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Abstract

Chitosan is a biodegradable natural polysaccharide that has shown potential for gene delivery, although the ideal molecular weight

(MW) and degree of deacetylation (DDA) for this application have not been elucidated. To examine the influence of these parameters on

gene transfer, we produced chitosans with different DDAs (98%, 92%, 80% and 72%) and depolymerized them with nitrous acid to

obtain different MWs (150, 80, 40 and 10 kDa). We produced 64 formulations of chitosan/pDNA complexes (16 chitosans, 2 amine-to-

phosphate (N:P) ratios of 5:1 and 10:1 and 2 transfection media pH of 6.5 and 7.1), characterized them for size and surface charge, and

tested them for gene transfection in HEK 293 cells in vitro. Several formulations produced high levels of transgene expression while two

conditions, 92–10–5 and 80–10–10 [DDA–MW–N:P ratio] at pH 6.5, showed equivalence to our best positive control. The results also

revealed an important coupling between DDA and MW of chitosan in determining transgene expression. Maximum expression was

obtained with a certain combination of DDA and MW that depended on N:P ratio and the pH, but similar expression levels could be

achieved by simultaneously lowering MW and increasing DDA or lowering DDA and increasing MW, suggesting a predominant role of

particle stability, through co-operative electrostatic binding, in determining transfection efficiency.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Chitosan molecular weight (MW) as well as the amount
of amine groups (degree of deacetylation or DDA) on the
chain have a major influence on its biological and
physicochemical properties [1–3]. For example, the amount
and distribution of acetyl groups affects biodegradability
since the absence of acetyl groups or their homogeneous
distribution (random rather than block) results in very low
rates of enzymatic degradation [4].

As a non-viral vector for gene delivery, chitosan offers
certain advantages compared to viral vectors that can
produce endogenous recombination, oncogenic effects and
immunological reactions leading to potentially serious com-
plications [5,6]. In addition to chitosan being biocompatible
e front matter r 2006 Elsevier Ltd. All rights reserved.
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and biodegradable, chitosan/pDNA complexes can be easily
prepared at low cost, and can be used without restricting
plasmid size to provide effective protection against DNases
[7–9], in addition to amenability to lyophilization [10]. The
main drawback currently with non-viral systems is their
typically low transfection efficiency.
To improve transfection efficiency, recent studies have

examined the use of low molecular weight chitosans [11–21]
and oligomers [22–24] in gene delivery vectors. It appears
that a fine balance must be achieved between extracellular
DNA protection (better with high MW) versus efficient
intracellular unpackaging (better with low MW) in order to
obtain high levels of transfection [23]. Since commercially
available bulk chitosans are typically high molecular
weight, methods to depolymerize chitosan have been
developed using ultrasound [25,26], heat [27,28], enzymatic
hydrolysis [29] and chemical hydrolysis [30–35]. Depoly-
merization of chitosan using nitrous acid is becoming a
favored technique since it is economical, rapid and can be
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controlled to produce chitosan of a pre-selected size [33].
Although there are a number of reports relating the effect
of chitosan MW on transfection efficiency at certain
DDAs, none to date have performed a systematic study
of the combined effect of MWs in the low to intermediate
range (10–150 kDa) and DDAs in the range 70–100%, the
two most important physicochemical parameters of chit-
osan that govern the characteristics and transfection
efficiency of these polyelectrolyte complexes.

Here, we investigate the influence of both MW, in the
low to intermediate range, and DDA of chitosan on
transfection efficiency, simultaneously. We hypothesized
that (1) an optimum MW for transfection efficiency would
occur in this 10–150 kDa range, reflecting a balance
between packaging stability and intracellular disassembly
of complexes and that (2) lower DDAs would allow greater
transfection due to greater degradability and release of
pDNA. In preliminary experiments, parameters defining
the preparation of nanoparticles (mixing method, incuba-
tion time) and in vitro transfection (pH of the transfection
media, amine to phosphate ratio (N/P), amount of pDNA)
were optimized. Chitosan/pDNA complexes were then
prepared using chitosans with four different DDAs (98%,
92%, 80% and 72%), each depolymerized to four different
MWs in the low range (150, 80, 40 and 10 kDa) and were
characterized for size and surface charge. Transfection
efficiency of these nanoparticles was then assessed on HEK
293 cells in vitro, using a plasmid containing a fusion of an
enhanced green fluorescent protein (EGFP) and a lucifer-
ase reporter gene, the former detected with flow cytometry
and the latter with luminometry. Obtained transfection
efficiencies were compared with phospholipid-based com-
mercial systems (LipofectamineTM, FuGENE 6).

