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Abstract: To overcome the main disadvantages of non-viral gene delivery systems such as repeated administration due to
the low transfection efficiency, poly(D,L-lactide-co-glycolide) was applied to encapsulate pDNA in its microsphere
formulation. Free pDNA or various ratios (w/w) of chitosan/pDNA complexes was used for encapsulation, with the
resulting encapsulation efficiency of 44%, 5%, and 8% for free pDNA, 0.7:1 and 1:1 ratios, respectively. Scanning electron
micrographs of poly(D, L-lactic-co-glycolic acid) (PLGA) microspheres encapsulating pDNA or chitosan-condensed pDNA
revealed a smooth spherical shape immediately after microsphere preparation and a collapsed porous shape in 41 days due
to the degradation of PLGA. In vitro release profile showed that the 0.7:1 (w/w) ratio formulation exerted 47% release in

26 days, whereas free pDNA or 1:1 (w/w) ratio formulation did only 15% or 32%, respectively.
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1. Introduction

Gene therapy has already captured the attention of the public
and the biomedical research community. Actually, human gene
therapy is successful or under going clinic studies for the treatment
of adenosine deaminase (ADA) deﬁciency,I haemophilia,2 various
cancers, etc. However, recent studies indicate that development of
efficient and safe delivery vehicles remain a crucial barrier to the
ultimate success of gene therapy.4

The administration of naked DNA, though simple and safe, has
shown to be rather inefficient due to its anionic charge, large size
and the presence of nuclease in the blood stream that might
degrade the DNA before reaching the target site. The use of gene
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carriers, or gene vectors, has been proposed to circumvent these
problems.>® There are two classes of gene carrier systems; virus-
based and non-viral gene carrier systems. Viral gene delivery sys-
tem is currently the most efficient way to transfer genes to the tar-
get cells, though it has big disadvantages such as toxicity and
difficulty in scale up.”* Non-viral gene delivery system, especially
based on polycationic polymers, has recently generated high in-
terest due to the easiness to use and low toxicity.”

Poly(D, L-lactic-co-glycolic acid) (PLGA) is a biodegradable
and biocompatible polymer and has widely been investigated for
the delivery of therapeutic agents ranging from conventional small
molecules to macromolecules."”'"" Encapsulation of pDNA into
PLGA microspheres is expected to protect pPDNA from nuclease
attack, enabling sustained release of pDNA possible for the ex-
tended period of time.

Chitosan is a biodegradable polysaccharide which is extracted
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from crustacean shells. It has been shown to be non-toxic in a
range of toxicity tests, both in experimental animals and humans,
and it has been widely used for pharmaceutical research.'>" Posi-
tively charged chitosan has also been shown to effectively con-
dense DNA and protect DNA from nuclease degradation.'™" Fur-
thermore, chitosan may actually be endocytosed into the cell.”
Uptake of DNA/polymer complexes into cells is obviously a very
important step for successful gene transfer in vitro and in vivo.'®
Introduction of chitosan prior to microsphere preparation is expec-
ted not only to condense DNA but also to affect release pattern of
pDNA from PLGA microspheres.

Among various cytokines, interleukin-12 (IL-12) is known to
possess the most potent anticancer activity by stimulating the T-
cell and/ or natural killer (NK) cell’s immune response.”"8 Based
on its biological activities, IL-12 has been examined for its capa-
city to induce anticancer effects, and therapeutic activity has been
observed in various murine tumor models.'** Therefore, encap-
sulation of p2CMVmIL-12 (IL-12 encoding gene) into PLGA
microspheres is expected to reflect long-lasting anticancer effect
with the protection of pDNA from nuclease attack. This article
presents the result of preparation and in vitro release of p2CMV
mlL-12-loaded PLGA microsphere as a sustained release formula-
tion of non-viral gene delivery systems.

2. Experimental

2.1 Materials

pCMV SPORT-fgal (~7.9 kb) was purchased from Gibco
BRL (Grand Island, NY) and p2CMVmIL-12, containing the coding
sequences for the p35 and p40 subunits of murine IL-12 vector,
was kindly provided by Prof. Sung Wan Kim at the University of
Utah (Salt Lake City, UT). pDNA was prepared with QIAGEN®
Plasmid Mega Kit (QIAGEN, USA). poly(D,L-lactide-co-glycolide)
(PLGA, 50:50 lactide:glycolide, m.w. 40000~75000) and poly-
vinyl alcohol (PVA, m.w. 30000~70000) were purchased from
Sigma Chemical (St Louis, MO). Chitosan (low molecular weight
50000~190000) and dichloromethane were purchased from
Aldrich Chemical (Milwaukee, WI). PicoGreen reagent was pur-
chased from Molecular Probes (Eugene, OR). All other reagents
were of analytical grade.

