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a b s t r a c t

The optimal ratio of the polycation’s amine to DNA phosphate group (N:P) for efficient polymer-based
transfection always employs excess polycation versus DNA. Most of the excess polycation remains free in
solution, unassociated with the polyplexes, but is essential for efficient transfection. The mechanism by
which excess polycation increases transfection efficiency is not identified. We hypothesised that excess
chitosan facilitates intracellular lysosomal escape of the polyplexes. We highlight here the essential role
of excess chitosan by rescuing poorly transfecting low N:P ratio polyplexes, by adding free chitosan
before or after polyplex addition to cells. We examined polyplex uptake, the kinetics of rescue, intra-
cellular trafficking, and the effects of lysosomotropic agents. We found the facilitating role of excess
chitosan to be downstream of cellular uptake. Live-cell confocal quantification of intracellular trafficking
revealed prolonged colocalisation of low N:P polyplexes within lysosomes, compared to shorter resi-
dence times for both rescued or N:P 5 samples, followed by observation of free pDNA in the cytosol.
These data demonstrate that excess polycation mediates enhanced transfection efficiency by promoting
the release of polyplexes from the endo-lysosomal vesicles, revealing a critical intracellular barrier
overcome by excess polycation and suggesting possible avenues for further optimisation of polymer-
based gene delivery.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Successful clinical application of gene therapy requires efficient
and safe gene delivery vectors. Polycation-based delivery systems
are an attractive alternative to viral vectors, offering advantages of
safety, flexibility and ease of manufacturing, but often with low
transfection efficiency. A better understanding of the biomaterials
structureefunction relation in terms of gene transfer pathways,
mechanisms and limitations is paramount for improved perfor-
mance and eventual clinical translation. Chitosan, a natural linear
cationic polysaccharide derived from chitin and composed of
b (1,4)-linked N-acetyl-D-glucosamine and D-glucosamine, is
a particularly promising candidate for non-viral DNA delivery due
to its high positive charge density, biocompatibility, low cost and
high transfection efficiency (TE) when formulated correctly [1e5].
Chitosan self-assembles with pDNA by forming electrostatic poly-
plexes and previous studies have shown that efficient chitosan-
mediated transfection depends on various intrinsic and extrinsic

parameters [1,3e11]. The degree of deacetylation (DDA) and
molecular weight (Mn for the number average) of the polycation are
the main intrinsic parameters that affect TE through control of
binding affinity of chitosan with nucleic acids [12]. Prior studies
have shown that specific choices of chitosan Mn and DDA can
produce high TE polyplexes by endowing them with an interme-
diate stability which allows sufficient DNA binding affinity and
protection [1] but also subsequent polyplex unpacking synchron-
ised with the lysosomal escape [5].

The molar ratio of the polycation’s protonable amine to DNA’s
negative phosphate (N:P ratio) also strongly influences TE [3,13]. For
most polycations, an N:P ratiow1 can be sufficient to neutralise the
negative charge of DNA and induce the condensation of pDNA
[12,14e17] into a protective barrier against DNAse degradation [18],
while ratios slightly above 1 are typically necessary to produce
colloidal particles stabilised in suspension against aggregation by
a positive electrostatic surface potential [14,17]. Nonetheless,
although stable, polyplexes prepared at N:P ratios between 1 and 2
usually fail to provide significant transgene expression. Thus, as
with all polycation-based gene delivery, themost efficient N:P ratios
for gene expression usually involve N:P ratios of at least 3e5 and
sometimes of up to 10 or 20 [2,3,8,13,19e21], where a significant
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amount of the excess polycation remains free and soluble in solution
without being physically bound to chitosan/DNA polyplexes
[14,17,22,23].

Prior work has empirically and consistently identified efficient
polyplex N:P ratios that have excess polycation but have not
elucidated the means by which excess polycation improves trans-
fection efficiency. The objective of this report was to uncover the
mechanism by which excess polycation increases transfection
efficiency in chitosan-based gene delivery and to identify the
underlying N:P ratio-dependent cellular barriers. We hypothesised
that the excess polycation increases transfection efficiency by
promoting the escape of polycation/DNA polyplexes from endocytic
lysosomes. This hypothesis was based on several observations,
including our recent study where we found chitosan-based poly-
plexes to transit through lysosomes for a relatively long time
(w12 h) prior to transfection [5], consistent with the general
understanding that the inability to escape endo-lysosomes is a key
barrier in non-viral gene delivery [24,25]. In addition, the twomain
molecular mechanisms proposed for the lysosomal release of pol-
ycationic vectors require the vector itself to raise intra-vesicular
osmotic pressure to lyse endo-lysosomal vesicles and release the
polyplexes in the cytoplasm. The rise in vesicular osmotic pressure
is thought to either result from the polycation’s buffering of the
intra-vesicular acidic pH and the concomitant influx of chloride
ions in what is usually referred to as the proton-sponge effect
[19,26] or by a rise in lysosomal enzyme-induced degradation
products of the polycation [27,28].