2. Materials and methods

2.1. Materials

Deuterium oxide (Cat #15,188-2), deuterium chloride 20% (w/v) in

deuterium oxide (Cat #17,672-9), sodium nitrite (Cat #431605), hydro-

chloric acid (Cat #31,894-9) and glacial acetic acid (Cat #33,882-6) were

from Aldrich. Sodium azide (Cat #S2002), N-(2-ydroxyethyl)piperazine-

N0-(2-ethanesulfonic acid) (HEPES, Cat #H-4034), 2-(N-Morpholi-

no)ethanesulfonic acid (MES, Cat #M-2933 ) and 1N sterile filtered

hydrochloric acid (HCl, Cat #H9892) were from Sigma. Anhydrous

sodium acetate, Omnipur (Cat #EM7510) was from VWR. Sodium

hydroxide (Cat #S320-1) was from Fisher. HEK 293 cells were from

ATCC (ATCC #CRL 1573). Dulbecco’s Modified Eagle Medium high
Table 1

Physicochemical characteristics of bulk chitosans

Chitosans Degree of deacetylation, DDA (%)a Number-av

BST-98 98 120

BST-92 92 200

BST-80 80 320

BST-72 72 220

aDetermined by 1H NMR.
bDetermined by gel permeation chromatography.
glucose (DMEM HG, Cat #12100-046), Fetal Bovine Serum (FBS, Cat

#26140-079), LipofectamineTM (Cat #18324-111), Trypsin-EDTA (Cat

#25200-056) and Competent DH5a cells (Cat #182630-12) were from

LifeTechnologies. FuGENE 6 Transfection Reagent (Cat #1815091) was

from Roche Diagnostics. Bright-GloTM Luciferase Assay System (Cat

#E2620) and Glo Lysis Buffer (Cat #E2661) were from Promega. BCATM

Protein Assay Kit (Cat #23227) and Compat-AbleTM Preparation

Reagent Set (Cat #23215) were from Pierce Biotechnology. The plasmid

EGFPLuc was from Clontech Laboratories (Cat #6169-1). The EndoFree

Plasmid Mega Kit (Cat #12381) was from Qiagen.

2.2. Bulk chitosans

Ultrapure chitosan samples (UltrasanTM) were provided by Biosyntech

Inc. (Laval Qc., Canada) where quality controlled manufacturing

processes eliminate contaminants including proteins, bacterial endotoxins,

toxic metals, inorganics and other impurities. All chitosans had less than

500EU/g of bacterial endotoxins. Chitosans were selected to have a range

of degree of deacetylation from 98% to 72% and these bulk batches were

named accordingly (Table 1). These chitosans were produced by

heterogeneous deacetylation resulting in a block rather than random

distribution of acetyl groups.

2.3. Preparation of depolymerized chitosans

Chitosans of different DDA were depolymerized using nitrous acid to

achieve specific number-average molecular weight targets (Mn) of 150, 80,

40 and 10 kDa, except for BST-98 which already had a starting Mn of

120 kDa, that therefore replaced the 150 kDa chitosan for 98% DDA. For

depolymerization, chitosans were dissolved overnight at 0.5% (w/v) in

50mM hydrochloric acid under magnetic stirring and then treated for 16 h

at room temperature with specific amounts of sodium nitrite in the range

of 0.001–0.1mole/mole of chitosan glucosamine. The reaction was stopped

by precipitation using 6 N sodium hydroxide to bring the pH above 10.

Chitosans were then washed by repeated centrifugation (4000g for 2min)

and resuspended in deionized water, until the supernatant reached neutral

pH. The samples were freeze-dried prior to characterization and used in

the production of nanoparticles.

2.4. Characterization of depolymerized chitosans

Number- and weight-average molecular weights (Mn and Mw) of

chitosans were determined by gel permeation chromatography (GPC)

using a Hewlett Packard Series 1100 chromatographic system equipped

with a refractive index detector (Agilent Technologies Inc., Mississauga,

Ont., Canada) combined with a Viscotek T60A dual detector (Viscotek,

Houston, TX, USA) containing light scattering and viscometer detectors.

Dry chitosan powder was dissolved in duplicate for 24 h on a rotary mixer

(Labquakes, Barnstead International Inc., Dubuque, IA, USA) at 1mg/

ml in the mobile phase consisting of acetic acid 0.3M, sodium acetate 0.2M

and sodium azide 0.8mM, pH ¼ 4.5. The solutions were filtered prior to

injection using a 0.45mm nylon membrane syringe filter (Life Science,

Petersborough, Ont., Canada). The samples were then run on an

analytical SEC polymer-based linear (mixed-bed) column (TSK-Gel
erage molecular weight, Mn (kDa)b Polydispersity, Pd (Mw/Mn)

1.5

1.4

1.5

1.5
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GMPWXL, Viscotek) at a flow-rate of 0.8ml/min and a column

temperature of 25 1C. The system was calibrated with a narrow standard,

PolyCALTM Polyethylene Oxide-PEO26K (Viscotek) and subsequently

validated with a broad standard PEOX500K (Mn 180.6 kDa, Mw

475.5 kDa; American Polymer Standards, Mentor, OH, USA). Integration

boundaries were set using TriSEC GPC software (Viscotek) by manual

inspection of the elution profile and were always set by the same analyst.

