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ABSTRACT

Low transfection efficiency of chitosan limits its use as a non-viral vector for practical purposes. This
study was designed to investigate the effect of fatty acyl chain length on physicochemical properties,
pDNA binding affinity, cell uptake, and in vitro transfection efficiency of N-acyl chitosan (NAC). NAC
polymers were synthesized by carbodiimide mediated coupling reaction of chitosan with n-hexanoic, n-
octanoic, and n-decanoic acid, respectively. These NAC polymers effectively condensed pDNA resulting
in the size range of 220-342 nm with net positive charge. NAC polymers also showed good pDNA binding
capacity, high protection of pDNA from nuclease degradation and excellent biocompatibility. Transfection
efficiency of chitosan, in HEK 293 cells, was enhanced 15-25-fold after coupling with fatty acid and
increased with a decrease in fatty acyl chain length of NAC. Thus, the present study demonstrates that

Transfection efficiency
Gene delivery

the NAC polymers hold great potential as novel non-viral gene delivery vector.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Chitosan [3 (1 — 4) linked 2-amino-2-deoxy-3-p-glucan] is a
linear copolymer of N-acetyl-pD-glucosamine and D-glucosamine
produced by alkaline deacetylation of chitin. Chitosan and its
derivatives have been extensively used in various biomedical appli-
cations (Hirano, Kaneko, & Kitagawa, 1991; Jayakumar et al., 2010;
Mugzzarelli, 1983; Muzzarelli, Frega, Miliani, Muzzarelli, & Cartolari,
2000) due to their biodegradability, excellent safety profile, low
immunogenicity, favorable physicochemical properties, and ease of
chemical modification (Lee, Kwon, Kim, Jo, & Jeong, 1998; Li et al.,
2010; Zhu, Pan, Liao, Zhao, & Chen, 2008). At low pH (below the
pK; of 6.5), primary amines of the chitosan backbone remain pos-
itively charged and can form complexes with negatively charged
DNA through ionic interactions, thereby condensing it into small
particles and protecting it from DNase-I & II degradation (Chang,
Higuchi, Kawakami, Yamashita, & Hashida, 2010; Huang, Fong,
Khorc, & Lim, 2005; Koping-Hoggard et al., 2001). However, the
main drawback of chitosan-based delivery systems is their low
transfection efficiency at physiological conditions. The low trans-
fection efficiency of chitosan-based delivery systems is primarily
attributed to the poor water solubility at physiological pH (Chen,
Ding, Qu,&Zhang, 2008) and the inability to release DNA after endo-
somal escape due to strong interaction between chitosan and DNA
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(Lu et al., 2009). Several modifications of chitosan side chains using
hydrophilic (Germershaus, Mao, Sitterberg, Bakowsky, & Kissel,
2008; Park et al., 2000), hydrophobic (Hu et al., 2006; Jayakumar
et al, 2010; Liu et al., 2003; Sajomsang, Ruktanonchai, Gonil,
Mayen, & Opanasopit, 2009), and both hydrophilic-hydrophobic
moieties (Wang, He, Tang, & Yin, 2011) have been reported to
enhance the transfection efficiency of chitosan. Modification with
hydrophilic units improves the water solubility and increases the
plasma circulation time of the polyplexes. Hydrophobic modifica-
tion of chitosan alters polyplex interaction with the cell membrane,
facilitates intracellular DNA dissociation, and improves water sol-
ubility (Kim et al., 2007).

The expression of transferred gene occurs only after the DNA
is transported into the nucleus of a target cell. Therefore, the
vectors for gene delivery must be able to overcome a number
of extracellular and intracellular barriers. These include various
endonucleases present in the extracellular space that can degrade
the plasmid DNA within 30 min (Kawabata, Takakura, & Hashida,
1995). Another major barrier is the inability of the plasmid DNA to
cross the biological membrane due to the repulsion between the
DNA and the negatively charged cell surface. Even after crossing
the cell membrane, the DNA has to escape lysosomal degra-
dation and translocate into the nucleus (Wiethoff & Middaugh,
2003). Hence, the balance between DNA protection and intracel-
lular DNA release significantly influence transfection efficiency of
chitosan-based gene delivery systems by modulating the degree of
interaction between polymeric vectors and their DNA cargo (Chen,
Ho, et al., 2008; Koping-Hoggard et al.,2004). However, there are no
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Fig. 1. Synthetic route for N-acyl chitosan (NAC) polymers.

systematic studies on hydrophobic modification of chitosan to
describe the optimum balance between polyplex stability and
intracellular unpacking of DNA.

