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only if a biodegradable hydrogel is prepared from gelatin or
the derivative which can physicochemically interact with the
growth factor molecule.

CONTROLLED RELEASE OF PLASMID DNA FROM
CATIONIZED GELATIN HYDROGELS

Plasmid DNA is a negatively macromolecule charged.
Based on this concept, we have reported the enhanced
expression of plasmid DNA-cationized gelatin molecule
- polyion complex by ultrasound in vitro and ir vivo [104-
106]. Therefore, it is possible to allow the plasmid DNA to
release from a hydrogel of cationized gelatin, which is
capable to form polyion complex with the plasmid DNA. We
have prepared cationized gelatin by chemically introducing
amine residues to the carboxy] groups of gelatin and
demonstrated that as expected, the hydrogel of cationized
gelatin achieved the controlled release of plasmid DNA
based on the hydroge! degradation following intramuscular
implantation [93,94). The cationized gelatin hydrogels
incorporating a plasmid DNA not only enhanced the level of
gene expression to z significantly greater extent than the
plasmid DNA injected in the solution form, but also allowed
to prolong the duration of gene expression. The period of
gene expression became longer as that of plasmid DNA
release prolonged [93,94]. The mechanism that the plasmid
DNA release is driven by the degradation of release carrier is
quite different from that of diffusional release of plasmid
DNA from the release carrier by which the conventional
release system of plasmid DNA reported so far has been
attempted. Another advantage is the physicochemical
structure of the released plasmid DNA, Since the plasmid
DNA is incorporated into the hydrogel being polyionically
complexed with the cationized gelatin, it is likely that the
plasmid DNA is complexed upon release. From the
viewpoint of gene transfection, the polyion complexation
will be preferable. This release system has several
advantages points over the direct injection of free plasmid
DNA. The controlled release enables the plasmid DNA to
increase and prolong the concentration over an entended
time period around the cells when given, or around the tissue
when injected. It is highly conceivable that the enhanced
concentration increases the possibility of plasmid DNA
exposure to cells, resulting in promoted gene expression. The
plasmid DNA is complexed with the cationized gelatin when
incorporated in the hydrogel of release carrier or released
[93). This complexation prevents the plasmid DNA from
degradation by DNase attack. Some researches have
indicated that polyionic complexation effectively suppresses
the DNase degradation of plasmid DNA [107-109]. Thus, it
is likely that the plasmid DNA is biologically stabilized by
the incorporation into the hydrogel and the controlled release
enhances the concentration of plasmid DNA around cells,
consequently increasing the efficiency of gene transfection.
As expected from the release mechanism of hydrogel system,
the time period of plasmid DNA release was in good
accordance with that of cationized gelatin hydrogels
degradation, which can be controlled by changing the
condition of crosslinking reaction for hydrogel preparation.
The retained time period of gene expression became longer
when the cationized gelatin hydroge! of slower degradation
was used for the longer-term release of plasmid DNA.
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Generally, gelatin is not degraded by simple hydrolysis, but
by proteolysis. This phenomenon was observed for
cationized gelatin hydrogels [93,94]. The water content of
hydrogel is one of the factors reflecting the crosslinking