To further clarify these potential roles of excess polycation in
lysosomal escape, our experimental design used a previously
optimised chitosan formulation (DDAeMn: 92e10) which consis-
tently yieldsw50% TE in HEK 293 when N:P¼ 5 [3e5] versus lower
N:P ratios which are much less efficient. We assessed TE in rescue
experiments by adding free chitosan or lysosomotropic agents to
inefficient low N:P ratio polyplexes at different time-points relative
to the addition of polyplexes; intracellular trafficking was moni-
tored by either flow cytometry or live-cell confocal imaging. Our
results have specified the intracellular role of excess polycation in
mediating efficient chitosan-based transfection.

2. Methods

2.1. Materials

HEK 293 cells were from ATCC (ATCC #CRL 1573) (Manassas, VA, USA). Dul-
becco’s Modified Eagle Medium high glucose (DMEM HG, Cat #12100-046), Foetal
Bovine Serum (FBS, Cat #26140-079), Rhodamine green labelled Dextran 10,000
MW (Cat #D-7153), 0.25% Trypsin-EDTA (Cat #25200-056) were from Invitrogen
(Carlsbad, CA, USA). Phosphate buffered saline (PBS) without calcium and magne-
sium chloride (Cat #D5652), MES (Cat #M2933), Sterile 1 N HCl (Cat #H9892),
Chloroquine (CQ) (Cat #C6628), Rhodamine B isothiocyanate (RITC) (Cat #283924)
were from SigmaeAldrich (Oakville, Ontario, Canada). Bright-Glo� Luciferase Assay
System (Cat #E2620), QuantiLum recombinant luciferase (Cat #1071) and Glo Lysis
Buffer (Cat #E2661) were from Promega (Madison,WI, USA). BCA� Protein Assay Kit
(Cat #23227) was from Pierce Biotechnology (Rockford, IL, USA). The plasmid EGF-
PLuc was from Clontech Laboratories (Cat #6169-1) (Mountain View, CA, USA). The
EndoFree Plasmid Mega Kit (Cat #12381) was from Qiagen (Mississauga, Ontario,
Canada). Label IT Cy5 labelling kit full size (Cat #MIR 3600) was from Mirus
(Madison, WI, USA). Sterile filters 0.2 mm (Cat #431219) were from Corning (Lowell,
MA, USA).

2.2. Cell culture

HEK 293 cells were cultured in DMEM HG supplemented with 10% FBS in a 5%
CO2 37 �C incubator. The HEK 293 cell line was chosen since it is commonly used in
screening for gene transfer strategies using non-viral vectors. Cells were subcultured
according to ATCC recommendations without any antibiotics. For transfection, HEK
293 cells were seeded in 24-well culture plates using 500 ml/well of complete
medium and 75,000 cells/well incubated at 37 �C, 5% CO2. The cells were transfected
the next day atw50% confluency. For all imaging performed in this study, cells were

seeded 24 h prior to transfection in 35 mm MatTek’s uncoated glass bottom culture
dishes (MatTek, Ashland, MA) using 2 ml of complete medium at 200,000 cells/dish.

2.3. Preparation of chitosan/pDNA polyplexes

The plasmid EGFPLuc of 6.4 kb encodes for a fusion of enhanced green fluo-
rescent protein (EGFP) and luciferase from the firefly Photinus pyralis, and is driven
by a human cytomegalovirus (CMV) promoter. The plasmid was produced into
Escherichia coli bacterial strain DH5a and extracted with the EndoFree Plasmid Mega
Kit as per manufacturer’s instructions (Qiagene). The purified and sterile pDNA was
dissolved in endotoxin-free water and concentration/purity determined by UV
spectrophotometry by measuring absorbance at 260/280 nm.

Chitosan 92e10 (92% DDA, 10 kDa Mn) was prepared from high Mn chitosan
provided by Biosyntech (Qc, Canada) using nitrous acid depolymerisation and
characterised for molecular weight by GPC and DDA by NMR as described in detail
previously [3,29e31]. Polyplexes were prepared according to Lavertu et al. [3].
Briefly, chitosan was dissolved overnight at 5 mg/ml in hydrochloric acid using
a glucosamine:HCl ratio of 1. The chitosan solution was then diluted with deionized
water to 0.07, 0.115, 0.29, 0.58 mg/ml for amine (deacetylated groups) to phosphate
(on DNA) ratio (N:P) of 1.2, 2, 5 and 10, respectively. Sterile chitosan/pDNA poly-
plexes were then prepared by adding an equal volume of the sterile-filtered (0.2 mm)
diluted chitosan solution to sterile pDNA at 0.1 mg/ml in water and mixed by gentle
pipetting and incubated for 30 min prior to transfection initiation.