In the present report, a series of fatty acids with increasing chain
length (C6-C10) were utilized to synthesize N-acyl chitosan poly-
mers. The influence of fatty acid chain length was investigated by
assessing the water solubility, particle size, zeta potential, pDNA
binding affinity, pDNA release, cellular uptake, in vitro biocompat-
ibility and transfection efficiencies.

2. Experimental
2.1. Materials

Chitosan (Mw~50kDa, 91% deacetylated) and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Capric,
caprylic, and caproic acid were procured from MP Biomedicals
(Solon, OH, USA). 1-Ethyl-3-(3-dimethylaminopropyl) carbodi-
imide hydrochloride (EDC.HCI) was obtained from Creosalus Inc.
(Louisville, KY, USA). DNase-I was purchased from Rockland Inc.
(Gilbertsville, PA, USA). Hoechst 33342 dye was purchased from
Anaspec (Fremont, CA, USA). Plasmid DNA encoding green fluo-
rescence protein (gWiz-GFP) and beta-galactosidase (gWiz-Gal)
were purchased from Aldevron LLC (Fargo, ND, USA). Human
embryonic kidney (HEK 293) cell line, Eagle’s minimal essential
medium (EMEM), and phosphate buffered saline (PBS) were pur-
chased from American Type Culture Collection (ATCC, Rockville,
MD, USA). FUGENE® HD was obtained from Roche Diagnostics
(Indianapolis, IN, USA). Beta-galactosidase enzyme assay kit with
reporter lysis buffer and agarose were supplied by Promega
(Madison, WI, USA). All other reagents were analytical grade and
used without further modification.

2.2. Synthesis and characterization of fatty acid coupled chitosan

NAC polymers were synthesized by coupling the carboxyl group
of fatty acids with amine group of chitosan in the presence of EDC
(Hu et al., 2006) (Fig. 1). Briefly, chitosan (1g) was dissolved in
100 mL distilled water. Fatty acids (the charged fatty acid ratio was
20% of D-glucosamine units in chitosan) and EDC (5 mol/mol of fatty
acid) were dissolved in ethanol. The chitosan solution was heated
to 90 °C and the fatty acid solution containing EDC was added drop
wise to the chitosan solution under vigorous stirring. The reaction
was continued at 90°C for 12 h. After that, the reaction mixture
was dialyzed using SnakeSkin® Pleated Dialysis tubing (MWCO:
3.5kDa, Thermo Scientific, IL, USA) against distilled water for 48 h
with successive exchange of distilled water to remove the water-
soluble by-products. The dialyzed suspension was then dried in a
freeze dryer and washed several times with ethanol to remove the

unreacted fatty acid. Finally, the precipitate was lyophilized to get
the NAC polymers. The overall yield of the reaction was 88, 85 and
83% for decanoic (NAC-10), octanoic (NAC-8), and hexanoic acid
(NAC-6) derivative of chitosan, respectively.

The coupling of fatty acid on chitosan backbone was con-
firmed by proton nuclear magnetic resonance (' HNMR)and Fourier
transform-infrared (FTIR) spectroscopy. For 'H NMR experiments,
chitosan and NAC polymers were dissolved in D,0 with 1% DCl and
D,0, respectively. "H NMR spectra were measured using a Mercury
Varian 400 MHz spectrometer at 25°C. FTIR analyses were made
using a Thermo Nicolet Nexus 470 FT-IR spectrometer equipped
with a N, purged chamber. All samples were ground with KBr pow-
der and compressed to form pellets for the study. The degree of
substitution of the polymers was determined from the elemental
analysis data.

The water solubility of chitosan and NAC polymers was assayed
by the turbidity measurements method as a function of pH (Toh,
Chen, Lo, Huang, & Wang, 2011). Briefly, chitosan or NAC polymers
were dissolved in 0.25% (v/v) acetic acid solution (2 mg/mL). The pH
of the solution was adjusted by the addition of 1 N NaOH solution,
and then transmittance of the solution was measured at 600 nm
using a SpectraMax M5 microplate reader (Molecular Devices, CA,
USA).