extent of hydrogels; the higher the water content of
hydrogels, the smaller their crosslinking extent. The smaller
crosslinking extent of hydrogels with higher water contents
is more susceptible to enzymatic digestion, resulting in faster
hydrogel degradation. For example, a cationized gelatin
hydrogel with a water content of 98.3 wt% was degraded
with time to completely disappear in the femoral muscle of
mice 14 days after implantation. The time period of complete
degradation was 21 and 7 days for the cationized gelatin
hydrogels with water contents of 97.4 and 9%.7 wt%
respectively [93]. This indicated that in vivo degradation of
gelatin hydrogels could be controlled by their water content
(Fig. 1A). When a plasmid DNA was incorporated into
cationized gelatin hydrogels with different water contents
and implanted into the mouse muscle, the ir vivo remaining
of plasmid DNA decreased with time although the time
profile depended on the type of hydrogels. The plasmid
DNA remained in the muscle for longer time periods as the
water content of hydrogels used became lower. The time
profile of plasmid DNA remaining was correlated with that
of hydrogel remaining, irrespective of the hydrogel water
content (Fig. 1B). This finding indicates that as expected, the
lacZ plasmid DNA was released from the cationized gelatin
hydrogels of release carrier in the body accompanied with
the biodegradation of hydrogels, It is likely that the lacZ
plasmid DNA molecules ionically complexed with the
cationized gelatin are not released from the cationized
gelatin hydrogel uniess hydrogel degradation takes place to
generate water-soluble cationized gelatin fragments. Based
on this release mechanism, it is conceivable that the lacZ
plasmid DNA molecules are released from the hydrogels
complexed with the positively charged degraded gelatin
fragments. If the lacZ plasmid DNA-cationized gelatin
complex has a positive charge, the charge will enable the
lacZ plasmid DNA to promote the internalization into cells
because it is easy to ionically interact the complex with the
cell surface of negative charge. Moreaver, it is expected that
the continuous presence of the complex at a certain body site
and close to cells by the controlled release enhances
frequency of plasmid DNA transfection, resulting in
promoted gene expression thereat. From the cationized
gelatin hydrogel, the lacZ plasmid DNA is released as a
result of hydrogel biodegradation. Fig. (2) shows the time
period of gene expression induced by lacZ plasmid DNA in
the solution or hydrogel-incorporated form. The time period
of gene expression induced by lacZ plasmid DNA
incerporated in hydrogel was significantly longer than that of
lacZ plasmid DNA in the solution form. It is possible that an
extended release enables the plasmid DNA to maintain the
concentration at the implanted site for a long time period,
resulting in prolonged gene transfection. This study is the
first report to experimentally confirm that the time period of
gene expression can be regulated by altering that of plasmid
DNA release. Another superior point of the plasmid DNA
release system is no influence of the hydrogel shape on the
release profile of plasmid DNA. Since the plasmid DNA
release is governed only by the degradation of the release
carrier but not by simple diffusion from the carrier, it is
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Fig. (1). (A) The time course of the radioactivity remaining of 1¥3Llabeled cationized gelatin hydrogels after implantation into the femoral
muscle of mice (The wet weight of hydroge! implanted=0,2 g) (3 mice/group). The water content of cationized gelatin hydrogels is 96.4 (O),