2.4. In vitro transfection and free-chitosan rescue experiments

Chitosan/pDNA polyplexes with distinct N:P ratios were incubated with cells at
2.5 mg pDNA/well for 24 h in modified transfection media (DMEM HG, 5 mM MES,
10% FBS, pH 6.5) followed bymedia replacement with standard culturemedia for the
remaining 24 h until analysis at 48 h.

Rescue experiments with delayed addition of free chitosan were performed by
transfecting, as described above, with polyplexes made at N:P ratio of 1.2 or 2 and
then adding free chitosan at 4, 8, 12 or 24 h post-transfection. The amount of free
chitosan added to N:P 1.2 and N:P 2 samples was 5.5 and 4.35 mg/well, respectively,
for a final chitosan mass of 7.25 mg/well, corresponding to the total chitosan present
in the N:P 5 samples. Data from samples rescued to N:P 10 values are only shown for
Figs. 1 and 2 and are discussed briefly elsewhere in the results; they required 12.75,
11.6 and 7.25 mg added free chitosan for N:P 1.2, 2, and 5 respectively, for a total of
14.5 mg chitosan per well corresponding to N:P 10. After 24 h, media was changed
with polyplex-free and chitosan-free complete media pH 7.4 for all conditions
except for the kinetics experiment where free chitosan was added at one of several
time-points at up to 24 h post-transfection, and without any subsequent media
change as was reported for a similar experiment [22]; rather, cells were incubated
for the entire 48 h periodwith the added polyplexes tominimise the effect of various
exposure times to free chitosan between time-points.

Samples treated with chloroquine (CQ) were co-transfected with polyplexes as
described above in the absence or presence of fresh CQ at 150 mM for 4 h, whereupon
media was changed and replaced with CQ-free transfection media until analysis at
48 h. All non-treated transfected samples in this experiment were also incubated
with the polyplexes for only 4 h, instead of the usual 24 h.

For samples pre-loaded with free chitosan prior to transfection, amounts of free
chitosan corresponding to amounts described above for each N:P ratio were added
to cells for a total time of 4 h. Samples were then washed 2 times in chitosan-free
media and chased for 1 h prior to transfection with polyplexes at the indicated N:P
ratios as described above and analysed for gene expression at 48 h after a media
change at 24 h. The partitioning of free chitosan into lysosomes was assessed by
adding 7.25 mg free RITC-labelled chitosan for a period of 4 h to cells with fluorescent
dextran-labelled lysosomes and assessing the colocalisation by confocal microscopy.
Labelling of lysosomes with dextran and confocal microscopy imaging was done as
described below in the section Intracellular Trafficking.

2.5. Transfection efficiency

Transfection efficiencies and transgene expression levels were quantitatively
assessed at 48 h either by flow cytometry (MOFLO BTS, Cytomation, Beckman
coulter, CA, USA) for EGFP-positive cells or by luminometry to assay luciferase, as
described previously [3], with some modifications; namely instead of reporting the
relative light unit (RLU), a luciferase standard curve was plotted in order to convert
the RLU readings of the luminometer to luciferase protein content. Luciferase
quantity was then normalised to the protein content of each sample found by
bicinchoninic acid total protein assay (BCA�). This procedure standardises the
common RLU in an absolute value, allowing inter-laboratory comparison of lucif-
erase data by account for inherent instrument-related variability such as detector
sensitivity and gain. Unless otherwise noted, all end-point experiments were done
in duplicates, with a minimum of three independent experiments with results
representing the mean � standard deviation (n ¼ 3).
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2.6. Cell uptake of chitosan/pDNA polyplexes

Cells were transfected as described above with polyplexes prepared with
unlabelled chitosan and Cy5-labelled pDNA at 5 different N:P ratios (0, 1.2, 2, 5, 10)
and uptake was analysed by flow cytometry. After 24 h of incubation at 37 �C in the
presence of fluorescent polyplexes, cells were washed twice with PBS, treated with
trypsin-EDTA for 10 min to detach cells and to removemembrane-bound polyplexes
and then washed 2 times by centrifugation and resuspension in PBS. Effective
removal of membrane-bound polyplexes for uptake analysis by this procedure was
validated previously with HEK 293 cells [5]. Cells were analysed by double gating
against non-cell events (residues) and on control non-transfected cells for auto-
fluorescence with a minimum of 20,000 events/sample. Data is presented as %
positive cells with internalised polyplexes as well as the level of uptake per cell
presented as mean fluorescence per cell. Samples were prepared in duplicate and
experiments were performed a minimum of 3 times with results representing the
average mean � SD (n ¼ 3).

