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Abstract. Purpose. The aims of this study are to encapsu-
late two different plasmid DNAs (pGL2 and pMK3) in the
same microsphere structure and to investigate iz vivo trans-
fection characteristics of chitosan microspheres. Further-
more, the effect of formulation factors, such as chitosan
concentration and plasmid DNA amount on iz vitro prop-
erties of microspheres were studied. Methods. Double
plasmid-loaded chitosan microspheres were prepared by
complex coacervation. Release studies were done in phos-
phate buffered saline at 37° C and released plasmid DNA
was determined spectrophotometrically. Integrity of plas-
mid DNAs was checked by agarose gel electrophoresis.
For in vive transfection studies, microspheres were injected
into the muscle of the mice and expression of proteins
(B-galactosidase and luciferase) was measured. Results.
High encapsulation efficiency was obtained with chitosan
microspheres (90%). The size of particles was about 1.15 —
1.28 um. No dependence was observed between the size
and formulation variables (chitosan concentration and the
amount of plasmid). After encapsulation process, integrity
of two plasmids did not change. Plasmid DNAs were con-
tinuously released from chitosan microspheres. Chitosan
concentrations and plasmid amounts affected iz wvitro
release properties. After intramuscular injection of double
plasmids loaded microspheres into muscle of the mice, co-
expression was obtained. High [-galactosidase and
luciferase productions were determined with these micro-
spheres after a long post-transfection period (12 weeks).
Conclusions. Our results showed that two plasmids could
be encapsulated in chitosan microspheres without affect-
ing their structural and functional integrity. Thus, sustained
and high protein production was obtained with these
microspheres.
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INTRODUCTION

For successful gene therapy, it is necessary to develop vec-
tors capable of efficiently introducing genetic materials
into target cells (1). The most widely investigated non-viral
gene delivery systems are liposomes, polycation complexes
and microcapsules (2-5). Recently, various carriers for non-
viral gene delivery have been developed, among them cat-
lonic carriers are widely accepted because of their ability to
efficiently condensate plasmid DNA and interact with cell
membrane (6, 7). A number of polymers have been investi-
gated as gene carriers, including PLGA [poly(D,L-lactic-
co-glycolic acid)] (8), gelatin (9) and chitosan. However,
the encapsulation of plasmid DNA in PLGA has been
problematic. Incorporation of pDNA is often low (10).
Moreover, while developing these microspheres is that the
encapsulated plasmid is degraded not only during the
encapsulation process but also mainly in the course of the
polymer degradation (11).

Chitosan is a non-toxic biodegradable polycationic poly-
mer with low immunogenicity (12-15). It is a good candi-
date for the gene delivery system, because cationically
charged chitosan can be complexed with negatively
charged plasmid DNA and promising results with chitosan
as a gene delivery carrier have been obtained (4,5,16,17).
Chitosan can effectively bind DNA and protect DNA
from nuclease degradation (18). On the other hand, soni-
cation and organic solvents are not used for the prepara-
tion of chitosan microspheres. This suggests that process
is mild enough not to inflict any damage on the DNA.
DNA-loaded chitosan microparticles were found stable
during the storage (19). In vitro transfection ability of chito-
san and derivatives were reported by Erbacher et al., (7).
The application of DNA-chitosan nanospheres has
advanced 7z vitro DNA transfection research and data have
been accumulating which show their utility for gene deliv-
ery (4,16,20).

In general, gene therapy was used against treating mono-
genic (single-gene) disorders but, it has become clear that
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many types of diseases including multigenic disorders
(such as, coronary hearth disease, Alzheimer’s disease, sev-
eral autoimmune diseases). However, there is no informa-
tion about multiple plasmid encapsulations.

In this study, an attempt was made to study co-encapsula-
tion possibility of two plasmids in the same delivery vehi-
cle. The pMK3 and pGL2 plasmids were used and a
sustained-release delivery system was developed. The 7
vivo transfection of chitosan microspheres containing mul-
tiple plasmids was investigated. Moreover, the effect of
formulation variables such as chitosan concentration and
the amount of plasmid on iz vitro properties of chitosan
microspheres were studied.