The buffer capacity of chitosan and synthesized polymers was
determined by acid-base titration assay (Benns, Mahato, & Kim,
2002). Briefly, 20mg of each sample was dissolved in 20mL of
150 mM NacCl solution. The pH of each solution was adjusted to
10 by the addition of 0.1 N NaOH solutions. The titration was per-
formed by stepwise addition of 20 L of 0.1 N HCl followed by pH
measurements at 25 °C using a pH meter.

2.3. Polyplex formation and characterization

Chitosan and NAC polymers were dissolved into 20 mM sodium
acetate buffer with different concentration at pH 6.5. The poly-
mer/pDNA polyplexes of various N/P ratios (the N/P ratio was
calculated from the number of unreacted free primary amino
groups of polymer and the number of phosphate groups of pDNA)
were prepared by drop wise addition of appropriate volume of
polymeric solution into the pDNA solution (0.2 mg/mL in 20 mM
sodium acetate buffer), while vortexing at high speed for 30s. The
mixture was incubated at room temperature for 30 min to achieve
a stable polyplex. The average hydrodynamic diameter and zeta
potential of the polyplexes were determined by dynamic light scat-
tering method using a Zetasizer Nano ZS 90 (Malvern Instruments,
Malvern, UK) at 25°C. The size and zeta potential of each poly-
plex were measured six times. The morphology of the polyplexes
was observed by DI-3100 AFM instrument (Veeco, MN, USA) using
the tapping mode. For AFM study polyplexes were diluted with
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distilled water and a small drop of the samples was placed onto a
freshly cleaved mica plate, followed by air drying.

Association efficiency of pDNA was determined by centrifug-
ing NAC/pDNA polyplexes at 30,000 x g, at 4°C for 30 min. The
amount of unbound pDNA in the supernatant was measured with
a SpectraMax M5 microplate reader using Hoechst dye 33342. The
excitation and emission wavelengths were fixed at 350 and 450 nm,
respectively. The association efficiency of different polyplexes was
calculated by the following equation.

DNAtotal - DNAfree

x 100%
DNAtotal

association efficiency =

2.4. Agarose gel retardation assay

The pDNA condensing capability of the polyplexes was further
examined by agarose gel retardation assay at different N/P ratios.
Polymer/pDNA polyplexes (containing 1 g of pDNA) at different
N/P ratios were electrophoresed on 0.8% (w/v) agarose gel contain-
ing 0.5 wg/mL ethidium bromide (EB) at 80V for 80 min. The 0.5x
Tris-acetate-EDTA (TAE, Bio-Rad, CA, USA) buffer was used as a run-
ning buffer. DNA bands were visualized and photographed by the
Fluorchem 5500 imager (Alpha Innotech, CA, USA).

2.5. Isothermal titration calorimetry analysis

Isothermal titration calorimetry (ITC) was employed to deter-
mine the binding constant, enthalpy of complex formation and the
stoichiometry of binding of pDNA with chitosan based cationic
polymers. Binding studies were performed using a low volume
nano ITC (TA instruments, USA) with a cell volume of 190 pL at
25°C. Samples were degassed for 10 min prior to use. The sam-
ple cell was filled with the pDNA solution (50 p.g/mL ~0.1515 mM
phosphate or nucleotide units) and the reference cell with buffer
solution only. The polymeric solution (150 pg/mL ~0.7688 mM of
free amino group) was introduced into the thermostated cell by
means of a syringe which also stirred at 250 rpm. Each titration
consisted of 25 subsequent 2 p.L injections each of which were 20 s
in duration and were programmed to occur at 400 s intervals.

2.6. Protection of pDNA against nucleases

The ability of polyplexes to protect pDNA from nuclease degra-
dation was examined by DNase protection assay. Naked pDNA or
NAC/pDNA polyplexes (20 wL equivalent to 2 pg of pDNA) were
incubated with 1 unit of DNase for 30 min at 37°C. The DNase
reaction was stopped by 5 L of 100 mM EDTA solution. Twenty
microliters of heparin (5 mg/mL) was added and incubated for 2 h
at room temperature to dissociate the complex. The integrity of
released pDNA was evaluated by agarose gel electrophoresis as
described under Section 2.4.