Degree of deacetylation was determined by 1H NMR according to

Lavertu et al. [36]. Briefly, chitosan solutions were prepared by stirring, at

room temperature, 10mg of chitosan in 1.96ml of D2O containing 0.04ml

of DCl for 30min to ensure complete dissolution of the polymer. After

dissolution, approximately 1ml of the chitosan solution was transferred to

a 5mm NMR tube. The sample tube was inserted in the magnet and

allowed to reach thermal equilibrium at 70 1C (10min) before performing

the experiment. 1H NMR spectra were acquired on a Varian Mercury

400MHz spectrometer as described previously [36]. As measured by

Lavertu et al. this technique gives an excellent precision on DDA

measurements with a coefficient of variation less than 0.8%.

2.5. Plasmid DNA

The plasmid EGFPLuc of 6.4 kb (Clontech Laboratories) encodes for a

fusion of EGFP and luciferase from the firefly Photinus pyralis, driven by a

Human cytomegalovirus (CMV) promoter. This plasmid was amplified in

DH5a bacteria and purified using the EndoFree Plasmid Mega Kit

(Qiagen). The purified pDNA was dissolved in endotoxin-free tris-EDTA

(TE) and concentration/purity determined by UV spectrophotometry by

measuring absorbance at 260/280nm.

2.6. Preparation of chitosan/pDNA nanoparticles

Depolymerized chitosans were dissolved overnight on a rotary mixer at

0.5% (w/v) in hydrochloric acid using a glucosamine:HCl ratio of 1:1.

Chitosan solutions were then diluted with deionized water to reach the

desired amine (deacetylated groups) to phosphate ratio when 100ml of
chitosan would be mixed with 100ml of pDNA, the latter always at a

concentration of 330mg/ml in endotoxin-free TE. Prior to mixing with

pDNA, the diluted chitosan solutions were sterile filtered with a 0.2 mm
syringe filter and ninhydrin assays indicated that chitosan was not trapped

in the filter [37]. Chitosan/pDNA nanoparticles were then prepared by

adding 100ml of the sterile diluted chitosan solution to 100ml of pDNA

(330mg/ml) at room temperature, pipetting up and down and tapping the

tubes gently. Chitosan/pDNA nanoparticles were then used for transfec-

tion 30min after preparation.

2.7. In vitro transfection

HEK 293 cells were cultured in DMEM HG with 1.85 g/l of sodium

bicarbonate and supplemented with 10% FBS at 37 1C and at 5% CO2.

Cells were subcultured according to ATCC recommendations without any

antibiotics. The absence of mycoplasma was verified by fluorescence

detection according to Hay [38]. For transfection, HEK 293 cells were

plated in 24-well culture plates using 500ml/well of complete medium and

50,000 cells/well, incubated at 37 1C, 5% CO2. The cells were transfected

the next day at �50% confluency.

2.7.1. Transfection with chitosan/pDNA nanoparticle complexes

Complete transfection media were equilibrated overnight at 37 1C and

5% CO2 and pH adjustment was performed with 1 N sterile HCl just

before transfection. In order to increase pH stability of transfection media,

HEPES (for pH 7.1 and 7.4) and MES (for pH 6.5) were added to DMEM

HG and sodium bicarbonate concentration was decreased accordingly.

Chitosan/pDNA complexes were prepared, as described above, 30min

before being incubated with cells. Medium over cells was then aspirated

and replenished with 500ml transfection medium containing chitosan/

pDNA complexes at a concentration of 2.5 ug pDNA/well, unless
otherwise noted. Cells were incubated with chitosan/pDNA complexes

until analysis at 48 h post-transfection. Cells were then observed under a

fluorescence microscope (Zeiss Axiovert) to monitor any morphological

changes and to obtain an estimate of the transfection efficiency.

Transfection efficiencies and transgene expression levels were quantita-

tively assessed by flow cytometry and luciferase assay, respectively.

FuGENE 6 and LipofectamineTM were used as positive controls and

uncomplexed naked pDNA was used as a negative control. All

experiments were done in duplicates, with a minimum of three separate

experiments to demonstrate reproducibility.

2.7.2. Transfection with FuGENE 6

FuGENE 6/pDNA complexes were prepared with a 1:3 ratio of

pDNA(mg):FuGENE 6(ml), according to manufacturer specifications and

were used as a positive control. The transfection medium was identical to

that of chitosan. Cells were incubated for 48 h with FuGENE 6/pDNA

complexes (2.5mg pDNA/well) until analysis.

2.7.3. Transfection with LipofectamineTM

LipofectamineTM/pDNA complexes were prepared with a 1:2 ratio of

pDNA(mg):LipofectamineTM(ml) according to manufacturer specifications

and were used as a positive control. Due to toxicity observed with longer

incubations, cells were only incubated for four hours with Lipofectami-

neTM/pDNA complexes (2.5mg pDNA/well), in serum-free medium and

then replenished with complete media.