MATERIALS AND METHODS

Animals and reagents

Balb/c mice (4-6 weeks, 20 +1.55 g) were obtained from
Animal House of Marmara University. Luciferase assay kit
was obtained from Promega (USA). Chitosan (M,: ca.
400.000 D, viscosity: ca. 200 mPa in 1% acetic acid at
20°C) was purchased from Fluka (Germany). B-galac-
tosidase, luciferase, N2,SO, , ONPG (o-nitrophenyl -D-
galactopyranoside), X-Gal and all other chemicals were
obtained from Sigma (USA).

Plasmids

Two plasmids containing B-galactosidase and luciferase
reporter genes were used in this study. pMK3 plasmid
(7213 bp) (ATCC, USA) contains lac Z gene which
encoded [-galactosidase. pGL2 plasmid (6046 bp)
(Promega, USA) contains of SV40 eatly promoter and
luciferase gene with polyadenylation signal.

Amplification of plasmid DNA

pMK3 and pGL2 plasmids were amplified in the HB101
and JM109 strain of E.Co/i respectively and extracted by
the alkaline-lysis technique (21) and purified by precipita-
tion with ethanol. Then the precipitate was dissolved and
maintained in Tris-EDTA buffer and concentration of
DNA was determined spectrophotometrically at 260 nm
(Shimadzu, UV-21008S, Japan). The purity of isolated plas-
mid was confirmed by electrophoresis on a 0.8% w/v aga-
rose gel.

Preparation of DNA-loaded microspheres

Plasmid loaded chitosan microspheres were prepared by

complex coacervation method as previously described (18,
22). Briefly, sodium sulphate solution (20% w/v) contain-
ing plasmids were dropped into the chitosan solution
(0.25% w/v) and stirred (Ika-Werk, Germany) at 500 tpm
for 1 hour. Formed particles were separated by centrifuga-
tion (Sigma 30K, Germany) for 10 min. at 12000 rpm. and
stored at 4°C after freeze-drying (Lyovac-Leybold GT2,
Germany). Size of microspheres was determined by using
an ocular micrometer in a light microscope (Olympus BH,
Japan) (n= 1000 particles). Encapsulation efficiency of
microspheres was estimated by measuring the amount of
uncapsulated DNA in the supernatant after centrifugation.
Therefore, the amount of DNA encapsulated in the micro-
spheres was calculated by measuring between the total
amount of DNA added in the preparation medium and the
amount of non-entrapped DNA remaining in the aqueous
suspension after coacervation process (23). In order to
study the effect of formulation variables (chitosan concen-
tration and plasmid amount) on microsphere properties,
different microsphere formulations were prepared (Table

1.

Table 1: Codes and formulations of chitosan

microspheres containing plasmid DNA.

Plasmid DNA Chitosan

Concentration
(9o) (wiv)
0.25
0.35

Size
(um + SD)

Code Amount
(hey
300 + 300

300 + 300

Type
pMK3 + pGL2
pMEK3 + pGL2
pMES + pGL2
pMK3 + pGL2
PME3
pPGL2

BLM1
BLM2
BLM3
BLM4

118 +0.01
1.15+0.02

150+ 150 0.50 1.15 10.02

300 + 300
300
300

0.50 128 +0.02

o 0.50 1.15+0.09

LM

0.50 1.15 +0.02

Agarose gel electrophoresis of DNA

The purity of plasmid DNAs were investigated by electro-
phoresis. Plasmid DNA (500 ng equivalent weight of
DNA in each lane) was applied into the slots of a 0.8%
agarose gel containing tris-boric acid-EDTA (TBE) buffer
(pH 8.3) and ethidium bromide (0.5 pg/ml) at constant
voltage (80 V) (Horizantal gel apparatus system, ATTO,
Japan). DNA was visualized under the UV light (Vilber
Lourmat, USA) and the conformation of plasmid DNA
was checked using the gel documentation system (Kodak
Digital Science, DC 40 Camera and 1D Image Analysis
Software, USA).

In vitro release studies

Release of plasmids from chitosan microspheres was
determined in phosphate buffered saline (PBS, pH 7.4) at
37 £ 0.5°C and at appropriate time intervals samples
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were taken and supernatants were separated by centrifuga-
tion. The released DNA was measured spectrophotometri-
cally at 260 nm. After each sampling, the microspheres
were resuspended in the fresh medium. Corrections due to
chitosan were also made during the spectrophotometric
measurement therefore empty microspheres were used as
a blank. Released samples were checked with agarose gel
electrophoresis as described above. For this purpose,
released plasmid DNA was precipitated by ethanol and
dissolved in TE-buffer prior to electrophoresis.