2.2 Plasmid DNA

pCMV-SPORT-fgal and p2CMVmIL-12 were used in this
study as a reporter gene and therapeutic gene, respectively. After
the transformed E. coli were grown in 10 mL of LB broth with
100 pg/mL ampicillin, 4 mL of LB broth was moved into 2000 mL
of LB broth with 100 ug/mL ampicillin. Plasmid DNA was ex-
tracted from transformed E. coli by using QIAGEN® Plasmid
Mega Kit. The concentration and purity of the DNA were deter-
mined at 260 and 280 nm, respectively, by UV spectrophotometry
(Ultraspec® 2000, Pharmacia Biotech).

2.3 Gel Retardation Assay

Various amounts of chitosan were mixed with the fixed amount
of plasmid DNA and incubated for 30 min at room temperature to
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ensure the formation of the complex. The mixture was electro-
phoresed on 1% (w/v) agarose gel for 90 min at 85 V. Gel was
stained with ethidium bromide (0.5 pg/mL) for 10 min and de-
stained with distilled water for 5 min, following illumination on
UV illuminator to show the location of the DNA in various com-
plex formations.

2.4 Preparation of Microsphere

PLGA microspheres encapsulating free pDNA or chitosan-con-
densed pDNA were prepared by the double emulsion solvent-
evaporation method. *** Briefly, oil phase was prepared by dis-
solving 200 mg of PLGA in 7 mL of dichloromethane and the wa-
ter phase was prepared by dissolving 1000 ug of free pDNA or
chitosan-condensed pDNA in 400 uL TE buffer. Initial water phase
was added into oil phase and homogenized at 19000 rpm for 2
min (ULTRA TURRAX®, T25 Basic). Primary emulsion was
poured into 50 mL of 1% PVA and homogenized at 16000 rpm for
15 s to form a secondary emulsion. Secondary emulsion was again
poured into 100 mL of 0.05% PVA/303 mM sucrose solution and
stirred for 2.5~ 3 hr to evaporate residual dichloromethane. Micro-
spheres collected by centrifugation were washed 2-3 times with
distilled water and lyophilized and stored at 20 C (Scheme 1).

2.5 Scanning Electron Microscopy (SEM)

Freeze-dried microspheres were coated with palladium prior to
observation and the size and surface morphology of microspheres
was examined by a JSM-5410 Scanning Microscope (JEOL, vol-
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Scheme 1. Microsphere preparation by the double emulsion solvent-
evaporation method.
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Scheme 2. Extraction of pDNA from PLGA microsphere.
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2.6 Encapsulation Efficiency of DNA into Microsphere

Ten mg of PLGA microspheres were resuspended in a known
voluime (500 uL) of Tris-EDTA buffer (pH 8.0). A known volume
(500 puL) of chloroform was added to the suspension to solubilize
the microspheres. The mixture was then placed in a shaking incu-
bator (Vision Scientific Co., Korea) with rotating speed of 100
rpm at 37 C for 3.5 hr to facilitate the extraction of DNA from the
organic phase into the aqueous supernatant. Samples were centri-
fuged at 14000 rpm, 4 C for 5 min and 100 pL of the super-
natant was removed into an Eppendorf tube.”*”> DNA concen-
trations were determined by UV spectrophotometry (Scheme 2).
Encapsulation efficiency (%) was calculated using the following
formula:

Encapsulation efficiency (%)= (B/A)>< 100

,where A is initial amount of pDNA used for preparing PLGA
microsphere and B is amount of pDNA extracted from PLGA
microsphere.

2.7 pDNA Quantitation by PicoGreen

The concentration of pDNA which is released from PLGA
microspheres was measured by fluorescence of PicoGreen/DNA
complex. Briefly, 15 mg of microspheres were resuspended in 10
ml phosphate buffered saline (pH 7.4). Samples were placed in a
shaking incubator with a rotating speed of 100 rpm at 37 C
and 1 mL of the snpernatant was removed and replaced with fresh
buffer at each time points. The supernatant was centrifuged at
14000 rpm, 4 C for 5 min and the sample obtained by this step
was used for measuring the fluorescence intensity. An aqueous
working solution of the PicoGreen reagent was prepared by
making a 200-fold dilution of the concentrated dimethylsulfoxide
solution in TE buffer. And, the 1.5 mL PicoGreen working solution
was added to each sample. The tubes were capped, vortexed and
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Scheme 3. pDNA quantitation by PicoGreen fluorescence probe.
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incubated at room temperature in the dark for 2~35 min. After
incubation, samples were excited at 480 nm and fluorescence was
measured at 520 nm using spectrofluorometer (SFM25, Kontron)
(Scheme 3).** Cumulative release (%) was calculated using the
following formula:

Cumulative Release(%) = (B/A)><100

, where A is the amount of pDNA encapsulated in 15 mg of
microsphere and B is cumulative amount of pDNA in 1 mL su-
pernatant at each time points.