97.4 (@), 98.3 (X), or 99.7 wi% (A).

(B) The radioactivity remaining of cationized gelatin hydrogels incorporating '**I-labeled lacZ plasmid DNA plotted against that of

sy

labeled cationized gelatin hydrogels after implantation into the femoral muscle of mice (3 mice/group): The water content of cationized

gelatin hydrogels is 96.4 (O), 97.4 (®), 98.3 (A), or 99.7 wi% (A).
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Fig, (2). The time course of lacZ gene expression after implantation of cationized gelatin hydrogels incorporating lacZ plasmid DNA into the
femoral muscle of mice: free lacZ plasmid DNA (open bar) and lacZ plasmid DNA incorporated in cationized gelatin hydrogels (water
content=97.4 wts) (closed bar). The lacZ plasmid DNA dose is 100 pg/mouse muscle (3 mice/group). *, P<0.05; significant against the OD

value of free plasmid DNA injected group.

possible to achieve the controlled release even if the
hydrogel carrier is as small as injectable microspheres.

CONTROLLED RELEASE OF PLASMID DNA FROM
CATIONIZED GELATIN MICROSPHERES

Microspheres prepared from cationized gelatin enabled a
plasmid DNA of fibroblast growth factor 4 (FGF4) to
enhance the angiogenesis effect based on the mechanism of
plasmid DNA release, similarly to that of cationized gelatin
hydrogels incorporating plasmid DNA described previously
[110]. The in vivo experiment with a lacZ plasmid DNA of

reporter gene indicated that the intramuscular injection of
cationized gelatin microspheres incorporating plasmid DNA
into a hindlimb ischemia mode! of rabbits augmented both
the number of myocytes transfected and the degree of gene
expression, and induced gene expression spatially expanded
around the injected site, which is in marked contrast to that
of plasmid DNA solution {Fig. 3). When the microspheres
incorporating FGF4 plasmid DNA were injected into the
femoral muscle of rabbit hindlimb ischemia, the gene
expression widely expanded around the injected site was
observed (Fig. 4). Superior angiogenesis by FGF4 plasmid
DNA incorporated in cationized gelatin microspheres at the
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Fig. (3). Representative gene expression of lacZ in the ischemic
adductor muscle of rabbits 17 days after treatment. Free lacZ
plasmid DNA (2) or cationized gelatin microspheres incorporating
lacZ plasmid DNA (b) was injected into the adductor muscle 10
days after the ischemic insultation (3 rabbits/group). magnification;
X20, bar =200 pm.

hindlimb ischemia to free FGF4 plasmid DNA was achieved
{Fig. 5). The cationized gelatin microspheres incorporating
FGF4 plasmid DNA did not induce severe tissue damage in
the ischemic limb, The blood vessel newly formed by the
released plasmid DNA normally responded to a
vasoresponsive agent, adenosine, in contrast to that by the
plasmid DNA in the solution form (Fig. 5). Such vascular
responsiveness to the adenosine administration indicates the
recovery of fundamental function in angiogenic vascular
segments and their physiclogical maturation.

The controiled retease technology also promoted the anti-
tumor activity of plasmid DNA. When the cationized gelatin
microspheres incorporating a plasmid DNA of NK4, which
is a protein composed of the NH,-terminal hairpin and the
subsequent four-kringle domains of HGF, were
subcutaneously injected into nude mice with ascitic AsPC-1
tumor cells, they significantly prolonged the mice survival
compared with the NK4 plasmid DNA in the solution form
(Fig. 6). It is known that NK4 has a binding capacity to the
HGF receptor, c-Met, competing with HGF and inhibits the
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Fig. (4). Representative transgene expression demonstrated by
reverse transcription-nested polymerase chain reaction (RT-nested
PCR). The left adductor muscle of rabbits was injected with
pltasmid DNA of fibroblast growth factor 4 (FGF4) (lanes 1 to 3),
cationized pelatin microspheres incorporating FGF4 plasmid DNA
(lanes 4 10 6), and cationized gelatin microspheres incorporating
tacZ plasmid DNA (lanes 7 and 8). Each sample was obtained from
the injection site {lanes 1, 4, and 7) and the adjacent region 10 mm
apart from the injection site (lanes 2, 5 and 8) in the left adductor
muscle, and from the contralateral adductor muscle (lanes 3 and 6).
The RT-nested PCR products from ribonucleic acid of each sample
were analyzed on agarose gel, FGF4 expressed Ccl1/16 cells as a
positive control (lane 9} and no DNA template as a negative control
{lane 10). A housekeeping beta-actin gene was amplified as a
complementary DNA loading control {5 rabbits/group).