In vivo transfection

Balb/c mice of both sexes were used in these studies. Each
treatment group had six mice (3 male and 3 female). For 7
vivo transfection experiments, a mixture of BLM 1, 2 and 4
were used and coded as BLM. 100 Ug naked or encapsu-
lated plasmid DNAs (suspension in 0.5 ml 0.9% NaCl)
were injected into the anterior tibialis muscle of the mice.
Saline solution was injected as control. At time intervals (1,
3, 8 and 12 weeks), mice were slightly anaesthetised and
biopsy was performed and B-galactosidase and luciferase
activities were determined as mentioned below. All animal
experiments were conducted in accordance with the “Prin-
ciples of Laboratory Animal Care” (NIH Publication,
1985).

Determination of B-galactosidase and luciferase
expression

The biopsy specimens (1.4 +0.13 mg) were washed with
0.9% NaCl solution two times and tissue samples were
lysed in PBS by five freezing-thawing cycles after treat-
ment with acetone-toluene (19:1) mixture as described pre-
viously (18).

Luciferase gene expression was measured using a
luciferase assay kit (Promega, USA) according to manufac-
turer’s instructions by using a luminometer (Berthold,
USA).

B-Galactosidase enzyme activity in the muscle of mice
was spectrophotometrically assayed at 520 nm using o-
nitrophenyl-B-D-galactoside as a substrate of enzyme
(18). Moreover total protein amount of the sample was
also measured according to Bradford (24).

Histology

The distribution of [-galactosidase expressing cells
within the muscle tissue was observed by 5-bromo-4-

chloro-3-indolyl-B-D-galactopyranoside ~ (X-gal)  his-
tochemical method of Bancroft and Cook (25). Briefly,
biopsy specimens were taken and frozen; setial sections
were sliced with a cryostat and placed on slides. The slices
were fixed with a mixture of paraformaldehyde (2% v/v)
and glutaraldehyde (2% v/v) in PBS. Then the specimens
were rinsed with PBS and stained with X-gal solution (2
mM MgCl,, 5 mM potassium ferrocyanide, 5 mM potas-
sium ferricyanide, 1 mg/ml X-gal). Blue stained muscle
cells were observed for the expression.

Statistical analysis

Differences were compared for significance using either
the Mann-Whitney Rank Sum Test or the Student’s t-Test
(“p” value less than 0.05 was considered significant).

RESULTS AND DISCUSSION

Characterization of two plasmids-loaded microspheres

In this study, two different plasmids such as pMK3 and
pGL2 were encapsulated into the chitosan microspheres.
The mean diameter of microspheres was between 1.15 and
1.28 um (Table I). Encapsulation efficiency was about
90% (data not shown). High encapsulation was ecarlier
reported for DNA-chitosan nanospheres (106).

After encapsulation process, agarose gel electrophoresis
was carried out to assess the integrity of co-encapsulated
plasmids. After digestion with PBS, microsphere (BLMs,
KM and LM) extracts were separated and supernatants
applied on agarose gel and bands were compared with the
bands of free plasmids. No change was observed in the
electrophoretic mobility of DNA (Figure 1). As seen in the
gel photograph, lane A showed the bands similar to that of
the plasmids (pMK3 and pGL2) (Lanes D, E and F). This
result is in accordance with the results of Leong et al. (16).

Release profiles of pMK3 and pGL2 loaded microspheres
(BLM1-4) are given in Figure 2. In general, very little burst
effect was seen in the release profiles of two plasmids-
loaded microspheres (Figure 2). Plasmid DNAs were con-
tinuously released from chitosan microspheres. When a
comparison of four formulations was made, that release
patterns of the microspheres (BLM 1-4) are significantly
different (p<<0.05). The in vitro release of plasmid DNAs
from microspheres was dependent on plasmid amount
(BLM 3 and 4) and chitosan concentration (BLM 1, 2 and
4) (p< 0.05) (Figure 2).
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Figure 2: Release profiles of double plasmid-loaded
microspheres (n=5).

Inset : Release profiles KM and LM (single-plasmid
loaded chitosan microspheres).

