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A successful gene delivery system requires efficiency
and stability during storage. Stability studies are impera-
tive for nanomedicines containing biotechnological prod-
ucts such as plasmids and targeting peptides. Chitosan-
-DNA-FAP-B nanoparticles are novel non-viral vectors
for specific gene delivery to the lung epithelial cells. In
this study, the storage stability of chitosan-DNA-FAP-B
nanoparticles at —20, 5 and 24 °C was examined. Size,
zeta potential and transfection efficiency of these nano-
particles in storage were also evaluated. Stability studies
showed that chitosan-DNA-FAP-B nanoparticles were
stable after 1 month when stored at —20 °C and retained
their initial size, zeta potential and transfection efficiency.
However, their stability was not desirable at 5 and 24 °C.
Based on these results, it can be concluded that chitosan-
-DNA-FAP-B nanoparticles can be a promising candi-
date for gene delivery to lung epithelial cells with good
storage stability at —20 °C during 1 month.

Keywords: chitosan, FAP-B, nanoparticle, stability, gene
delivery

The aim of gene delivery is to transfer genetic materials into target cells and alter
their function. Chitosan is a non-toxic biodegradable polymer. Its cationic polyelectro-
lyte nature provides a strong electrostatic interaction with negatively charged DNA (1)
and protects it from nuclease degradation (2). This makes chitosan a good candidate
for non-viral gene delivery (3). Researchers have modified this polymer in order to get
effective transfection. One of these modifications was quaternizing of the polymer.
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N,N-diethyl-N-methyl chitosan was one of the quaternized chitosan derivatives that
was successfully used for gene delivery to human pancreatic cancer cells in our labora-
tory (4). Another attempt leading to improvement of chitosan mediated gene delivery
was the introduction of targeting ligands to the polymer. Fibronectin Attachment Pro-
tein of BCG (FAP-B) is one of the most expressed surface proteins of Mycobacterium bovis
(BCG); it is responsible for the attachment of many mycobacteria onto the fibronectin
molecule of epithelial cells” membranes. It has recently been demonstrated that the pres-
ence of this molecule on BCG bacilli is a key element in the process of BCG entry into
the epithelial cells (5). In a previous study in our laboratory, chitosan-DNA-FAP-B na-
noparticles, as a new non-viral gene delivery system to lung epithelial cells, were pre-
pared and investigated (6). In vivo transfection efficiency of these nanoparticles was in-
vestigated in another study in our laboratory (7).

All nanomedicines should be evaluated for their thermal stability under storage con-
ditions (8). In general, long-term and accelerated storage conditions recommended by
ICH guidelines (9) for drug products intended for storage in a refrigerator are 5 + 3 °C
and 25+ 2 °C/60 + 5 % RH, respectively. If drug products are intended for storage in a
freezer, only long-term storage conditions of —20 + 5 °C are recommended.

In the present study, stability of chitosan-DNA-FAP-B nanoparticles was investi-
gated according to the ICH guidelines. Size, zeta potential, gene transfer efficiency and
DNA binding ability of nanoparticles were evaluated during the storage period of stabi-
lity studies.

EXPERIMENTAL

Materials

Chitosan Chitoclear (M, = 126 kDa, deacetylation degree 98 %) was purchased from
Primex (Iceland). The plasmid pGL3-control vector encoding firefly luciferase driven by
an SV40 promoter was purchased from Promega (USA). FAP-B (Fibronectin Attachment
Protein of BCG) was kindly provided by Prof G. Marchal (Institut Pasteur, Paris, France)
(10). Turbofect reagent was obtained from Fermentase (Thermo Fisher Scientific, Ca-
nada). Cell culture media: Dulbecco’s Modified Eagle’s Medium (DMEM) and the peni-
cillin-streptomycin mixture (PS) were obtained from Gibco (Invitrogen, Singapore). Fetal
bovine serum (FBS) was purchased from Hyclone (Research Instrument, Singapore). So-
dium acetate, sodium sulfate, sodium hydroxide and other chemicals were purchased
from Merck (Germany).