cell migration-facilitating activity of HGF [111,112], while it
also suppresses the angiogenic effects of VEGF and bFGF
[113,114]. Namely, NK4 is a bifunctional molecule: it acts
not only as an HGF-antagonist, but also as an angiogenesis
inhibitor. In the model of tumor metastasis to the abdominal
peritoneum, the controlled release of NK4 plasmid DNA
significantly suppressed the progression of AsPC-]1 tumor
cells in the peritoneal cavity. In addition, it was effective in
significantly suppressing increase in the number and total
weight of metastatic nodules. For the tumor-bearing mice
receiving the injection of cationized gelatin microspheres
incorporating NK4 plasmid DNA, the number of blood
vessels in the tumor tissue and the vessel diameter decreased
to a significantly greater extent than that of other agents (Fig.
7A}. Moreover, the injected microspheres increased the
number of apoptotic cells (Fig. 7B). It is likely that the
controlled release of NK4 plasmid DNA enhanced the NK4
gene expression and prolonged the time period of expression.
The NK4 plasmid DINA was expressed around the injected
site and the NK4 protein was secreted thereat to the systemic
blood circulation (data not shown). Some previous studies
revealed that angiogenesis inhibitors suppress the tumor
growth based on increase in the apoptosis of tumor cells
[115,1186]. Taken together, we can say with certainty that the
NK4 protein efficiently induced the piasmid DNA released
and thus prevented the progression of metastatic tumor cells
due to the biological function as an angiogenesis inhibitor, in
addition to an HGF antagonist, resulting in prolonged
survival of tumor-bearing mice. The present results
demonstrate that it is impertant for successful tumor therapy
with plasmid DNA to expose NK4 to tumor cells for a long
time period by making use of the controlled release system.
It is concluded from our research data that controlled release
with cationized gelatin microspheres was a promising
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Fig. (5). Representative synchrotron radiation microangiograms of the rabbit hindlimb ischemia. Microangiograms were taken under baseline
conditions (a and ¢) and after repeated adenosine administration (b and d) 38 days after injection of cationized gelatin microspheres
incorporating lacZ (a and b} or FGF 4 plasmid DNA {c and d) {4 rabbits/group). Arrows indicate the same point in the vessels. An arrowhead

indicates a reference copper wire with a diameter of 130 pm; bar = 1 mm.
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Fig. (6). Survival curves of tumor-bearing mice following the single
injection of cationized gelatin microspheres incorporating NK4
plasmid DNA and free NK4 plasmid DNA into the subcutaneous
tissue: cationized gelatin microspheres incorporating 100 {O—-)*
and 200 pg of NK4 plasmid DNA (O--)*, 200 pg of free NK4
plasmid DNA (®—), empty cationized gelatin microspheres (A),
and saline (A) (10 mice/group). Irrespective of the NK4 plasmid
DNA dose, the injection of microspheres incorporating NK4
plasmid DNA significantly prolonged the survival time period of
tumor-bearing mice, in contrast to that of free NK4 plasmid DNA.
*, P<0.05: significant against the survival curve of saline-injected,
control mice.

technology to enable plasmid DNA to enhance the in vivo
biological effects.
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In addition to the enhanced efficacy in gene therapy, the
controlled release system is effective in genetically
manipulating stem cells. Based on the recent development of
stem cells researches, various stem cells of highly
proliferation and differentiation potentials have been
available to cell therapy for some incurable disease. Stem
cell therapy is promising, but there are some cases where the
cells are not always powerful for disease therapy. In such
cases, it is necessary to genetically modify and activate the
biological function of stem cells. So far, virus has been used
to manipulate cells for activation because of the high
e¢fficiency of gene transfection. [117,118]. However, we
cannot apply the viral cell manipulation to clinical therapy
since we cannot rule out the toxicity and immunogenicity of
viruses themselves. Thus, it is of prime importance to
develop a non-viral system' capable of the genetic
manipulation of cells. When the stem cells have phagocytic
property, the cationized gelatin microspheres incorporating
plasmid DNA were readily taken up by the cells to achieve
the sustained release of plasmid DNA inside the cells.
Interestingly, this phenomenon enabled the plasmid DNA to
enhance the level of gene expression significantly higher
than that of virus system. This system will break through the
virus-related problems to be resolved for clinical
applications. Here, we introduced a new therapeutic concept
for cell-based gene delivery. This concept worked very well
to therapeutically treat pulmonary hypertension [119] for
which there is no effective clinical treatment at present.
Endothelial progenitor cells (EPCs) of phagocytic property
were isolated and incubated with cationized gelatin
microspheres incorporating plasmid DNA of angiogenic
adrenomedullin to genetically modify through the
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Fig. (7). (A) Immunohistochemical views of blood vessel formation
of tumor tissues {arrows) 28 days after the single Injection of
cationized gelatin microspheres incorporating NK4 plasmid DNA
and free NK4 plasmid DNA into the subcutancous tissue:
cationized gelatin microspheres incorporating 100 (a) and 200 pg of
NK4 plasmid DNA (b), 200 pg of free NK4 plasmid DNA (c),
empty cationized gelatin microspheres (d), and saline (e) (5
mice/group); (magnification; X200); bar = 100 pm.