2.8. EGFP/flow cytometric determination of transfection efficiency

Cells exposed to transfection agents were trypsinized (trypsin 0.25%-

EDTA) and once detached, complete medium was added to inhibit

trypsin. Cell suspensions were then transferred to 5ml flow cytometry

tubes and GFP expression in the transfected cells determined using a

MoFlo cytometer (MoFlo BTS, DakoCytomation, Carpinteria, CA,

USA) equipped with a 488 nm argon laser for excitation (model

ENTCII-621, Coherent, Santa Clara, CA, USA). For each sample,

5000–10,000 events were collected and fluorescence was detected through

510/20nm (FL1) and 580/30nm (FL2) band pass filters with photo-

multiplier tube voltages of 475 and 500, respectively. In addition, forward

scatter (FSC) and side scatter (SSC) was used to establish a collection gate

to exclude dead cells and debris. Signals were amplified in logarithmic

mode for fluorescence and Summit software (v. 3.1, DakoCytomation)

was used to determine the GFP positive events by a standard gating

technique. The control sample (cells only) was displayed on a dot plot

(FL1 versus FL2) and the gate drawn such that control cells were

excluded. The percentage of positive events was calculated as the events

within the gate divided by the total number of events, excluding dead cells

and debris.

2.9. Luciferase determination of transfection efficiency

In the culture wells used to assess luciferase activity, culture medium

was replaced with 100ml of Glo Lysis Buffer (Promega, Madison, WI,

USA) until complete lysis. Aliquots of 50 ml were transferred to 96-well

white luminometer plates where an equal amount of Bright-GloTM

substrate (Promega) was added just prior to measurement on a Fusion

luminometer (PerkinElmer, Wellesley, MA, USA). An aliquot of 25ml was
treated with Compat-AbleTM Preparation Reagent Set (Pierce Biotech-

nology, Rockford, IL, USA) to remove interfering substances from the

Glo Lysis Buffer prior to determining the protein content using BCATM

Protein Assay kit (Pierce Biotechnology). The relative light units (RLU)

were normalized to the protein content of each sample.

2.10. Nanoparticle size and surface charge analysis

Size of chitosan/pDNA complexes was determined by dynamic light

scattering at an angle of 1731 at 25 1C, using a Malvern Zetasizer Nano ZS
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(Malvern, Worcestershire, UK). Samples were measured in triplicates

using the refractive index and viscosity of pure water in calculations. The

zeta potential (surface charge) was measured in duplicates with laser

Doppler velocimetry at 25 1C on the same instrument, and with the

viscosity and dielectric constant of pure water for calculations. For both of

the above measurements, nanoparticles were diluted 1:25 in PBS contain-

ing calcium and magnesium at pH of 6.5 and 7.1 and complexes were

allowed to stabilize 30min in the pH-adjusted PBS before reading.

3. Results and discussion

3.1. Depolymerization of chitosan

By varying the amount of nitrous acid added to the
different chitosans in solution (DDA ranging from 98% to
72%), we obtained chitosans with Mn close to our targets
of 150, 80, 40 and 10 kDa (Table 2). According to the
literature, depolymerization using nitrous acid does not
change the degree of deacetylation since nitrous acid
attacks the amine groups, but not the N-acetyl moieties,
and subsequently cleaves the b-glycosidic linkages, with no
side reactions [33].

3.2. Determination of transfection conditions

The mixing technique of chitosan and pDNA used to
prepare nanoparticles, and the incubation conditions for
transfection were first optimized using EGFP/flow-cyto-
metric analysis of transfected cells (results not shown). The
best mixing technique was found to be adding chitosan
over pDNA, pipetting up and down a few times and
tapping the tube gently, compared to mixing under more
Table 2

Physicochemical characteristics of depolymerized chitosans

Chitosans DDA (%)a Number-average

molecular weight Mn

(kDa)b

Polydispersity, Pd

(Mw/Mn)

BST-98, 98% 120c 1.5

79 1.6

39 1.6

11 1.6

BST-92, 92% 151 1.4

80 1.5

38 1.6

8 1.8

BST-80, 80% 153 1.6

93 2.0

38 2.6

11 3.6

BST-72, 72% 185 2.3

86 3.5

39 4.0

12 7.0

aDetermined by 1H NMR.
bDetermined by gel permeation chromatography.
cNot depolymerized, since this bulk chitosan has a Mn of 120 kDa.
vigorous vortex agitation. As for pre-transfection incuba-
tion conditions, there was no observed difference with
incubation times in the range of 30–120min, and incuba-
tion without agitation was found to give better transfection
than incubation under vigorous agitation (results not
shown).
Prior to the analysis of the entire set of nanoparticles

formulations using depolymerized chitosans, transfection
parameters were optimized using only two chitosans
selected in a pre-screening analysis (BST-80, 40 kDa and
BST-72, 80 kDa). The N:P ratio of 2:1 with a transfection
medium pH of 7.1 and 2.5 mg pDNA/well produced no
transfected cells detectable by flow cytometry, while
maximum transfection was found at 7:1 and 10:1 N:P
ratios with a subsequent decrease at 15:1 (Fig. 1a). These
results are consistent with those in the literature where
excess chitosan is mixed with pDNA and the optimal N:P
ratio can vary with DDA and MW [39].
Different pH of transfection media were tested, in the