2.7. Intracellular trafficking and lysosomal colocalisation of polyplexes by confocal
microscopy

Lysosomes of HEK 293 cells were labelled prior to transfection by a pulse-chase
method described previously [5]. Cells were pulse loaded with 5 mg/ml

fluorescently-labelled (Rhodamine green) dextran in completemedia for 18 h before
washing twice with PBS and chasing with dextran-free complete media for 4 h prior
to transfection with labelled polyplexes. Only efficient N:P 5 polyplexes and ineffi-
cient N:P 1.2 polyplexes were used in imaging experiments. Polyplexes were
prepared as abovewith Cy5-labelled DNA prepared according to the Cy5Mirus Label
It kit at a dye volume:DNAmass ratio of 0.25:1 for a final labelling efficiency of 1 dye
for every 220 base pairs. In the case of rescued N:P 1.2 polyplexes, added free chi-
tosan was labelled with fluorescent RITC to 0.9e1% degree of substitution on the
amine group, as described in Ma et al. [32].

Intracellular trafficking of the polyplexes was monitored by live-cell confocal
microscopy by following labelled DNA as a marker for polyplexes and labelled chi-
tosan for the added free polycation, the latter only in the case of rescued N:P 1.2. Free
fluorescent RITC-chitosan was added 4 h after polyplex addition in the amounts
described above. The optical setup on the Olympus FV100 was optimised to mini-
mise channel crosstalk for each dye and/or bleedthrough when using sequential
excitation of dextran (lysosomes), RITC-chitosan and Cy5-DNA with the 488 nm
argon laser, the 543- and 633-nm heliumeneon lasers, respectively, in combination
with the dichroic HFT UV/488/543/633. Emission was acquired using a 510e520
band-pass filter for rhodamine-green dextran or EGFP, a 565e615 band-pass filter
for RITC, and a 675 longpass filter for Cy5-pDNA. For precise dynamic colocalisation,
several parameters such as line scanning, fast inter-channel sequential excitation,
detector pinholes sizes and dynamic range were optimised as described previously

Fig. 1. Transfection efficiency of chitosan polyplexes prepared at different N:P ratios. Transfection efficiency (TE) using 92e10 chitosan prepared at N:P ratios of 0 (DNA only), 1.2, 2,
5 and 10 was analysed by flow cytometry (A) and luciferase (B) assay to measure percentage of cells expressing the transgene, and the level of expression, respectively. Black bars are
for transfection without addition of free chitosan while grey bars represent results for polyplexes that received additional free chitosan 4 h after polyplex addition. Addition of free
chitosan rescued the TE of lower N:P polyplexes to similar levels as polyplexes N:P 5. *p < 0.05 compared to samples of the same N:P ratio with added free chitosan or to N:P 5
samples. Brackets indicate no significant difference observed between rescued polyplexes (N:P 1.2 and N:P 2) and N:P 5 polyplexes for both % transfected cells and luciferase levels.
Values are expressed as mean � SD, n ¼ 3.

Fig. 2. Cellular uptake of polyplexes prepared at different N:P ratios. HEK 293 cells were incubated with polyplexes prepared with fluorescent DNA for 24 h and assessed by flow
cytometry for simultaneous quantitative analysis of % positive cells (A) and of mean uptake level per cell (B). Nearly 100% of cells show internalisation of the polyplexes (A) at similar
levels (B) for all N:P ratios except for naked DNA. Brackets indicate no significant difference in uptake was observed for all polyplexes compared to N:P 5 samples, except control
DNA (N:P 0). *p < 0.05 as compared to all other polyplexes. Values are expressed as mean � SD, n ¼ 3.
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[5]. Zooms between 5 and 6 were chosen according to the Nyquist criterion using an
oil objective with a numerical aperture (NA) of 1.4. Colocalisation of polyplexes with
lysosomes was monitored and quantified with a colocalisation coefficient (CC). CC
was quantified from selected regions of interest corresponding to cells selected from
background subtracted images taken at various intervals during the 48 h total
transfection time as described previously [5]. The CC, defined here as the sum of
intensities of colocalizing pixels from the ‘red’ Cy5-pDNA and ‘green’ dextran-
lysosomes channels compared with the overall sum of pixel intensities (above
threshold after background subtraction), was calculated using the FV1000 colocal-
isation macro (Olympus) and displayed over-time similarly to as described previ-
ously [5]. At least 15 cells with at least 2 optical sections per sample for each time-
point were analysed in 3 independent experiments with results representing the
average mean � SD (n ¼ 3).