(B) TUNEL staining of tumor tissues 28 days after the single
injection of cationized gelatin microspheres incorporating NK4
plasmid DNA and free NK4 plasmid DNA into the subcutaneous
tissue: cationized gelatin microspheres incorporating 100 (a) and
200 pg of NK4 plasmid DNA (b), 200 ug of free NK4 plasmid
DNA (c), empty cationized gelatin microspheres (d), and saline (e)
(5 mice/group); (magnification; X400); bar = 50 um.

transfection of plasmid DNA. Next, the gene-modified EPCs
were injected intravenously into monocrotaline (MCT)-
induced pulmonary hypertension model rats. This novel gene
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delivery system has great advantages over the conventional
gene therapy in terms of non-viral or non-invasive system
and highly efficient gene targeting to the ischemic site of
disease. The system benefits are due to the ability of EPCs to
phagocytose cationized gelatin microspheres capable of
plasmid DNA release (Fig. 8) and of positively migrating to
the sites of injured endothelium (Fig. 9). When incubated
with cationized gelatin microspheres incorporating Green
Fluorescent Protein (GFP) plasmid DNA and the GFP
plasmid DNA solution, EPCs, not monocytes/macrophages,
were strongly transfected to express the GFP protein by the
former, a marked contrast to the latter (Fig. 8). Although the
Rhodamine B isothiocyanate (RITC)-labeled DNA
molecules were mainly distributed rather to the cytoplasm
than nucleus, the DNA molecules incorporated in cationized
gelatin microspheres were continuously released in the
cytoplasm of EPCs after phagocytosis and the cationized
gelatin-DNA complexes released were transferred to the
nucleus. This is because the microspheres incorporating
plasmid DNA enhanced the level of DNA expression. There
are several possible reasons why the DNA release was
effective. It is possible that polyion complexation with
cationized gelatin prevents the plasmid DNA from the
enzymatic degradation in the cytoplasm. Moreover, the GFP-
expressing EPCs intravenously administered were
incorporated into pulmonary arterioles and capillaries in
MCT rats and differentiated into mature endothelial cells.
Taking the findings together, it is highly possible that as
expected, the injected EPCs circulate in the blood and target
injured pulmonary endothelia in MCT rats. Thus, EPCs serve
not only as a vehicle for gene delivery to injured pulmonary
endothelia, but also as a tissue-engineering tool in restoring
intact pulmonary endothelium. The injection of EPCs
genetically modified by the plasmid DNA of adrenomedullin
significantly improved the therapeutic efficacy in the
pulmonary hypertension compared with that of original
EPCs[119].