2.7. Ethidium bromide exclusion assay

Different amount of chitosan or NAC polymers were complexed
with 2 g (20 pL of 0.1 mg/mL solution) of pDNA to obtain poly-
plexes of desired N/P ratios and incubated at room temperature
for 30 min. The final volume of the polyplexes was adjusted to
1mL with PBS (pH 7.4). Subsequently 0.5 ug ethidium bromide
(10 L of 0.05 mg/mL) was added and staining was completed at
room temperature for 5 min. Fluorescence intensity was measured
with SpectraMax M5 plate reader with the excitation wavelength
at 260 nm and emission wavelength at 600 nm. Results were rep-
resented as relative fluorescence intensity where 0 suggested the

existence of EB only and 100% represented the fluorescence of EB
combined with pDNA.

2.8. Invitro release of pDNA

Avolume of 3 mL of polyplexes (containing 100 j.g of pPDNA) was
dispersed in 30 mL of phosphate buffered saline (PBS, pH 7.4) and
incubated at 37 °Cin a shaking incubator at 100 rpm. After 0, 1, 2, 4,
6,10, 20, 30 and 48 h of incubation, 1 mL of sample was withdrawn
and replaced with an equal volume of fresh buffer. The complex sus-
pension was centrifuged at 30,000 x g, at 4°C for 30 min, and the
amount of free pDNA in the supernatant was quantified by spec-
trofluorimetry using Hoechst dye 33342. The percent of cumulative
release of pDNA was calculated.

2.9. In vitro cytotoxicity

The cytotoxicity of polymers as well as NAC/pDNA polyplexes
was evaluated by MTT assay (Lu et al., 2009). HEK 293 cells
were seeded in a 96-well plate at a density of 5000 per well in
150 nL of EMEM supplemented with 10% of fetal bovine serum
(FBS), and incubated at 37 °C under 5% CO, atmosphere. The cyto-
toxicity of polymers was examined by determining the viability
after 48 h of incubation with various concentrations of polymers
(100-2000 pg/mL). Similarly, the cytotoxicity of polyplexes was
evaluated at various N/P ratios (5, 10, and 20). Non-treated cells
were considered as control and incubated in similar conditions for
same period of time.

oD
——sample 10y

0 control

% cell viability =

2.10. Cellular uptake of polyplexes

To perform the cellular uptake study the pDNA was covalently
labeled with FITC, and was allowed to form polyplexes with chi-
tosan and NAC polymers. HEK 293 cells were seeded at a density of
5 x 104 cells per well in a 48-well plate in EMEM medium contain-
ing 10% FBS and incubated for 24 h to achieve ~60-70% confluency.
Polyplexes containing 1 j.g of pDNA were added to each well and
incubated at 37°C for 4h. The uptake process was terminated
by removing the media containing pDNA/polymer polyplexes and
washed with PBS. The percentages of FITC positive cells were deter-
mined by fluorescence activated cell sorting (FACS) analysis of the
cells using a flowcytometer (Accuri Cytometer Inc., MI, USA).

2.11. Gene transfection efficiency

Transfection assay was performed in HEK 293 cells using two
different plasmids encoding for green fluorescence protein (pGFP)
and B-galactosidase (p-Gal) to evaluate gene transfection effi-
ciency at the cellular and protein level, respectively. Cells were
seeded at a density of 5x 10* cells per well in a 48-well plate
in EMEM medium containing 10% FBS and incubated for 24h to
achieve ~60-70% confluency. The culture medium was replaced
with 300 wLof FBS free or 10% FBS containing EMEM medium before
transfection. Polyplexes containing 1 g of pDNA were added to
each well and incubated at 37 °C. After 6 h of incubation transfect-
ing medium was replaced with 300 p.L of complete growth medium
and further incubated for 48 h. Non-treated cells and cells trans-
fected with naked pDNA were used as negative control and passive
control, respectively. Transfection using FUGENE® HD was used as
positive control and was carried out according to the manufac-
turer’s protocol with FBS free or 10% FBS containing medium. The
percentages of GFP positive cells were determined by FACS analysis
of the transfected cells using a flowcytometer. The images of GFP
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Fig. 2. "H NMR spectra of chitosan and NAC polymers in D,0 at 25°C.

transfected cells were taken with a FV300 confocal laser scanning
microscope (Olympus, NY, USA). All transfection experiments were
performed as replicates of four.