2.8. Statistical analysis

Unless otherwise indicated, all data were collected in duplicates and expressed
as mean values � SD of at least 3 independent experiments (n ¼ 3). Statistically
significant differences between groups were assessed using either a two-tailed
Student’s t-test assuming non-equal variances or, when indicated, using ANOVA
multivariate results. The differences between the means were considered statisti-
cally significant at p < 0.05.

3. Results and discussion

3.1. Rescue of transfection by adding free chitosan

We tested the hypotheses that low TE produced by low N:P
ratios could be rescued to high TE levels by adding free chitosan.
Initially, a systematic study of the effect of N:P ranging from 1.2 to
10 on TE was performed avoiding N:P 1 where electroneutral pol-
yplexes display severe aggregation and precipitation. As expected,
we found that low N:P 1.2 and 2 are less efficient than N:P 5, with
N:P 1.2 showing practically no transfection at all while N:P 2
transfection was intermediate between N:P 1.2 and N:P 5, sug-
gesting a dose-dependent response to excess chitosan leading to
the optimal N:P 5 (Fig. 1e black bars). Increasing the N:P ratio from
5 to 10 had no noticeable advantage, even slightly reducing TE,
possibly because the excess chitosan present at N:P 5 for these
conditions represents a certain threshold of excess polycations
above which no gain is achieved, consistent with previous results
observed by us [29] and others [13]. As expected, naked pDNA (N:P
0) did not transfect.

To test if the poor TE of low N:P polyplexes could be rescued by
adding free chitosan alone, diluted free chitosan was added to the
cells 4 h post-transfection (grey bars) such that total quantity of
chitosan in each well, including the polyplexes, equals that of the
N:P 5 samples, serving here as the gold standard. In agreement with
our hypothesis, the addition of free chitosan increased the TE of low
N:P polyplexes to values very similar to those of the optimal N:P 5
polyplexes (Fig. 1 e grey bars). Naked DNA, in contrast, was not
rescued by adding free chitosan, probably due to DNA degradation
prior to chitosan addition, consistent with the rapid (30e60 min)
time-frame shown to be necessary to completely degrade naked
pDNA in media containing 10% serum [33]. These results highlight
the critical importance of excess polycation in achieving efficient TE
and shed light on potential N:P-dependent mechanisms of trans-
fection. For example, the rescued high efficiency of low N:Ps as
compared to non-transfecting naked DNA suggests that low N:P
polyplexes still provide adequate DNA condensation and protection
against serum nuclease before cellular entry, at least during the
initial 4 h, consistent with a previous report [18]. We also found
that rescue of the polyplexes with the addition of yet more chito-
san, to equal the amount present at N:P 10, resulted in TE below
that obtained by the optimal N:P 5 (data not shown), further
indicating an optimal total chitosan content for this transfection
system corresponding to that in the N:P 5 formulation.

3.2. Cell uptake of polyplexes

Cell uptake is the first cellular barrier that influences the TE of
a particular type of polyplex. Cells were transfectedwith polyplexes
containing Cy5-labelled DNA and simultaneously analysed by flow
cytometry at 24 h for the % of cells with internalised polyplexes
(Fig. 2A) and the level of uptake per cell (Fig. 2B). We found poly-
plexes for all N:P ratios tested to be internalised in 100% of cells at
24 h (A) and at similar levels per cell for the different N:P ratios (B).
Although not statistically significant, the small decrease in uptake
for N:P 1.2 is probably the result of a diminished electrostatic
interaction with cell membranes with less positively charged pol-
yplexes. This is in contrast to some studies showing that polyplexes
with lower N:P ratios were internalised more effectively than
higher N:P polyplexes, in a mechanism proposed to involve
competition between free polycation and polyplexes at the cell
surface [13,22]. These previous results do not appear to translate to
our study, possibly due to our tested N:P ratios being lower than
Strand et al. [13], and the lack of toxicity of chitosan compared to
polyethyleneimine (PEI) [4,8] or due to details of the specific
transfection conditions used. Our observed similarity of uptake for
all N:P ratios also strengthens our interpretation above that the
DNA in N:P 1.2 (or N:P 2) polyplexes is protected and not degraded,
suggesting that processes prior to cell uptake such as poor
protection against serum-nucleases or polyplex cellular binding are
not responsible for the poor TE of low N:P polyplexes. These
observations, taken together with the previously observed lack of
correlation between TE and cellular uptake for chitosan/DNA
systems in similar conditions [5,13], indicate that the N:P-depen-
dent cellular barrier in this system lies downstream of cell uptake.