range of 6.5–7.4, remaining close to physiological values,
even though some studies have reported transfection below
pH 6.5 [11,23,40]. Comparable numbers of transfected cells
were found for pH of 6.5 and 7.1, while a pH of 7.4
drastically lowered transfection for these chitosans used in
our optimization experiments (Fig. 1b).
A dose-dependant increase in number of cells transfected

was seen with the amount of pDNA/well, up to 2.5 mg/well
(Fig. 1c), where the transfection efficiency reached a
plateau. Based on these results we selected N:P ratios of
5:1 and 10:1, pH values of the transfection media of 6.5 and
7.1 as well as a dose of 2.5 mg of pDNA/well for further
analysis of transfection using the library of depolymerized
chitosans.

3.3. Complex size

For most of the formulations tested, the size of the
resulting complexes was found to be in the range
200–400 nm. However, 10 kDa chitosans led to the forma-
tion of larger complexes in the range of 600–1000 nm
(Fig. 2). An increase in nanoparticle size for a 10 kDa
chitosan has also been seen before [1]. It was previously
reported [41] that the reduction of length and charge of
chitosan decreases its binding affinity to DNA and at
sufficiently low MW, chitosan cannot fully condense DNA,
consistent with our increased size for the complexes formed
with 10 kDa chitosan (Fig. 2). Our results indicate that
DDA, MW, N:P ratio and pH do not significantly
influence complex size as long as the chitosan is large
enough (MW410 kDa) to fully condense DNA. Danielsen
et al. [41] obtained similar results suggesting that the size of
the DNA condensates is mostly determined by the
properties of the particular DNA molecule. Polydispersity
of the chitosan used to complex DNA could also have an
effect on the size of the resulting particles. For example,
the large polydispersity obtained for low DDA/low MW
depolymerized chitosans (Table 2) suggests the presence
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Fig. 1. Percentage of HEK 293 cells that were transfected in vitro using complexes made with chitosans BST-80 (40 kDa) and BST-72 (80 kDa). Cells were

incubated 48 h in 24-well culture plates with complexes at (A) different amine:phosphate (N:P) ratios with fixed 2.5mg of pDNA/well and fixed transfection

media pH of 7.1; (B) different pH with fixed N:P ratio of 7:1 and fixed 2.5mg of pDNA/well; (C) different amounts of pDNA/well with fixed pH of 7.1 and

fixed N:P of 7:1. Mean7SD (N ¼ 425).

Fig. 2. Size of chitosan/pDNA complexes made with chitosans of

different degrees of deacetylation and molecular weights. Two different

N:P ratios were used (5:1 and 10:1) as well as two different pH (6.5 and

7.1) of the suspension buffer (PBS) in which size was measured. Mean with

error bar showing minimum and maximum.

Fig. 3. Zeta potential of chitosan/pDNA complexes made with chitosans

of different degrees of deacetylation and molecular weights. Two different

N:P ratios were used (5:1 and 10:1) as well as two different pH (6.5 and

7.1) of the suspension buffer (PBS) in which zeta potential was measured.

Mean with error bar showing minimum and maximum.
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of larger chains in these chitosan solution that could more
effectively condense DNA and be responsible for some of
the smaller particles seen with these low DDA/low MW
chitosans (Fig. 2).

3.4. Complex zeta potential

The zeta potential of the complexes was found to
diminish with an increase of pH and to a lesser extent,
with a decrease of chitosan’s DDA, as expected (Fig. 3).
Molecular weight did not significantly affect the zeta
potential and no noticeable differences were observed
comparing N:P ratios 5:1 and 10:1 (Fig. 3). As reported in
several previous studies [14,40,42], the zeta potential
decreases when the pH rises, due to neutralization of
amine groups on chitosan. The pKa of chitosan is reported
to be �6.5 [43] and the ionization state of the polymer is
thus particularly sensitive to pH changes in the vicinity of
pH 6.5, explaining the significant reduction in zeta
potential observed when pH rises from 6.5 to 7.1. There
was also a slight increase of the zeta potential as DDA
increased (Fig. 3) due to the higher charge density of more
deacetylated chitosans. Huang et al. [1] found similar
influences of DDA and MW on the zeta potential of
chitosan particles. At high N:P ratio such as 5:1 and 10:1,
the zeta potential appeared to reach a maximum as
observed in previous studies [39,42].

3.5. In vitro transfection

The percentage of transfected cells determined by flow
cytometry was found to depend significantly on the type of
complexes used, where some formulations resulted in as
high as 40% of cells being transfected, whereas others
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Fig. 5. Transgene expression by HEK 293 cells transfected in vitro using

complexes made with chitosans of different degrees of deacetylation and

molecular weights. Cells were incubated for 48 h in 24-well culture plates

with complexes made with amine:phosphate ratios of 5:1 and 10:1, using

transfection medium pH of 6.5 and pH 7.1, and fixed 2.5mg of pDNA/

well. The relative light units (RLU) were normalized to the protein content

of each sample. The different formulations were compared to control cells

(C), pDNA alone (D) as a negative control as well as LipofectamineTM (L)

and FuGENE 6 (F) as positive controls. An asterix (*) indicates similar

expression levels since a Mann–Whitney test with p ¼ 0:05 showed no

significant difference. Mean7SD (N ¼ 426).