Amplification and purification of DNA plasmid

The plasmid pGL3-control vector encoding firefly luciferase driven by an SV40 pro-
moter (Promega, USA) was amplified in E. coli J]M107 bacteria (ATCC 47014, Sigma,
USA) and was purified using the endo free Maxi prep plasmid extraction kit (Bioneer,
South Korea) according to the manufacturer’s instructions. The plasmid was quantified
and qualified using a spectrophotometer (Nanodrop 2000, Thermo Scientific, USA) and
electrophoresis (Bio-Rad, USA) in 1 % agarose gel, respectively.

84



Z. Mohammadi et al.: Stability studies of chitosan-DNA-FAP-B nanoparticles for gene delivery to lung epithelial cells, Acta Pharm. 62
(2012) 83-92.

Preparation of chitosan-DNA-FAP-B nanoparticles

A chitosan solution of 0.047 mg mL-! in 5 mmol L-! sodium acetate buffer, pH = 5.5,
was prepared in order to achieve the N/P ratio of 20 (an amino group to a phosphate
group ratio is hereafter defined as charge or N/P ratio). A DNA solution of 50 pg mL-!
in 25 mmol L of sodium sulfate was prepared. Solutions were preheated to 50-55 °C
separately. Equal volumes of chitosan solution and DNA solution were added together
under stirring. The final volume of the mixture was limited to below 500 pL in order to
yield uniform nanoparticles. After preparation of chitosan-DNA nanoparticles, solution
pH was adjusted to 8 by adding NaOH. An FAP-B solution of 120 pg per 100 pL in
deionized sterile water was prepared. One mole of FAP-B (M, = 45 kDa) was added to a
nanoparticle solution equal to 1 mole chitosan (M, = 126 kDa). The mixture was incu-
bated at room temperature and stirred (500 rpm) for 24 hours. The resulting solution
was then centrifuged for 6 min at room temperature at a speed of 6740xg. To remove
possible aggregates during high speed centrifugation, a soft stirring process (speed of
500 rpm for 24 hour) was performed (6).

Characterization of chitosan-DNA and chitosan-DNA-FAP-B nanoparticles

The size of nanoparticles was determined by photon correlation spectroscopy (PCS)
and zeta potential by laser doppler velocimetry (LDV) using a Zetasizer Nano ZS ZEN
3600 (Malvern Instruments, UK). Size measurement was performed at 25 °C, using a 633
nm red laser and was recorded for 180 s for each measurement. The viscosity of samples
was 0.88 Pa s and the refractive index of the solvent was 1.33. The mean hydrodynamic
diameter was generated by cumulative analysis using Malvern software. The results
were acceptable if they had polydispersity indices below 0.5. Zeta potential measure-
ments were performed using an aqueous dip cell in the automatic mode.

Aguarose gel electrophoresis

The DNA binding ability of chitosan was evaluated by agarose gel electrophoresis.
The complexes containing 0.5 mg of DNA were loaded into individual wells of 1.0 %
agarose gel in 1-Tris-boric acid-EDTA buffer, electrophoresed at 80 V for 45 min, and
stained with 0.5 mg mL-! ethidium bromide. The resulting DNA migration pattern was
revealed under UV irradiation.

In vitro transfection of A549 cells with chitosan-DNA-FAP-B nanoparticles

Cell culture. — The cells (A549: alveolar epithelial cells obtained from the Pasteur In-
stitute of Iran, Tehran, Iran) were seeded 48 h prior to transfection in 24-well plates at a
density of 40,000 cells per well in 1 mL of DMEM supplemented with 10 % FBS and 1 %
PS. On the day of transfection, the culture medium in each well was replaced with 1 mL
of complete medium containing naked DNA (1 ng) or chitosan-DNA nanoparticles (nega-
tive controls) or chitosan-DNA-FAP-B nanoparticles (tests). The amount of nanoparticles
added to each well was equivalent to 1 ug of DNA. The cells were then incubated until
48 h post transfection. Turbofect was used as positive control according to the manufac-
turer’s procedures. Each well received 2 pL of Turbofect complexed with 1 pg of DNA.
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Luminometric assay for luciferase