3.3. Kinetics of post-transfection rescue with free chitosan

The timing of the addition of free chitosan and the resulting
rescued efficiency relative to the optimal TE and previously char-
acterised vesicular trafficking kinetics of N:P 5 polyplexes [5]
provide insight into intracellular events post-uptake involved in
rescue by excess chitosan. We found that adding free chitosan
within 8 h of polyplex addition rescued the inefficient TE of lowN:P
ratio polyplexes to reach TE close to the optimal TE at N:P 5 (Fig. 3).
Adding free chitosan after 8 h of cell exposure to polyplexes then
resulted in a statistically significant time dependent decrease of the
rescued efficiency starting at 12 h and declining to about half
the optimal maximum of N:P 5 when added at 24 h for both of the
lower N:P ratios 1.2 and 2 (Fig. 3). The addition of free chitosan
before 4 h post-transfection, either simultaneously or at 1 or 2 h
after adding polyplexes also produced w100% rescue, with no
additional benefit compared to 4 h or even 8 h (data not shown).

We have shown in a recent study that optimal N:P 5 polyplexes
start to partition into lysosomes w4 h after transfection, most
probably corresponding to the time required for polyplex sedi-
mentation and binding to cell membranes, endocytosis and early
endosome maturation and fusion with lysosomes. The polyplexes
continue to accumulate in lysosomes after 4 h, peaking at 12 h, after
which polyplexes are gradually released to the cytoplasm,
concomitant with the first appearance of transgene expression [5].
In keeping with this observed kinetics of vesicular trafficking, our
results indicate that to achieve optimal TE, free chitosan must be
added before lysosome accumulation of polyplexes is complete
(12 h), suggesting that a prolonged transit in lysosomes in the
absence of sufficient polycation decreases TE. For wait times of 12 h
or 24 h, the internalised transgene may undergo degradation in
lysosomes before free chitosan can reach and initiate the lysosomal
release. Low N:P ratio chitosan polyplexes are known to be less
stable [1,12] and are possibly more vulnerable to concentrated
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lysosomal enzymes. Moreover, the free component of the poly-
cation possibly provides additional protection by competing with
polyplexes as a substrate for lysosomal enzymes, and its absence
could exacerbate the vulnerability of low N:P polyplexes to enzy-
matic degradation. Most importantly, the statistical significance of
wait time on TE relative to the known vesicular trafficking of chi-
tosan polyplexes suggests that excess polycation plays an important
role during the intra-vesicular processing of endocytosed
polyplexes.

3.4. Influence of chloroquine on transfection efficiency

CQ is a lysosomotropic agent that partitions into cellular endo-
lysosomal vesicles and prevents their acidification due to its
intrinsic buffering capacity [34]. CQwas shown to increase the TE of
polyplexes not endowed with an intrinsic buffering capacity by
a mechanism thought to combine decreased vesicular enzymatic
degradation and accelerated lysosomal release of sequestered
polyplexes [24,35,36]. Increase in TE by CQ treatment is often used
to infer that the low efficiency of a particular vector is due to its
inability to induce lysosomal swelling and escape [24,26,37].

To test if low N:P polyplexes would benefit from CQ treatment,
polyplexes were co-incubated with CQ for 4 h after which media
was replaced. Non-treated controls were also incubated with pol-
yplexes for 4 h only instead of 24 h. Using this transfection method,
TE is known to be about 1.4 fold lower than the optimal 24 h
incubation used in our standard transfection method [4]. Thus for
ease of comparison with the standard transfection protocol, results
were normalised to the TE of N:P 5 in terms of % of transfected cells,
seen throughout this study and others to strongly correlate with
luciferase data [3,5].

CQ induced a significant w2.5� increase in gene expression for
both N:P 1.2 (Fig. 4, inset) and N:P 2 polyplexes (Fig. 4). For N:P 5,
CQ had no effect on TE, consistent with other studies with chitosan
[6,9], suggesting that TE does not improve with CQ addition at the
optimal N:P 5 and that the amount of excess polycation present in
this formulation is sufficient to induce timely lysosomal release. For
lower N:P polyplexes, however, the gain in potency with CQ is
a strong indication that these polyplexes lack sufficient polycation
to escape lysosomes and are sequestered in these vesicles without

CQ. When compared to N:P 5 levels, the effects of CQ on lower N:P
polyplexes are not as strong as adding free chitosan (Fig. 1),
particularly for N:P 1.2. The reasons for this result remain unclear
and could involve cell-line dependency of CQ biological activity
[36] or possibly a lower potency of this agent compared to free
chitosan to promote lysosomal release of these types of cargos.