As the amount of plasmids increased, release decreased
significantly (p<0.05). The same results were obtained
with the microspheres containing different concentration
of chitosan. The influence of chitosan concentration on 7

vitro release characteristics of DN A-loaded chitosan micro-
spheres was reported in our eatlier paper (18), so these
data are consistent with our previous findings. There is no
significant difference between the release patterns of single
and double-plasmid loaded microspheres (KM, LM and

BLM) (p>0.05).

In vivo transfection studies

DNA-loaded (pMK3 and pGL2) chitosan microspheres
were injected into the muscle of the mice and expression
of two proteins in the muscle tissue was measured. Find-
ings were compared with the data of naked plasmids and
control. Results are given in Figures 3 and 4.

B 1 stwesk
B 3 rd week
B 8 thwesk
B 12 thwesk

B-Galactosidase Activity
(%10 I/ mg tissue)

CONTROL KM PLC BLM

Figure 3: B-Galactosidase activities of tissue samples of
the mice after injection of naked plasmid mixture (pMK3
+ pGL2) (PLC) or double plasmid loaded microspheres
(BLM) or single plasmid loaded microspheres (pMK3)
(KM).

Results were compared with saline injections as control.
Values are mean £ SD (n=6).

The mixture of naked plasmids (PLC) demonstrated early
B-galactosidase expression as shown in Figure 3, such
that after 7 days of the transfection, high B-galactosidase
level was observed in the samples injected naked plasmid
mixture (PLC), but then their protein levels decreased.
However injection of two plasmids-loaded microspheres
(BLM) produced gradually increasing [-galactosidase
activity. As seen in this figure, after a week transfection,
expression level of B-galactosidase was even lower than
that of naked DNA (p<0.005). When the expressed pro-
tein levels of single (KM) and double plasmid loaded
microspheres (BLM) were compared during the 8 weceks,
higher protein expression was observed with the single-
plasmid loaded microspheres (p<<0.05). This may be due to
plasmid contents of microspheres. However, at the end of
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the 12 week, encapsulated plasmids (BLM) induced very
high protein activity. As it is expected, DNA released from
chitosan in a sustained matter and showed gradually

increased transfection.

As shown in Figure 4, when the data of luciferase assay
compared with control, high luciferase activity was
obtained with two plasmids-loaded microspheres (BLM).
However, except 12" week after injection, similar protein
expression was observed with single (LM) and double
(BLM) plasmid-loaded microspheres. A significant differ-
ence was observed between the luciferase activity levels of
encapsulated (BLM) and naked plasmids (PLC) (p<0.005).
On the other hand, after microsphere injection, at 12%
week, muscle biopsies were evaluated for tissue distribu-
tion of expressed B-galactosidase using X-gal staining.

25 q

B1 stweek
B3 rd week
B8 thweek
B12ihweek

20 4

Luciferase Activity
x10° RLUWimg tisrue)

CONTROL LM PLC BLM

Figure 4: Luciferase activity in the muscle of the mice
after injection of naked plasmid mixture (pMK3 + pGL2)
(PLC) or double plasmid loaded microspheres (BLM) or
single plasmid loaded microspheres (pGL2) (LM).
Results were compared with saline injections as control.
Values are mean = SD (n=6).

As seen in Figure 5, blue stained muscle cells confirmed
the expression of protein in the muscle of the mice.
Briefly, chitosan microspheres containing two different
plasmid DNAs showed sustained and longer period of the
protein expression. Each plasmid expressed their product
continuously. During the first weeks, encapsulated plas-
mids resulted lower level expression. Similar result was
previously reported by Leong et al (16) for chitosan micro-
spheres.

Control

Figure 5: B-Gal staining of the mice tissues after double
plasmid-loaded microsphere (BLM Injection The letter
“f” indicates muscle fibers and arrows indicated blue
stained b-galactosidase expressed muscle fibers.

Various multigenic disorders include coronary artery dis-
ease, diabetes mellitus and several neurologic diseases, are
the target of current gene therapy studies. Current research
is based on use of single gene that coded one of these pro-
teins however, use of two or more genes in the same ther-
apy protocol may be more effective than the other.
However, there is no information about the encapsulation
of more than one plasmids in the same carrier. However,
the cloning the sequences for the two individual gene
products into one plasmid can be more expensive and time
consuming. Therefore, co-encapsulation of two plasmids
into same carriers may be more advantageous.

Two plasmids can be easily encapsulated into chitosan
microspheres without affecting their structural and func-
tional integrity. In addition, sustained and high protein
expression may be possible with this carrier.
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