For the [(3-galactosidase expression, cells were washed twice
with PBS (pH 7.4), and lysed using reporter lysis buffer. The -
galactosidase activity was quantified using 3-galactosidase assay
reagent. The total protein content of the cell lysate was analyzed
using a BCA assay kit. The (3-galactosidase activity was expressed
as milliunit of (3-galactosidase/mg of the total protein.

2.12. Statistical analysis

Data are expressed as means + standard deviation (S.D.). Statis-
tical analyses were performed using two tailed Student’s t-test and
analysis of variance (ANOVA).

3. Results and discussion
3.1. Synthesis and characterization of fatty acid coupled chitosan

The chitosan of 50 kDa molecular weight was chosen based on
our preliminary studies with a series of chitosan with different
molecular weight ranging from 5 to 100kDa (maximum trans-
fection was observed with 50kDa chitosan, data is not shown).
The coupling between chitosan and fatty acid was performed by
EDC mediated reaction. The excess EDC and water soluble by-
products were removed by dialysis with water, and the remaining
fatty acid was removed by ethanol washing. The coupling of fatty
acid on chitosan backbone was confirmed by 'H NMR and FTIR
spectroscopy. The 'H NMR spectra of chitosan and NAC polymers
are depicted in Fig. 2. For chitosan, peak at 1.9 ppm revealed the
three N-acetyl protons of N-acetyl glucosamine and peak at 3 ppm
showed the H, proton of N-acetyl glucosamine or glucosamine
residue. The ring protons (H-3, 4, 5, 6, 6’) of chitosan are con-
sidered to resonate at 3.4-3.8 ppm. The new proton peaks at 0.8
and 1.25 ppm were assigned to —CH3 and —CH, of the fatty acyl
residue, respectively. FTIR spectra were also employed to confirm
the coupling of fatty acid on chitosan by observing amide bond for-
mation (Figure S1). The very weak peak at 1655 cm~! for chitosan
represented the carbonyl stretching of secondary amide (amide I
band). The peak at 1570 cm~! was ascribed to the N—H bending
vibration of nonacylated a-aminoglucose primary amines (Tien,
Lacroix, Szabo, & Mateescu, 2003). After N-acyl formation, the peak
at 1570cm~! almost disappeared, while very prominent peaks at

—8—-NaCl (150mM)

——Chitosan
—e—NAC-6
g 4 ——NAC-8
——NAC-10
()]
2 6 1
g
T
Q.
4 4
2 o
0

0 200 400 600 800 1000 1200 1400
Total volume of 0.1N HCI (pL)

Fig. 3. Buffer capacity of chitosan and different NAC polymers.

1655 and 1555 cm~! were observed. The peak at 1555 cm~! can be
assigned to the N—H bending vibrations of the amide Il band (Tien
et al., 2003). The absorption peaks at 2850-2950 cm~! were due to
the —CH, groups, and their intensity was proportional to the acyl
chain length. Hence, the FTIR results confirmed the successful syn-
thesis of NAC polymers. The degree of fatty acid substitution was
~10% for all the three polymers.

The water solubility of chitosan and NAC polymers was stud-
ied by measuring the transmittance at 600 nm. The cloud point pH
of the polymers has been defined by Mao et al. (2004) as the pH
at which the transmittance T was higher than 98% at 600 nm. The
cloud point pH values of chitosan, NAC-6, NAC-8, and NAC-10 were
6.5,7.54,7.52, and 7.54, respectively. Thus, all of the NAC polymers
exhibited improved water solubility at neutral pH when compared
to the parent chitosan. The improved water solubility of NAC poly-
mers is due to the disruption of H-bonded complex crystal structure
of parent chitosan by coupling the short chain hydrophobic moiety
to the chitosan backbone (Pillai, Paul, & Sharma, 2009).

The buffer capacity of NAC polymers was determined by
acid-base titration assay as described by Lu et al. (2009). Accord-
ing to the proton sponge mechanism, polymers having a buffering
capacity between pH 5 and 7 are hypothesized to mediate facil-
itated endo-lysosomal escape of their cargo due to rupture of the
endocytic vesicle caused by an increased osmotic pressure (Godbey,
Wu, & Mikos, 1999). As shown in Fig. 3, NAC polymers exhibited
very good buffer capacity in the range of pH 5-7.