3.5. Pre-incubation with free chitosan

To provide additional direct evidence of a role of chitosan in
lysosomal escape, we pre-loaded cells with free chitosan prior to
transfection and investigated its effect on TE. Based on a previous
report demonstrating that most of the labelled chitosan in N:P 5
polyplexes strongly colocalised in lysosomes [5], we hypothesised
that the free chitosan would partition in lysosomes as well.
Colocalisation between free RITC-chitosan and labelled lysosomes

Fig. 3. Transfection efficiency of chitosan/pDNA polyplexes prepared at different N:P ratios and after addition of free polycations at different time-points. For each N:P ratio used to
transfect cells, free chitosan was added at 4, 8, 12 or 24 h post-transfection. Analysis of TE was done at 48 h. The quantity of free chitosan added for each N:P was calculated to
produce the same total quantity of chitosan present in N:P 5. Both % of transfected cells (EGFP-positive) and luciferase expression were measured for each sample. *p < 0.05
compared to samples of the same N:P ratio with added free chitosan at 4 h, 8 h and 12 h or to N:P 5. Brackets show a time dependent decrease of TE due to a delay in adding free
chitosan from 8 h to 24 h post-transfection. **p < 0.05 indicates that increasing the delay from 8 h decreases TE significantly, according to ANOVA multivariate analysis. Values are
expressed as mean � SD, n ¼ 3.

Fig. 4. Effect of chloroquine on the transfection efficiency of polyplexes prepared at
different N:P ratios. Cells were co-incubated with polyplexes and 150 mM chloroquine
and transfection efficiency was assessed at 48 h and normalised to the optimal non-
treated N:P 5 efficiency. Inset shows an enlarged image of both DNA controls and N:P
1.2 samples. *p < 0.05 as compared to samples of the same N:P ratio untreated with
CQ. Values are expressed as mean � SD, n ¼ 3.
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was assessed by confocal microscopy and Fig. 5A shows that after
5 h incubation (4 h with chitosan and 1 h chase), free chitosan is
fully internalised and colocalises in lysosomes. We also observed
that free chitosan colocalised with lysosomes after only 2 h (data
not shown), indicating a faster internalisation kinetic than for
polyplexes, as reported elsewhere [4]. Pre-loading lysosomes with
chitosan increased the TE of inefficient low N:P ratio polyplexes by
w400% and 300% for N:P 1.2 and N:P 2 polyplexes, respectively, as
compared to controls with no pre-loading (Fig. 5B). Addition of
more free chitosan during the pre-incubation to concentrations
equal to that present in N:P 10 did not result in additional gain of TE
for the 3 N:P ratios tested here (data not shown).

In addition to revealing that lysosomal transit/escape is the key
N:P-dependent cellular event, these results also provide insight on
the fate of excess chitosan in post-transfection rescue experiments
(Figs.1 and 3). Based on a recent study that found the stoichiometry
of chitosan polyplexes in physiological media when prepared at N:P
5 to be around 2.5, withw50% free polycation andw50% associated
with DNA (data to be published using methods similar to Ma et al.,
2010 [23]), it is reasonable to assume that a fraction of chitosan
when added post-transfection could associate and bind to poly-
plexes still present in the extracellular environment, reforming N:P
5-like polyplexes. To reach the estimated stoichiometry of 2.5, more
than twice (w40%) the amount of added free chitosan would bind
to N:P 1.2 than to N:P 2 polyplexes (w15%), for which most added
chitosan would remain free. On the other hand, when cells are pre-
loaded with chitosan and media is washed before transfection, the
remaining chitosan in the system is entirely internalised in cells by
the time polyplexes are added so that polyplexes are necessarily
internalised with the stoichiometry they are prepared with, and
any increase in TE is solely the result of internalised free chitosan.
Therefore, the incomplete rescue for N:P 1.2 polyplexes achieved
here by pre-incubation (w40% of optimal TE) as compared to the
100% rescue achieved when chitosan is added post-transfection
(Fig. 1) possibly reflects the contribution of chitosan association
with polyplexes prior to internalisation and suggests that both
fractions are essential for optimal TE. The fraction associated with
the polyplexes might provide proper serum and lysosomal-
nuclease protection, while free chitosan, not hindered with DNA,
could prove more efficient in promoting lysosomal lysis, either
from degradation or via its buffering capacity [38]. For N:P 2 pol-
yplexes, the similar response seen for both types of rescue suggests
that most of the added chitosan remains free, independent of the
timing of its addition.