After 48 h incubation, cells were rinsed with sterile phosphate buffer (pH = 7.4) and
permeabilized with 80 pL of cell lysis buffer purchased from Promega (USA) (while the
plate was placed in ice). The plate was shaken for 15 minutes after which the cells were
centrifuged for 2 min at 19837xg. The pellet was sonicated for 2 s while the tube was on
ice. Sonication was repeated 4 times (it was found that the best dispersion occurred after
the fourth sonication). The luminometric assay for luciferase gene expression in cell ex-
tracts was measured using a luminometer (Berthold systems GmbH, Germany) for 10
seconds per well. Results were expressed as relative light units (RLU per 10 s).

Stability of chitosan-DNA-FAP-B nanoparticles

Five mL of chitosan-DNA-FAP-B nanoparticles were transferred to clear glass-vials
and kept at 5 and 25 °C for 6 months and at —20 °C for a year (8, 9). Samples were with-
drawn at predetermined time intervals (0, 1, 3, 6 months and 12 months for frozen sam-
ple). Measuring the size and zeta potential of polyplexes, DNA binding ability of chi-
tosan and in vitro transfection efficiency of nanoparticles were evaluated as described
previously.

Statistical analysis

All experiments were repeated at least three times. Data are expressed as mean *
standard deviations. Statistical analysis was performed using Student’s t-test.

RESULTS AND DISCUSSION

Preparation and characterization of chitosan-DNA-FAP-B nanoparticles

Chitosan-DNA nanoparticles were formed as a result of complex coacervation bet-
ween chitosan and DNA (11, 12). Chitosan-DNA nanoparticles were prepared at the N/P
ratio of 20, which proved to result in optimal nanoparticles with regard to size (227 + 43 nm)
and positive surface charge (+17.8 £ 3.2 mV).

Chitosan-DNA-FAP-B nanoparticles were prepared and evaluated as previously de-
scribed (6). Nanoparticles containing plasmids at the N/P ratio of 20 were complexed
with FAP-B via electrostatic interaction. After complexation, the size and zeta potential
of the resulting nanoparticles were 279 + 27 nm and -2.3 + 1.5 mV, respectively.

Transfection efficiency of chitosan-DNA-FAP-B nanoparticles

The in vitro transfection ability of chitosan-DNA-FAP-B nanoparticles was first eva-
luated in alveolar epithelial cells (A549) using the luciferase plasmid as previously de-
scribed (6). Results of the luminescence assay in the transfected cells indicated relatively
high transfection efficiency. The expressed transfection efficiency was about 10-fold hi-
gher than the background level of chitosan-DNA nanoparticles (Fig. 1). This increase in
transfection efficiency of chitosan-DNA-FAP-B nanoparticles was due to the specific in-
teraction of FAP-B with its receptors at the surface of alveolar epithelial cells (6).
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Stability of chitosan-DNA-FAP-B nanoparticles

A successful gene delivery system requires efficiency and stability during storage.
This is why stability studies are imperative for new pharmaceutical products. Targeted
nanomedicines are mostly incorporated into biotechnological products such as targeting
peptides or loaded with proteins and genes. According to the ICH guideline Q5C, pa-
rameters such as physical appearance and morphology, particle size, size distribution
and surface charge (8) are to be evaluated. An additional parameter applicable is the po-
tency of the biotechnological product (13). Thermal stability of chitosan-DNA-FAP-B na-
noparticles at three temperatures (24, 5 and 20 °C) was investigated according to ICH
guidelines (9).

Results showed that, after 1 month, the size of chitosan-DNA-FAP-B nanoparticles
stored at 24 °C was smaller than initial nanoparticles (Fig. 2) and their zeta potential
changed from initially negative to positive (2.3 + 1.5 and +3.0 £ 0.5 mV respectively)
(Fig. 3). These findings indicate that FAP-B was dissociated after 1 month at 24 °C,
which led to smaller nanoparticles with a positive charge. FAP-B further degraded over
the time and, at 3- and 6-month time points, the size of nanoparticles was further re-
duced and their surface charge became more positive (Fig. 3).