3.2. Characterization of polymer/pDNA polyplexes

The polymer/pDNA poyplexes were prepared in 20 mM sodium
acetate buffer at pH 6.5. Due to the positive charge, these polymers
effectively condensed pDNA through electrostatic interaction to
form nano-scale polyplexes. The average hydrodynamic diameter
and zeta potential of polyplexes at different N/P ratios are sum-
marized in Table 1. The average size of the polyplexes was in the
range of 220.1-342.1 nm with a polydispersity index of 0.11-0.22.
The polyplexes diameters were found to decrease with an increase
in N/P ratio from 5 to 20, which was due to better condensation
of pDNA by the protonated amine groups of the polymers. The
polyplexes maintained a net positive charge at pH 6.5 between N/P
ratios of 5-20. The zeta potential of the polyplexes was directly
proportional to their N/P ratio. The surface morphology of the
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Table 1

Sizes, zeta potentials, and association efficiency of NAC/pDNA polyplexes at pH 6.5. Indicated values were mean=+S.D. (n=6).

407

Polyplexes N:P ratio Particle size (nm) PDI? Zeta potential (mV) Association efficiency (%)P
5 3089 + 7.7 0.21 £+ 0.02 143 + 0.6
NAC-6/pDNA 10 248.4 + 10.6 0.13 + 0.03 18.2 £ 0.7 96.5 + 2.5
20 220.1 £ 1.6 0.11 £ 0.04 203 £ 0.8
5 339.7 £ 5.0 0.22 + 0.02 148 £ 0.7
NAC-8/pDNA 10 268.1 + 7.4 0.13 £ 0.01 164 £ 0.9 97.8 £ 35
20 2449 + 4.4 0.12 £+ 0.02 204 £ 05
5 342.1 £ 135 0.22 + 0.05 133+ 0.6
NAC-10/pDNA 10 2711 £ 5.0 0.13 £ 0.03 158 £ 04 96.2 £+ 3.1
20 246.4 + 5.6 0.11 £ 0.01 199 £ 09

2 Particle dispersity index.
b Association efficiency measured at N/P ratio of 20.

polyplexes was visualized by AFM and the polyplexes observed
were nearly spherical in shape (Figure S2). The association
efficiency of the polyplexes was ~97% at N/P ratio of 20 (Table 1).

3.3. Agarose gel retardation assay

Neutralization of negative charges on the phosphate backbone
of pDNA by the positively charged polymeric nano-complexes
resulted in the retardation of mobility of pDNA under the influ-
ence of an electric field. Fig. 4A shows pDNA binding capacity of
polyplexes at different N/P ratios. The movement of naked pDNA
towards the anode was observed in Lane a. We observed only a
slight retardation of mobility of pDNA at N/P ratio of 0.5 and 1
(Lanes b and c). However, the complete retardation of the pDNA
was observed at N/P ratio of >5, indicating the tight complexation
between polymeric nano-complexes and pDNA.

3.4. ITC

ITC was used to investigate the pDNA binding capacity of chi-
tosan and NAC polymers. The heat change (AQ) per injection was
represented as a function of the corresponding N/P ratio (Figure S3).
The heat of dilution from titrations of polymer solution into buffer
only was subtracted to get net binding heat changes. The isotherms
were fitted to an independent model using Nanoanalyze soft-

ware. The thermodynamic parameters such as the pDNA binding
constant, enthalpy of complex formation and the stoichiome-
try of binding of pDNA with chitosan based cationic polymers
are presented in Table S1. The binding affinity of NAC polymers
((21.15-22.90) x 10° M~1) was significantly lower than the chi-
tosan (28.79 x 10° M~1), but it did not change significantly among
the different NAC polymers with similar degrees of substitution
suggesting that the fatty acid chain length had no effect on binding
affinity of the polymers.

3.5. Protection of pDNA against nucleases

The integrity of pDNA is essential for efficient gene delivery in
vitro as well as in vivo, and therefore the gene delivery system
should effectively protect condensed pDNA from nuclease degrada-
tion (Katayose & Kataoka, 1998). The protective effect of polyplexes
against nuclease degradation was evaluated using DNase-I as a
model enzyme (Fig. 4B). It turned out that the naked DNA was com-
pletely digested as indicated by the absence of band for DNA. All
three NAC polymers exhibited distinct protective activity against
DNase-I at all N/P ratios tested. These results clearly indicated that
NAC polymers can be used as efficient vector for transporting pDNA
into the cytoplasm of cell without degradation.