CONCLUSIONS

Gene delivery system is generally divided into two
categories; viral and non-viral vectors. From the viewpoint
of the clinical application, the non-virai vector will be
superior. Therefore, several non-viral vectors have been
explored aiming at the capacity of gene expression
comparable to that of viral vectors. However, little concept
of plasmid DNA release has been introduced to develop the
non-viral vector. Cationized gelatin microspheres permitted
the controlled release of plasmid DNA and consequently
offered several advantages as a new gene delivery system: 1)
The system increases the local concentration of plasmid
DNA around the site applied, resulting in enhanced gene
expression; 2) The plasmid DNA is ionically complexed
with cationized gelatin or the fragment, resuliing in enhanced
transfection efficiency of plasmid DNA; 3) The time period
of gene expression can be regulated by changing that of the
microspheres; 4) The system is applicable to the controlled
release of biologically active substances with negative
charges other than plasmid DNA, such as protein and nucleic
acid drugs. The substance to be released is immobilized into
the hydrogel of release carrier based on the physicochemical
intermolecular forces between the substance and hydrogel
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GFP-transduced EPCs

Gelatin and EPCs‘ o

DAPI staining

DNA release from gelatin

Fig. (8). Ex vivo gene transfer into endothelial progenitor cells (EPCs) based on phagocytosing action. (a) EPCs were cultured with
cationized gelatin microspheres incorporating green fluorescent protein (GFP) plasmid DNA. (b) GFP was highly expressed in EPCs (arrows)
in the same field as (a). (c) Flow cytometric analyses of EPCs cultured with cationized gelatin microspheres incorporating GFP plasmid
DNA. Negative controls (EPC and gelatin background) are shown in left panels. {d) Transmission electron mictoscopy revealed that EPCs
had phagocytosed cationized gelatin microspheres incorporating GFP plasmid DNA (arrows). (e} Rhodamine B isothiocyanate (RITC)-
labeled DNA particles were incorporated in cationized gelatin microspheres. (f) RITC-labeled DNA particles (arrows) were released from
cationized gelatin microspheres through its degradation. (g) RITC-labeled DNA particles released from cationized gelatin microspheres
(arrow) were distributed in the cytoplasm of EPCs. The nuclei of EPCs were identified by 4,6-diamidino-2-phenylindole dihydrochloride
(DAPI) staining. bar = 10 pm (a and b); 2 pm (d and ¢); 5 um (f and g).

GFP-positive EPCs

GFP-EPCs / RITC-Rat CD31

., Hman CD31/ Rat CD31

Fig. (9). Distribution of endothelial progenitor cells (EPCs) in the lungs of monoerotaline (MCT)-induced pulmonary hypertension model
rats. {a) Intravenously administered green fluorescent protein (GFP)-expressing EPCs were incorporated into the walls of pulmonary
arterioles. (b} Transplanted GFP-expressing EPCs were distributed on tung tissues. Pulmonary vasculature was detected by Rhodamine B
tsothiocyanate (RITC)-conjugated anti-rat CD31. (¢) Immunohistochemistry for human CD31 (peroxidase) and rat CD31 (alkaline
phosphatase). (8 rats/group); bar = 50 pm.
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material. The coulombic interaction force is used for the
present gene delivery system of gelatin hydrogel. The
controlled release of substance immobilized is achievable
only by the degradation of release carrier. It is possible for

substance

immobilization to make use of other

intermolecular interaction forces. We believe that this release
concept will open a new direction for the research and
development of drug delivery.
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Controlled release of plasmid DNA by cationized gelatin hydrogel
Recent rapid development of molecular biology together with the steady progress of genome projects has been
given us some essential and revolutionary informations of gene to elucidate all the biological phenomena at the
molecular level. Under these circumstances, gene transfection has become one of the fundamental technologies
indispensable to the basic research of medicine and biology. Human gene therapy has been performed with
plasmid DNA alone or the virus vector constructs. However, there are clinical limitations, low gene expression of
plasmid DNA and the immunogenicity and toxicity of virus itself or the possible mutagenesis of cells transfected.
Therefore, several non-viral vectors of synthetic materials have been explored to enhance the transfection efficiency
of gene into mammalian cells both in vitro and in vivo. In this paper, as one research trial, the controlled release
of plasmid DNA is overviewed. A new system of plasmid DNA release with a biodegradable hydrogel is explained
while the biological activity of a plasmid DNA of hepatocyte growth factor antagonist, NK4, is augmented by use

of the release system.
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Toshihiro Kushibiki, Ryuji Tomoshige, Yasuhiko Tabata
Department of Biomaterials, Institute for Frontier Medical Sciences, Kyoto University
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< Research reports on the controlled release of plasmid DNA

plasmid DNA. Moreover, the rate and extent of
nasal absorption could be controlled by choeice
of polymers and their contents.