3. Results and Discussion

3.1 Complex Formation of pDNA/Chitosan

Degree of complex formation of pDNA with chitosan was elu-
cidated by gel retardation assay, where it showed that the elec-
trophoretic mobility of pDNA was retarded as the amount of chi-
tosan increased, indicating that chitosan forms a complex with
pDNA. As the complete retardation of the electrophoretic mobility
was achieved at the 0.8:1 (w/w) chitosan/pDNA ratio, this for-
mulation together with 0.6:1 ratio complex were selected for use
throughout the experiment (Figure 1).

Figure 1. Gel retardation assay. Lane 1) DNA marker, Lane 2) pDNA
only, Lanes 3~8) 0.2:1, 0.3:1, 0.5:1, 0.6:1, 0.8:1 and 1.2:1 (chitosan/
pDNA, w/w ratio) complexes, respectively.

Figure 2. Scanning electron micrographs of microsphere. (a) imme-
diately after preparation and (b) 41days after pDNA release.
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3.2 Surface Morphology by SEM

The surface morphology of PLGA microspheres encapsulating
pDNA or chitosan-condensed pDNA was observed by scanning
electron micrographs as shown in Figure 2. It appears that the
surface of PLGA microspheres has a smooth spherical shape im-
mediately after the preparation (Figure 2(a)). As the pDNA is
released by degradation of poly(D,L-lactide-co-gylcolide) in PBS
(pH 7.4) at 37 T, the inner structure of microspheres reveals
collapsed and porous shapes with the reduction of size (Figure 2(b)).

3.3 Encapsulation Efficiency and In Vitro Release

Table 1 shows the encapsulation efficiency of pDNA in various
microsphere formulations. Free pDNA resulted in the highest en-
capsulation efficiency of 44%, whereas chitosan-condensed pDNA
showed only 5~8% encapsulation efficiency. This is probably
related with the fact that free pDNA is very soluble in aqueous
phase (such as in PBS) but the chitosan-condensed pDNA is not
so and sometimes it remains as a precipitated form which might
have resulted in low encapsulation efficiency.

In vitro release experiments were carried out in phosphate buffered
saline (pH 7.4) at 37 C. Introduction of chitosan-condensed pDNA
into PLGA microsphere exhibited different release profile com-
pared to that of free pDNA, where the former shows a faster release
pattern than the latter (Figure 3). Possible explanation for this
could be that the chitosan-condensed pDNA seems to be localized
outside of the microsphere due to the localized positive (from the
chitosan) or negative (pDNA) charges. So the release of chitosan-
condensed pDNA from the PLGA microspheres is much faster
and more complete than the free pDNA. The pDNA release profile,
as shown in Figure 3, indicates that 15%, 47% and 32% of pDNA

Table 1. Encapsulation Efficiency of pDNA into PL.GA Microspheres

Chitosan/pDNA Encapsulation efficiency
(w/w ratio) (%)
Free pDNA 44
0.7:1 5
1.0:1 8
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~-#--PLGA microsphere with chitosan-condensed pDNA (0.7)
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Figure 3. In vitro release of pDNA from PLGA microspheres.
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is released from PLGA microspheres in 26 days with free pDNA.
chitosan-condensed pDNA of 0.7:1 and [:1 w/w chitosan/pDNA
formulations, respectively. In general, the release of drug molecules
(including pDNA) from PLGA microspheres is known to occur by
two mechanisms. First mechanism is the diffusion of drug molecules
through aqueous pores or channels formed during or after micro-
sphere preparation.” Burst effect observed from PLGA microspheres
with free pPDNA and chitosan-condensed pDNA, as seen in Figure
3, is probably due to the diffusion of surface-embedded pDNA.
Second mechanism involves the degradation and solubilization
of the PLGA matrix.” The release of pDNA following the burst
seems to be due to this degradation and solubilization mechanism
as the continuous release of pDNA is seen after wards.

4. Conclusions

The main barrier to the success of human gene therapy using
non-viral gene delivery systems lies in the fact that the transfection
efficiency is relatively low compared pDNA-encapsulating micro-
sphere formulation was exploited using poly(D,L-lactide-co-gly-
colide) and chitosan. Therefore, pDNA could be protected from
nuclease degradation and a sustained release of pDNA was also
maintained for better transfection efficiency.

Cationic property of chitosan causes pDNA to condense (Figure
1) and degradation property of PLGA causes pDNA to be released
slowly (Figure 2). Chitosan-condensed pDNA does not seem to
affect the surface morphology of PLGA microspheres compared
with free pDNA (Figure 2). However, encapsulation efficiency of
free pDNA into PLGA microsphere is higher than that of chi-
tosan-condensed pDNA, presumably due to the aqueous solubility.
Introduction of chitosan for pDNA pre-condensation prior to
microsphere preparation makes the release of pDNA faster owing
to the decreased hydrodynamic volume of pDNA owing to the
condensation (Figure 3).

In conclusion, encapsulation of pDNA into the PLGA micro-
spheres was successful and the result from the in vitro release
might be useful in designing an efficient microsphere formulations
for the delivery of pDNA in the future.
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