A NAC-6/pDNA NAC-8/pDNA NAC-10/pDNA
Naked Naked Naked
DNA 0.5 10 15 20 DNAOS5 1 10 15 20 DNAOQS5 1 10 15 20

NAC-6/pDNA NAC-8/pDNA NAC-10/pDNA
NakedDNA 5 10 15 20 NakedDNA 5 10 15 20 NakedDNA 5 10 15 20
-DNase _ +DNase = -DNase +DNase -DNase +DNase

Fig. 4. (A) Agarose gel retardation assay to test pDNA binding capacity of NAC/pDNA polyplexes at different N/P ratios. (B) DNase-I protection assay to evaluate the pDNA
protective effect of NAC/pDNA polyplexes against nuclease degradation at different N/P ratios.
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Fig. 5. Cumulative pDNA release profiles of NAC-6/pDNA, NAC-8/pDNA, and NAC-
10/pDNA polyplexes at N/P ratio of 20 and chitosan/pDNA polyplexes at N/P ratio of
5 after exposing to PBS (pH 7.4) at 37 °C. Indicated values were mean+S.D. (n=4).

3.6. Ethidium bromide exclusion assay

The binding affinity between NAC polymers and pDNA was
evaluated by EB exclusion in PBS (pH 7.4) to correlate the pH
environments in the cytoplasm and nuclei (Wang et al., 2011).
It was found that the EB fluorescence intensity decreased with
higher N/P ratio (Figure S4). At N/P ratio 20, fluorescence quench-
ing percentages of chitosan/pDNA, NAC-6/pDNA, NAC-8/pDNA and
NAC-10/pDNA polyplexes were 90.3%, 80.2%, 79.3% and 78.6%,
respectively.

3.7. Invitro release of pDNA

Fig. 5 revealed the in vitro release profile of pDNA from the poly-
plexes prepared at N/P ratio of 20 for NAC polymers and at N/P ratio
of 5 for chitosan. These N/P ratios were selected based on their
transfection efficiency. For chitosan maximum transfection effi-
ciency was achieved at N/P ratio of 5 while NAC polymers showed
maximum transfection at N/P ratio of 20 (data not shown). The
release of pDNA was slow over the period of 48 h. The cumulative
release of pDNA prepared with chitosan was less than 10% at 48 h.
However, there was a relatively rapid release of pDNA prepared
with NAC with the cumulative release of ~20%, but no significant
differences (p > 0.05) existed among the three different polyplexes.
Fatty acid substitutions of chitosan facilitate the pDNA dissociation
due the substitution of a fraction of free amino groups as well as
hydrophobicity-induced weakening of the electrostatic interaction
between the polymer and pDNA (Wang et al., 2011).

3.8. Cell viability

One important criterion of gene delivery vectors is low cyto-
toxicity. It has been reported that cationic agents may cause severe
cytotoxicity due to interactions with cell membrane and other neg-
atively charged cellular components or proteins (Choksakulnimitr,
Masuda, Tokuda, Takakura, & Hashida, 1995; Fischer, Li, Ahlemeyer,
Krieglstein, & Kissel, 2003). It has been established that chitosan
and its derivatives are less cytotoxic than other cationic polymers
such as poly-lysine and polyethyleneimine. Nevertheless, their tox-
icity depends on the type of chitosan derivative as well as the type of
cells studied (Fischer et al., 2003; Thanou, Florea, Geldof, Junginger,
& Borchard, 2002). In this study we used MTT assay to evaluate
the toxicity of different polymers and polymer/pDNA polyplexes in
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Fig. 6. In vitro cytotoxicity of (A) NAC polymers and (B) NAC/pDNA polyplexes in
HEK 293 cells. Data were expressed as mean £ S.D. (n=4).

HEK 293 cells. As depicted in Fig. 6A, NAC polymers did not exhibit
significant (p > 0.05) change in cell viability at the tested concen-
trations. Similarly, polyplexes at different N/P ratios did not alter
the cell viability (Fig. 6B) in comparison to the control (taken as
100% viability). Therefore, MTT assay results confirmed an excel-
lent in vitro biocompatibility of the polymers as well as polyplexes,
which is critical for the development of successful non-viral gene
delivery systems.