3.6. Kinetics of the lysosomal transit of polyplexes by live-cell
imaging

Image-based quantification of colocalisation of polyplexes with
lysosomes was used to compare the kinetics of lysosomal transit of
low N:P samples with both rescued and N:P 5 samples. Lysosome-
labelled cells were transfected with polyplexes prepared at N:P 1.2
or 5 using labelled pDNA. For the rescue of N:P 1.2 samples, free
chitosan labelled with RITC was added at 4 h post-transfection.
Colocalisation was first determined qualitatively by the occurrence
of yellow pixels resulting from the spatial overlap of red pixels
(pDNA pseudocolor) and green pixels (lysosomes pseudocolor).
Fig. 6 shows a strong colocalisation at 48 h for N:P 1.2 polyplexes
(A) while both N:P 5 (B) and rescued samples (D), clearly show
a more diffuse staining of the cytoplasm, indicating that both pol-
yplexes escape from vesicles and are disassembled for DNA disso-
ciation. The image of rescued samples at 4 h after the addition of
free chitosan (total of 8 h post-transfection) shows some colocali-
sation between free chitosan (blue) and polyplexes, resulting in
a pink overlap (Fig. 6C), indicating some intracellular association of
free chitosan and polyplexes, which can still be found at 48 h
(Fig. 6D). However, colocalisation of polyplexes with lysosomes
reveals that the bulk of polyplexes are not yet released from the
lysosomes at 4 h. The subsequent release of rescued polyplexes at
48 h (Fig. 6D) suggests that free chitosan has the ability to reach
polyplexes sequestered in lysosomes to promote their release. The
association of free polycationwith intracellular polyplexes has been
shown for PEI [22], but lysosomes were not stained and the
vesicular location of polyplexes was not assayed. Nonetheless, this
process is consistent with the fast internalisation of free chitosan
compared to polyplexes [4] and with the observed fast transit of
free chitosan to lysosomes (Fig. 5A). Moreover, this mechanism
whereby free chitosan and polyplex-containing endocytic vesicles
merge can explain the near 100% rescue achieved at 8 h and the
relatively good TE for wait times of 12 h and 24 h compared to the
unrescued samples in Fig. 3.

Lysosomal transit and release of polyplexes was then monitored
and quantified over-time from these images. Fig. 6E showing
gradual increase in colocalisation for all polyplexes from 4 h to 12 h
is consistent with our previous intracellular trafficking study [5]
and possibly reflects the kinetics of endocytic vesicle maturation
and transit towards lysosomes. From 12 h to 48 h, a marked
decrease in colocalisation was concomitant with a gradual increase
of cytoplasmic diffuse Cy5-DNA for polyplexes containing excess

Fig. 5. Rescue of TE of low N:P polyplexes by pre-incubation with free chitosan. A. Free chitosan (red) partitions in lysosomes (red) after 4 h pulse-chase. Qualitative colocalisation of
chitosan and lysosomes is indicated by yellow overlap of green and red pixels in the merged image. B. Pre-loading of cell lysosomes with free chitosan at 4 h prior to transfection
also significantly increased the TE of low N:P ratio polyplexes. *p < 0.05, compared to rescued samples of the same N:P ratio. **p < 0.05, compared to N:P 5. Scale bar ¼ 10 mm.
Values are expressed as mean � SD, n ¼ 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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chitosan, either from preparation (N:P 5) or rescued (N:P
1.2 þ free). Colocalisation remains high throughout the experiment
for N:P 1.2 polyplexes with no free chitosan, showing prolonged
lysosomal sequestration and possibly DNA degradation, consistent
with their low TE.

The observed link between the ability of polyplexes to escape
lysosomes and generate high TE for both rescued and N:P 5 poly-
plexes strongly suggests that excess polycationpromotes the release
of polyplexes from endo-lysosomal vesicles, which is necessary for
polyplexes to reach the cytoplasm and eventually the nuclear gene
expression machinery. These results are also in agreement with
a recent theoretical study using the PoissoneBoltzmann based
polyelectrolyte model that predicts a threshold minimum of free
polycation is required to increase the osmolarity of intracellular
vesicles and that below this threshold, or with polyplexes alone,
lysosomal escape and TE would be severely restricted [39].

4. Conclusion

Our combined data on cell uptake, intracellular trafficking
kinetics, free-chitosan rescue behaviour and quantitative colocali-
sation imaging demonstrate that the lysosomal escape of poly-
plexes is the main intracellular barrier overcome by excess
polycation to result in efficient chitosan-based transgene expres-
sion. Although the final molecular mechanism leading to the
increase in vesicular osmolarity and lysis still requires clarification
(proton-sponge vs. degradation products), our pinpointing of free
chitosan-mediated lysosomal release for efficient chitosan-based
gene delivery could translate to other polycations, as hypothesised
for PEI, and lead to a more rational design of vectors and thera-
peutic strategies in general. Uncovering this essential role of excess
polycation may prompt the use of functionalising tools to further

facilitate endo-lysosomal escape of polyplexes and enhance TE in
cases where excess free polycation is either undesirable or toxic (as
for PEI) or possibly insufficient, as in systemic gene delivery, where
biodistribution and pharmacokinetics of free polycation might
differ from the polyplexes.
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