M. Lavertu et al. / Biomaterials 27 (2006) 4815–48244820
revealed no transfection at all (Fig. 4). These results clearly
demonstrate that transfection efficiency is highly sensitive
to DDA, MW, N:P ratio and pH.

The level of luciferase expression was also found to
vary strongly with the formulation parameters of the
complexes. Many formulations resulted in levels of trans-
gene expression approaching those of the positive controls
(LipofectamineTM and FuGENE 6). Most interestingly,
two formulations at pH 6.5, namely 92–10–5 and 80–10–10
[DDA–MW–N:P ratio], were equivalent to our best positive
control, FuGENE 6 (Fig. 5), since no statistically significant
difference could be detected. FuGENE 6 is known to be a
highly efficient commercial vector for in vitro transfection,
clearly indicating that complexes produced with these two
chitosan-based formulations achieved particularly high
levels of transgene expression.

Our results do not show a general tendency for the
influence of DDA taken alone on gene expression in the
range studied. Rather, when pH and N:P ratio are kept
constant (each graph in Fig. 5), there always seemed to be
an optimal DDA value for each particular molecular
weight where gene expression was maximum, indicating a
coupling effect between DDA and MW. It has been
observed previously that gene expression is decreased when
DDA goes from a value of 90% down to 61% or 46% [44]
or down to 70% or 62% [39], which can also be seen in our
results for some formulations.

The MW of chitosan in the range studied had either no
effect on gene expression or increased gene expression
Fig. 4. Percentage of HEK 293 cells that were transfected in vitro using

complexes made with chitosans of different degrees of deacetylation and

molecular weights. Cells were incubated for 48 h in 24-well culture plates

with complexes made with amine:phosphate ratios of 5:1 and 10:1, using

transfection media pH of 6.5 and 7.1 as well as fixed 2.5mg of pDNA/well.

FuGENE 6, the positive control resulted in 77.772.6% at pH 6.5 and

82.672.3% at pH 7.1. Mean7SD (N ¼ 5).
when lower MWs were used, in a DDA-dependent fashion
(Fig. 5). On the other hand, some formulations using a 10
or 40 kDa chitosan behaved oppositely at low DDA, low
N:P ratio or high pH. This could have been due to reduced
nanoparticle stability that dissociate too early since there is
weaker binding between chitosan and DNA when DDA
[39,44] and N:P ratio [11,39] are decreased, as well as when
pH is increased [22]. There are, however, contradictory
results in the literature where in vitro transfection or gene
expression, in some cases was better using higher MW
chitosans [21,39,44], versus other cases where lower MWs
had better success [14,16,17,22,23]. Here again, these
divergent results could be due to a coupling effect between
formulation parameters.
The N:P ratio, as well as MW and DDA, has been found

to be strongly correlated with the in vitro transfection
efficiency of chitosan/DNA complexes on a fish cell line
(EPC) [11]. In our study, there was an interaction between
both MW/DDA and the N:P ratio, where a high MW/
DDA chitosan gives high transfection at low N:P while a
low MW/DDA is beneficial at higher charge ratio. The
same coupling effect has been previously observed for the
binding of DNA by chitosan [39]. In addition, our results
show that some formulations resulting in low gene
expression had a better response when the N:P ratio was
increased from 5:1 to 10:1 (Fig. 5).
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Fig. 6. Transgene expression quantified by a luciferase assay correlated

with the percentage of transfected cells measured by flow cytometry

detection of GFP using a plasmid containing both reporters. The pH of

the transfection medium needs to be accounted for when relating these two

parameters. Linear Regression resulted in Pearson product moment

correlation coefficients of 0.91, po0:0001 (pH 6.5) and 0.94, po0:0001
(pH 7.1). Dashed lines display 95% confidence intervals.
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A more acidic transfection medium, and hence a higher
zeta potential, was correlated with an increase of transgene
expression for most of the formulations (Fig. 5). Moreover,
as can be seen by comparing the percentage of cells
transfected (Fig. 4) and their level of transgene expression
(Fig. 5), a similar percentage of cells transfected observed
at pH 6.5 versus 7.1 did not correspond to the same level of
transgene expression. Luciferase expression was much
greater at pH 6.5 versus 7.1 even though the percentage
of transfected cells could be similar. By grouping data
according to pH, we found a linear relationship between
the luciferase expression and the percentage of cells
transfected, for both pH values but with a much higher
slope at pH 6.5 (Fig. 6).