3.9. Cellular uptake study

For chitosan/pDNA polyplexes only 15% of cells were FITC-
positive while cellular uptake of different NAC/pDNA polyplexes
was elevated by 5-7-fold. Since NAC polymers consist of both
cationic amino groups and hydrophobic fatty acyl moieties, both
charge attraction and hydrophobic interactions play an impor-
tant role in the cellular uptake process by endocytosis (Piest &
Engbersen, 2010). NAC-6 polyplex exhibited highest degree of cel-
lular uptake with 90% cells was FITC-positive. The cellular uptake of
NAC/pDNA polyplex was increased as the chain length of fatty acid
substituent decreased. The uptake percentages of NAC-8/pDNA and
NAC-10/pDNA polyplexes were 72% and 70%, respectively.

3.10. In vitro transfection

The transfection efficiency of polyplexes was studied in HEK 293
cells in the absence and presence of 10% FBS. To determine the
transfection efficiency at cellular level, we performed FACS analy-
sis of GFP transfected cells. The NAC-6/pGFP polyplexes exhibited
about 10-fold (81.5% GFP positive cells in absence of FBS and 80.5%
GFP positive cells in the presence of 10% FBS) higher transfection
efficiency in comparison to chitosan/pGFP polyplexes (Fig. 7A). The
results of the quantitative assessments were well accorded with
the confocal microscope observation as depicted in Fig. 7B.

The transfection efficiency at protein level was evaluated
by quantifying [3-galactosidase activity. The amount of [3-
galactosidase activity was expressed in terms of milliunit of
[3-galactosidase/mg of the total protein. As shown in Fig. 7C, NAC
polymers induced a 15-25-fold elevation in the transfection effi-
ciency as compared to chitosan in the absence and presence of
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10% FBS. The transfection efficiency of the polymer increased with
decreasing chain length of fatty acids and NAC-6/pp-Gal poly-
plex showed maximum transfection. The NAC-6/p[3-Gal polyplex
induced a significantly (p <0.001) higher transfection in compari-
son to NAC-8/pp-Gal and NAC-10/pf3-Gal polyplexes.

In order to compare the transfection efficiency of the polymers
with other non-viral gene vectors, FuGENE® HD was used as a
positive control. NAC-6 polyplexes showed significantly (p <0.001)
higher transfection efficiency as compared to FuGENE® HD, in the
absence and presence of 10%FBS. The increased transfection effi-
ciency of NAC polymers when compared to chitosan might be
explained through the collective effect of improved water solu-
bility at neutral pH, increased uptake of the polyplexes through
endocytosis, and increased release profile of pDNA from polymers.
The superior transfection efficiency of NAC-6 polyplexes over other
polyplexes might be attributed to the smaller size of the polyplexes
and proper balance between hydrophilic-hydrophobic moieties in
this polymer, thereby improving the cellular uptake of these poly-
plexes.

4. Conclusions

A series of N-acyl chitosan polymers were synthesized to obtain
an optimum chain length of fatty acid for gene delivery applica-
tion. The NAC/pDNA polyplexes exhibited suitable physicochemical
properties, particle size, zeta potential, and morphology for nucleic
acid delivery. The NAC polymers exhibited excellent pDNA binding
ability and efficiently protected the pDNA from DNase-I degra-
dation. Polyplexes prepared with NAC polymers exerted a rapid
in vitro release of condensed pDNA compared to chitosan poly-
plex. The polymers as well as polymer/pDNA polyplexes did not
significantly (p > 0.05) alter the cell viability, demonstrating a pre-
requisite characteristic for any successful gene delivery vector. It

was found that cell uptake and transfection efficiency of chitosan
was increased by several fold after modification with short chain
fatty acyl moiety and increased with a decrease of acyl chain length
of NAC. Among the different polymeric vectors, NAC-6/pDNA poly-
plexes demonstrated significantly higher (p<0.001) transfection
efficiency in comparison to standard commercial non-viral trans-
fecting agent FuGENE® HD. Our results suggest that these novel
NAC polymers hold a promising future in the area of gene delivery
and can be used for both in vitro and in vivo applications.
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