, T.L. Shef-
field, C.G. Ambrose, A.G. Mikos, Thermally cross-linked
oligo(pely(ethylene glycol)fumarate) hydrogels support osteo-
genic differentiation of encapsulated marrow stromal cells in
vitro, Biomacromelecules 5 (2004) 5-10.

[20] 1.S. Temenoff, H. Park, E. Jabbari, T.L. Shefficld, R.G.
LeBaron, C.G. Ambrose, A.G. Mikos, In vitro osteogenic dif-
ferentiation of marrow stromal cells encapsulated in biodegrad-
able hydrogels, J. Biomed. Mater. Res. 70A (2004) 235244,

[21] T.A. Holland, JK. Tessmar, Y. Tabata, A.G. Mikos, Trans-
forming growth factor-beta 1 release from oligo(poly(ethylene
glycoDfiumarate) hydrogels in conditions that model the carti-
lage wound healing environment, J. Control. Release 94
(2004) 101-114.

[22] T.A. Holland, Y. Tabata, A.G. Mikos, In vitro release of
transforming growth factor-beta 1 from gelatin microparticles
encapsulated in biodegradable, injectable oligo(poly(ethylene
glycol)fumarate) hydrogels, J. Control. Release 91 (2003)
299-313,

[23] S. Jo, H. Shin, A K. Shung, J.P. Fisher, A.G. Mikos, Synthesis
and characterization of oligo(poly(ethylene glycol)fumarate)
macromer, Macromolecules 34 (2001) 28392844,

[24] S.L. Snyder, P.Z. Sobocinski, An improved 2,4,6-trinitroben-
zenesulfonic acid method for the determination of amines,
Anal. Biochem. 64 (1975) 284-288.

[25] Y. Ikada, Y. Tabata, Protein release from gelatin matrices, Adv.
Drug Deliv. Rev. 31 (1998) 287-301.

[26] H.C. Chan, W.T. Ruyechan, J.G. Wetmur, In vitro iodination
of low complexity nucleic acids without chain scission, Bio-
chemistry 15 (1976) 5487—5490.

- 133 -



EK. Kasper et al. / Journal of Controlled Release 107 (2005) 547-561 561

[27] EX. Kasper, SK. Seidlits, A. Tang, R.S. Crowther, D.H.
Carney, M.A. Barry, A.G. Mikos, In vitro release of plasmid
DNA from oligo(poly(ethylene glycol)fumarate) hydrogels,
J. Control. Release 104 (2005) 521-539.

[28] A.E. Bolton, WM. Hunter, The labelling of proteins to high
specific radioactivities by conjugation to a '*>L-containing
acylating agent, Biochem. J. 133 (1973) 529-539.

[29] ED. Ledley, Pharmaceutical approach to somatic gene therapy,
Pharm. Res. 13 (1996) 1595-1614.

[30] M. Maralson, J. Hassell, in: Extracellular Matrix: A Practical
Approach, IRL Press, Oxford University Press, 1995.

[31] Y. Yoshihara, H. Nakamura, K. Obata, H. Yamada, T. Haya-
kawa, K. Fujikawa, Y. Okada, Matrix metalloproteinases and
tissue inhibitors of metalloproteinases in synovial fluids from
patients with rheumatoid arthritis or osteoarthritis, Ann.
Rheum. Dis. 59 (2000) 161 -455.

[32] H. Kimoto, A. Taketo, Studies on electrotransfer of DNA into
Escherichia coli: effect of molecular form of DNA, Biochim.
Biophys. Acta 1307 (1996) 325-330.

- 134 -

[33] T.D. Xie, L. Sun, H.G. Zhao, J.A. Fuchs, TY. Tsong, Study of
mechanisms of eleciric field-induced DNA transfection: IV.
Effects of DNA topology on cell uptake and transfection
efficiency, Biephys. J. 63 (1992) 1026-1031.

[34] 1.S. Temenoff, H. Shin, D.E. Conway, P.S. Engel, A.G. Mikos,
In vitro cytotoxicity of redox radical initiators for cross-linking
of oligo(poly(ethylene glycol)fumarate) macromers, Bioma-
cromolecules 4 (2003) 1605-1613,

[35] H. Shin, J.S. Temenoff, A.G. Mikos, In vitro eytotoxicity of
uansaturated oligo[poly(ethylene glycol)fumarate] macromers
and their cross-linked hydrogels, Biomacromolecules 4
(2003) 552—560.

[36] H. Park, J.S. Temenoff, T.A. Holland, Y. Tabata, A.G. Mikos,
Delivery of TGF-B1 and chondrocytes via injectable, biode-
gradable hydrogels for cartilage tissue engineering applica-
tions, Biomaterials 26 (2005) 7095-7103.

GENE DELIVERY