This direct correlation between lower pH and higher
levels of gene expression has been found previously
[17,23,40]. Also, a higher surface charge was previously
correlated with an increased cellular uptake and conse-
quently, a higher percentage of transfected cells [44]. In
media of lower pH, the zeta potential of the complexes
increases due to chitosan ionization, effectively increasing
complex stability extracellularly and enhancing their
binding to negatively charged cell membranes and sub-
sequent uptake [1,44]. Only three formulations did not
behave in this manner, namely the complexes formed with
chitosans of DDA ¼ 98% and with MW of 120, 80 and
40 kDa that had higher luciferase expression level at pH 7.1
(Fig. 5). However, microscopic observations revealed that
cell morphology was altered after incubation with com-
plexes using a 98% DDA chitosan at pH 6.5. Cytotoxicity
of chitosan has been reported to increase with chitosan
valence, or charge density [18,45], as would occur with
higher DDA and lower pH. Some cytotoxicity may then
appear for higher DDA and MW, particularly at acidic pH
when these chitosans become more protonated. These
findings are compatible with Huang et al. [1] who found
attenuated cytotoxicity of chitosan when DDA was
decreased, and less attenuation when MW was reduced,
suggesting that DDA has a greater effect than MW on
cytotoxicity via its controlling effect on particle surface
charge density (zeta potential) as seen with other cationic
polymers [45,46].
Biodegradability is an additional factor that may

influence cytotoxicity since high DDA chitosans are more
difficult to degrade due to the requirement of sequential
N-acetyl-glucosamine units for binding to chitosan-degrad-
ing enzymes [4]. However, in our transfection experiments,
the same complexes (DDA ¼ 98% of MW 120, 80 and
40 kDa) used at a higher pH of 7.1 resulted in much better
cell morphology and a higher level of expression, support-
ing a charge density-dependence influence on cytotoxicity
rather than biodegradability.
Interestingly, some of the larger complexes were able to

transfect HEK 293 cells quite efficiently and some of the
smaller complexes were much less efficient, for example
92–10–5 [DDA–MW–N:P ratio] with a size of 770 nm vs.
92–80–5 with a size of 280 nm at pH 6.5, where these
complexes have similar surface charge. These results
suggest that small complexes are not necessarily required
for efficient transfection. Results from Köping-Höggård et
al. [15] also support this notion since transfection efficiency
was not affected by different sizes of complexes
(200–600 nm) obtained with the same formulation para-
meters (in their study, by decreasing chitosan and plasmid
concentration at constant N:P ratio). Additional literature
also suggests that the size of nanoparticles does not appear
to be a dominant factor in cellular uptake [1,44].

3.6. Coupling of formulation parameters in determining

transfection efficiency

The combined effect of the formulation parameters
(DDA, MW, pH, N:P ratio) is synthesized in Fig. 7. The
numerous experiments with chitosan library allowed us to
produce contour plots of normalized transgene expression
as a function of DDA and MW for each pair of (pH, N:P
ratio) tested. In each graph, transgene expression was
normalized to the highest level of expression achieved
at the corresponding (pH, N:P ratio) pair in order to
specifically highlight the influence of DDA and MW.
Interestingly, it appears that maximum transgene expression
occurs for DDA:MW values that run along a diagonal from
high DDA/low MW to low DDA/high MW. The exact
location of this diagonal changes for different (pH, N:P
ratio) pairs. Thus if one decreases/increases DDA, one must
correspondingly increase/decrease MW to maintain max-
imal transgene expression. We also observe that for a given
DDA, a change in pH from 6.5 to 7.1 displaces the MW for
the most efficient formulations towards higher MW. This
could be due to the destabilizing effect of a pH increase
where chitosan charge is reduced, thus needing a higher MW
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Fig. 7. Contour plot of normalized transgene expression of HEK 293 cells

as a function of degree of deacetylation (DDA) and molecular weight

(MW) of chitosans used to make complexes. In each plot, transgene

expression was normalized to the highest expression level obtained with

this particular N:P ratio and transfection medium pH.
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to effectively bind DNA. On the other hand, for a given
DDA, a change in N:P ratio from 5:1 to 10:1 displaces the
MW for the most efficient formulations towards lower MW,
again probably because of the stabilizing effect of increasing
chitosan concentration (N:P ratio).

3.7. Formulation parameters may primarily affect

transfection efficiency by modulating nanoparticle stability

In view of our results and previous studies, it appears that
stability of nanoparticle complexes may be central to
describe the effect of the formulation parameters (DDA,
MW, N:P ratio and pH of transfection medium) on the level
of transgene expression. It is already recognized in the
literature that complexes that are not sufficiently stable will
dissociate too early and will show little or no transgene
expression. On the other hand, highly stable complexes
might not release DNA once inside the cells or will release it
slowly, resulting in low or delayed expression [15,21], thus
an intermediate stability is desired. The following statements
summarize the predicted effects of formulation parameters
on nanoparticle stability that are compatible with our
transfection efficiency results and with those already present
in the literature. One limitation of the current study is that
we did not directly assess particle stability so that this aspect
requires further experiments. However the following discus-
sion synthesizes our results with stability assessments taken
from the literature to provide a rational and coherent
interpretation of our transfection results.