Transfection studies confirmed the above results (Fig. 4). After 1 month at 24 °C,
transfection efficiency of chitosan-DNA-FAP-B nanoparticles (8.6 x 10* RLU per 10 s)
was not significantly different from chitosan-DNA nanoparticles (9.3 x 104 RLU per 10 s)
(Fig. 1), indicating that FAP-B dissociated after 1 month and, in fact, there were chito-
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san-DNA nanoparticles in the medium of cell culture without any FAP-B. After 3 mo-
nths at that temperature, transfection efficiency was further reduced and after 6 mon-
ths the luciferase gene expression of nanoparticles was close to zero (Fig. 4). Agarose gel
electrophoresis results showed that after 1 month at 24 °C plasmid could remain within
the loading well (Fig. 5a), whereas after 3 months chitosan could not condense the plas-
mid (Fig. 5b). In addition, after 6 months, no plasmid band was perceived in the agarose
gel (Fig. 5¢). These observations indicated that chitosan also dissociated after 3 months
and was unable to condense DNA and therefore transfection efficiency was considerably
reduced. After 6 months, the plasmid seemed to be totally degraded by nuclease enzy-
mes, since there was no plasmid band in the agarose gel and the transfection efficiency
was close to zero.

The size of nanoparticles stored at 5 °C increased over the storage time (Fig. 2), pos-
sibly due to aggregation. The results show that when stored at 5 °C, FAP-B was dissoci-
ated after 3 months, resulting in positively charged nanoparticles. Transfection studies
showed that the luciferase gene expression of nanoparticles was reduced by half after 1
month (Fig. 4). Thus, it can be concluded that FAP-B dissociated only partially. After 3
months, transfection efficiency became very low, indicating complete dissociation of FAP-B,
which led to nanoparticles with positive zeta potential (+2.9 £ 1.9 mV). At that point,
chitosan also dissociated since it could not condense the plasmid at the agarose gel (Fig. 5b).
Nanoparticles stored at 5 °C did not show any transfection efficiency after 6 months
(Fig. 4) and did not show any band in the agarose during electrophoresis studies (Fig.
5c). It can therefore be concluded that plasmid was degraded after 6 months at 5 °C.
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Fig. 5. Gel retarding analysis of chitosan-DNA-FAP-B nanoparticles: a) after 1 month, b) after 3
months, c) after 6 months, d) after a year. Lane 1: ladder, lane 2: nanoparticles stored at 24 °C, lane
3: nanoparticles stored at 5 °C, lane 4: nanoparticles stored at 20 °C.

Stability studies of nanoparticles stored at —20 °C showed a gradual increase in size
over a year (from 279 + 22 to 1015 + 14 nm) (Fig. 2), which could be due to their aggrega-
tion. The zeta potential of these nanoparticles changed from —2.3 + 1.5 to +20.0 £ 2.3 mV
after a year (Fig. 3), which can be the result of FAP-B dissociation. According to Fig. 3,
nanoparticles stored at -20 °C were negatively charged after 1 month indicating that
FAP-B was still present at the surface of nanoparticles. However, surface charge varia-
tion from negative to positive after 3 months showed that FAP-B had dissociated.
Transfection efficiency of chitosan-DNA-FAP-B nanoparticles stored at 20 °C (Fig. 4) af-
ter 1 month (10.0 x 10° RLU per 10 s) remained comparable to that of the initial nano-
particles (10.6 x 105 RLU per 10 s). After 3 months, this amount was further reduced (6.0
x 105 RLU per 10 s) due to the dissociation of FAP-B. Luciferase activity of nanoparticles
declined gradually until it reached zero after a year. This could be due to dissociation of
chitosan and degradation of plasmid during the storage period. According to the aga-
rose gel electrophoresis studies, plasmid could remain within the loading well after 1
and 3 months storage at —20 °C (Figs. 5a and b) but after 6 months chitosan could not
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condense the plasmid, indicating its dissociation (Fig. 5¢). In addition, after a year, there
was no band in the agarose gel as the result of plasmid degradation (Fig. 5d).