Carrier material Plasmid DKA Biological function References
Deliver intact and functional plasmid DNA at| Murphy et al®
Gal ida controlled rates. The ability 1o create porous Shea et al”
!;l—au“:I:tc—lc;J:rl'ives;' polymer scaffolds capable of controlled release | Wang et al'™®
Poly(D, L-lactic acid-co-glycolic acid) (PLGA} rowth factor | FHES MY provide a means to enhance and{ Capan et al*!
E (}:DG;') regulate gene transfer within a developing Luo et al'?
tissue, which will increase their utility in tissue| Hedley et al'®
engineering. Jang et al'¥
The in situ gelling systems can be considered
Polymethacrylic acid (PMA) and polyethylene glycol as a valuable injectable controlled-delivery Temail et al'®
{PEG), hydroxypropylmethylcellulose-carbopol system for plasmid DNA in their role to provide
protection from DNase depradation,
C - Release plasmid DNA from nanoparticles in a )
Poly{lactic acid)-poly{cthylene glycol) (PLA-PEG) Luciferase controlled manner. Perez et al
Enhanced 3 -galactosidase expression in
Poly(2-aminoethyl propylene phosphate) f -Galactosidase {anterior tibialis muscle in mice, as compared | Wang et al'”
with naked DNA solution injections.
The complexes showed about 2-fold higher
. e . transfection efficiency than DNA complexes of . -
Poly( a -{4-aminobuty!}-L-glycalic acid) (PAGA} 7 -Galactosidase poly-L-lysine (PLL) which is the most Lim et al
commonly used polycation for gene delivery.
The use of in situ gelling and mucoadhesive
polymer vehicles could effectively and safely
Poloxamers {2 -Galactosidase improve the nasal retention and absorption of Park et al'®

Poly{ethylene-co-vinyl acetate) (EVAc)

Sperm-specific
lactate
dehydrogenase Cq,
3 -Galactosidase

The EVAc disks are efficient and ¢onvenient
vehicles for delivering DNA to the vaginal tract
and providing long-term local immunity.

Shen et al*™

Silk-elastinlike polymer (SELP)

Luciferase

The ability to precisely customize the structure
and physicochemical properties of SELP using
recombinant techniques, coupled with their
ability to form injectable, f7 siter hydrogel
depots that release DNA, renders this class of
polymers an interesting candidate for controlled
gene delivery.

Megeed et al®"

Denatured collagen-PLGA

3 -Galactosidase

Increase the level of gene expression because
of integrin-related mechanisms and associated
changes in the arterial smooth muscle cell actin
cytoskeleton.

pas)

Perlstein et al

Ateclocollagen

Green fluorescent
protein (GFP),
Fibrobtast growth
factor 4 (FGF4)

Increased serum and muscle FGF4 levels and
long-term release and localization of plasmid
DNA in vive.

Ochiya et al®

Gelatin

7 -Galactosidase

Plasmid DNA release period can be regulated
only by changing the hydroge! degradability.