3.7.1. The DNA binding capacity of chitosan increases

as its DDA increases to create a higher charge density

along the chain

This DDA-dependant binding affinity is clearly shown in
gel electrophoresis assays where low DDA chitosans form
physically unstable complexes that fail to completely retain
DNA [15,39,44]. Increasing steric hindrance from bulky N-
acetyl group of lower DDA chitosan might also contribute
to this reduction of the binding capacity. According to
Köping-Höggård et al. [15], the degree of deacetylation
must exceed 65% in order to obtain stable complexes with
pDNA that transfect target cells in vitro.
3.7.2. High DDA chitosans degrade slowly in the cell

DDA also exerts a dominant influence on biodegrad-
ability where high DDA chitosans are difficult to degrade
[4]. The rate of enzymatic degradation of chitosan by
lysozyme increases proportionally to the degree of acetyla-
tion (DA) to the fourth power [47,48]. In this light,
Köping-Höggård et al. [15] suggested that endosomal
escape of high MW chitosan-based complexes depended on
enzymatic-degradation of chitosan, rather than a proton
buffering capacity, that would occur less readily with high
DDA chitosans. The resulting degradation fragments
(oligo- and mono-saccharides) are hypothesized to increase
endosome osmolarity and lead to membrane rupture. Thus,
for highly deacetylated chitosan, reduced degradability
could impede or delay endosomal escape and possibly
delay expression.
3.7.3. The DNA binding capacity of chitosan increases as its

MW increases

Binding affinity and complex formation between oppo-
sitely charged macromolecules is strongly dependant on the
valence of each molecule, with a low valence yielding only
weak binding [41]. The reduction in chitosan valence at
lower MW has been shown to reduce its binding affinity for
DNA [22]. Although complex stability is desirable for
protection against nucleases extracellularly, MacLaughlin
et al. [21] suggested that high MW chitosan may form
complexes that are too stable to transfect cells since they
may not be disassembled once inside the cell. Along these
lines, Köping-Höggård et al. [15] found that these more
stable complexes could permit gene expression after a
relatively long period of time, suggesting that such ‘‘highly
stable’’ formulations (high MW yet low DDA to be
degradable) may release the plasmid several days post-
transfection, resulting in delayed expression.
3.7.4. Increasing the N:P ratio enhances chitosan binding

to DNA

For the same DDA, a lower MW chitosan requires a
higher N:P ratio to completely condense DNA. Similarly at
equal MW, a lower DDA requires a higher N:P ratio to
completely condense DNA [15,39]. There is an optimal
range for the N:P ratio values specific to the chitosan used
because using a N:P ratio that is too low will yield
physically unstable complexes and poor transfection, while
overly stable complexes prepared at a too high N:P ratio
may also show reduced transfection [15,17,22].
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3.7.5. Reduction of pH increases the surface charge of the

nanoparticles and increases chitosan binding affinity to DNA

The DNA binding capacity of chitosan increases as pH
decreases to create a higher charge density along the chain
[22]. It has been shown that uptake of chitosan–DNA
complexes depends strongly on their surface charge or zeta
potential [44]. An acidified medium increases the zeta
potential of the complexes, enhancing binding efficiency to
the cell membrane and uptake, while also possibly reducing
aggregation of the complexes with increased electrostatic
repulsion. Thus, chitosan complexes are in general more
stable and more efficient to transfect cells in slightly acidic
medium.

3.8. Combined effects of the formulation parameters

By considering the combined effects of the formulations
parameters described above, it is expected that complexes
formed with a low MW, low DDA chitosan would not
be sufficiently stable to transfect cells efficiently. On the
other hand, complexes formed with high MW, high DDA
would be highly stable and may lead to low or delayed
transfection. It appears that there is a range of intermediate
values of MW, DDA that form complexes of intermediate
stability and that transfect efficiently as indicated by our
results (Fig. 5). This specific range can change when the
N:P ratio and pH are varied as these parameters also affect
in vitro transfection. For example it is expected that an
increase of the N:P ratio or a decrease of pH will permit
efficient transfection with chitosan of lower MW/DDA.
These trends were also apparent in our results (Fig. 7) as
detailed in Section 3.5.

4. Conclusion

The wide range of formulations tested in this study
allowed us to reveal mechanistic influences of the formula-
tion parameters on the level of transgene expression.
Maximum transgene expression occurred for DDA:MW
values that run along a diagonal from high DDA/low MW
to low DDA/high MW. Moreover, several chitosan/pDNA
complex formulations achieved levels of transgene expres-
sion approaching those of the positive controls (Lipofecta-
mineTM and FuGENE 6), while two optimal conditions
(92–10–5 and 80–10–10 [DDA–MW–N:P ratio] both at pH
6.5) were particularly effective, showing equivalent trans-
fection efficiency compared to our best positive control.
These findings provide important guideposts for determin-
ing parametric formulations and further development of
chitosan/pDNA complexes for use in therapeutic gene
transfer applications.
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