During the storage of chitosan-DNA-FAP-B nanoparticles, FAP-B, chitosan and
DNA can be dissociated or degraded. Long-term stability of proteins such as FAP-B can
be affected by some reactions, which can lead to their degradation. The most important
reactions that change the structure and function of proteins can be summarized as fol-
lows: fragmentation of peptide molecules due to hydrolysis of peptide bound (R-NH-
-CO-R), oxidation of free sulfohydryl groups of cysteinyl residues, oxidations of sulfur
moiety in a thio-ether linkage of methionyl residues, nitrogen (N) to oxygen (O) migra-
tion and a-carboxy to B-carboxy migration of the peptide linkage (14). Chitosan mole-
cules are also affected by long-term storage. Since chitosan is a biodegradable polymer,
its chemical structure [poly(N-glucosamine)] can be degraded or dissociated by some
enzymes (15). Glycoside bounds in the chitosan structure can be destroyed during stor-
age, which stops this polymer from playing its role as a condensing agent. The last mole-
cule that is influenced by long-term storage is plasmid. Since chitosan can protect plas-
mid from degradation enzymes (16), plasmid was only degraded after FAP-B and chito-
san were degraded. Degradation of plasmid leads to changes in DNA structure from su-
percoiled to open circular or linear DNA (17). Due to the fact that the supercoiled struc-
ture of DNA is necessary for efficient gene delivery (18), changes in DNA structure lead
to lack of transfection efficiency.

CONCLUSIONS

Chitosan-DNA nanoparticles were successfully prepared by a complex coacervation
process under defined conditions. FAP-B was added to the chitosan-DNA nanoparticles
as a ligand for attachment to its specific receptors present at the surface of lung epithe-
lial cells. Stability studies of chitosan-DNA-FAP-B nanoparticles showed that the nano-
particles were not stable at 24 and 5 °C, and their stability was desirable only at —20 °C
for 1 month. This study suggested that the stability of chitosan-FAP-B nanoparticles, as a
promising carrier for targeted gene delivery to fibronectin molecules (FAP-B receptors)
of epithelial cell membranes, could be improved by adaptation of their final formulation
such as adding stabilizers to the formulation or lyophilizing the product to avoid possi-
ble dissociation or degradation.
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SAZETAK

Ispitivanje stabilnosti kitozanskih nanocestica s DNA-FAP-B
za gensku isporuku u epitelne stanice pluéa

ZOHREH MOHAMMADI, FARID ABEDIN DORKOOSH, SAMAN HOSSEINKHANI, TINA AMINI, AMIR ABBAS RAHIMI,
ABDOLHOSSEIN ROUHOLAMINI NAJAFABADI i MORTEZA RAFIEE TEHRANI

Dobar sustav za gensku isporuku mora biti u¢inkovit i stabilan prilikom skladiste-
nja. Stoga su ispitivanja stabilnosti nuzna za nonosustave s biotehnoloskim produktima
kao $to su plazmidi i ciljni peptidi. Kitozanske nanocestice s DNA-FAP-B su novi nevi-
rusni vektori za specifiénu gensku isporuku u epitelne stanice pluca. U radu je ispitana
njihova stabilnost na -20, 5 i 24 °C, veli¢ina Cestica, zeta potencijal i transfekcijska uéin-
kovitost. Dobiveni rezultati pokazuju da su kitozanske nanocestice s DNA-FAP-B stabil-
ne nakon mjesec dana skladistenja na —20 °C i da zadrZavaju pocetnu veli¢inu, zeta po-
tencijal i sposobnost transfekcije, a nisu stabilne skladistenjem na 5 i 24 °C. MozZe se zak-
Jjuciti da su kitozanske nanocestice s DNA-FAP-B potencijalni kandidati za gensku is-
poruku u epitelne stanice pluda te da su dovoljno stabilne ako se skladiste mjesec dana
na -20 °C.

Kljucne rijeci: kitozan, FAP-B, nanocestica, stabilnost, genska isporuka
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