Fukunaka et al™
Kushibiki et al*™®

PREEXEE-DO—2DOHFELLT, AF+LE¥ES
Fond FO¥bhbONKs 79X 3 FDNA DIERIE
TV, TOEMEHIZOWTHRETL A,

HFAAEESFoNIRAFDIEDT
S5 AINDNADEN
Y¥F3FrGFOINEFINEIIEZIFILITVTI %

(LA T A EICE N I FF 8T F o 2 ERL
FoBd, COAFFAACETF LRIV T VTR NIC
TIEREET 2 & THS FOr V2Bl L 0,
INFNTLTFe MR E{bS¥B LTS Forn
DEXREEE(LESLILNTEL. ZOWFF ¥
Fond FOF V<o A RBRGARMICE AR, £EM
ICBIT 2R RERMIC e L 7R3, T O 5 Bk L
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{a) The time course of the radioactivity remaining of l-labeled cationized gelatin hydrogels after implantation
into the femoral muscle of mice (The wet weight of hydrogel implanted=0.2 g). The water content of cationized
gelatin hydrogels is 96.4 (O), 97.4 (@), 98.3 (&) or 98.7 wi% (&),

{b} The radicactivity remafning of cationized gelatin hydrogels incorporating '#I-labeled lacZ plasmid DNA
plotted against that of 1% -labeled cationized gelatin hydrogels after implantation into the femoral muscle of
mice: The water content of cationized gelatin hydrogels Is 96.4 (O), 97.4 (@), 98.3 (A) or 99.7 wi% (4),

{c) The time course of lacZ gene expression after implantation of cationized gelatin hydrogels incorporating
lacZ plasmid DNA into the femoral muscle of mice: free lacZ plasmid DNA (open bar) and lacZ plasmid DNA
incorporated in cationized gelatin hydrogels (water content=97.4 wt%) (closed bar). The lacZ plasmid DNA
dose is 100 pg/mouse muscle (3 mice/group). *p< 0.05: significant against the OD value of free plasmid DNA
injected group.

ELTH2300, 2 FF V{LESF oS Fusy Lo xS LHBLT, TOEAARTFHRIEELZ. £

BARFTELEEL LT EFNRFUNE oY bu—
VTFBIENTELI LN bh-4 (H1a). 72, 20
BFFAEESTF o, FOF NIclacZ 7T A 2 FDNA
LEREE LR, v~ 7 AKBHAMSMAICEA LR lacZ
77 A3 FDNADGHEABARTFRLFELAECA, &
FALETF oA FOXVEEOGEEL L 12 1acZ
7TTFAIFDNARGHEN, lacZ 77 A 3 FDNAKEG
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12, AFAEESFoNL FOXPVDEKSE, o bt
HRBHEEE I FO—- VT2 TlacZ 75 X 3 FDNA
DEPMEE I PO— LTI LAT A7 (b)), &
LI, lacZ 77 A3 FDNAZBE T2 2 L2 5T, lac
Z77 A3 FDNAKEHIRGHELEL T, BHP=D
HmE ERAMOEENSED Stk (F1c) ».

lacZ 75 A 3 FDNAGFIEINA FR4VAHTHFT
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F2
The time course of radioactivity remaining of
cationized gefatin micrespheres incorporating '#*I-

Time (day)

10 15 20 25 30

labeled NK4 plasmid DNA (O) and free **i-la-
beled NK4 plasmid DNA (@) or '25)-labeled
cationized gelatin microspheres (£) after the sub-
cutaneous injection into the back of mice.

ftESFLaFER)SAras Ly P AR LTY
Bz, 79 A I FDNAEANA FOPYUESERL 2wnik
BETRREN L, T4bb, 81 PRy L ASE,
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Survival curves of tumor-bearing mice following the single injection of cationized gelatin
microspheres incorporating NK4 plasmid DNA and free N4 plasmid DNA into the subcutane-
ous tissue around the tumor mass: cationized gelatin microspheres incorporating 100 [MS
(100 ug)]* and 200 kg of NK4 plasmid DNA [MS (200 4g)]*, 200 ug of free NK4 plasmid DNA
[free (200 1g)], empty cationized gelatin microspheres (EMS), and saline. *p < 0.05: signifi-
cant against the survival curve of saline-injected, controt mice (Kaplan-Mayer method).
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