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Abstract This study was designed to systematically

evaluate the influence of pH and serum on the transfection

process of chitosan–DNA complexes, with the objective of

maximizing their efficiency. The hydrodynamic diameter

of the complexes, measured by dynamic light scattering

(DLS), was found to increase with salt and pH from

243 nm in water to 1244 nm in PBS at pH 7.4 and

aggregation in presence of 10% serum. The cellular uptake

of complexes into HEK 293 cells assessed by flow

cytometry and confocal fluorescent imaging was found to

increase at lower pH and serum. Based on these data, new

methodology were tested and high levels of transfection

([40%) were achieved when transfection was initiated at

pH 6.5 with 10% serum for 8–24 h to maximize uptake and

then the media was changed to pH 7.4 with 10% serum for

an additional 24–40 h period. Cytotoxicity of chitosan/

DNA complexes was also considerably lower than Lipo-

fectamineTM. Our study demonstrates that the evaluation of

the influence of important parameters in the methodology

of transfection enables the understanding of crucial phys-

icochemical and biological mechanisms which allows for

the design of methodologies maximising transgene

expression.

Keywords Chitosan � Complexes � Uptake �

Transfection � Cytotoxicity

Introduction

Targeted and efficient DNA delivery to mammalian cells

remains an essential prerequisite for gene therapy and gene

regulation studies. Research on non-viral vectors has

gained momentum as they offer several advantages,

including stability, safety, low cost and high flexibility for

modification and to accommodate the size of the delivered

transgene [1]. Amongst various non-viral delivery systems,

cationic polymers offer ease of preparation, purification

and chemical modification and a long shelf life [2, 3].

Chitosan, a linear cationic polysaccharide comprising of

N-acetyl-D-glucosamine and b-(1,4)-linked D-glucosamine

units has been widely investigated as a DNA carrier as it is

biodegradable, biocompatible and non-immunogenic [4–9].

The transfection efficiency of chitosan/DNA systems

depends on several factors such as the degree of deacety-

lation (DDA) and molecular weight (MW) of the chitosan,

pH, protein interactions, charge ratio of chitosan to DNA

(N/P ratio), cell type, nanoparticle size and interactions

with cells [10]. The DNA binding affinity and transfection

efficiency have been found to increase with increase in

DDA or MW while maximum protein expression levels are

achieved by obtaining an intermediate stability through

control of MW and DDA [11, 12]. High MW chitosans

have been reported to degrade slowly in vivo, and have a

risk of accumulation in the tissues over long period of

administration [13]. In addition to DDA and MW, the

transfection efficiency of chitosan/DNA complexes is very

sensitive to the pH of the culture medium, since chitosan is

more protonated at acidic pH thus promoting binding not

only to negatively charged DNA, but also to negatively

charged cell surfaces. We previously reported that the

transfection efficiency at pH 6.5 was higher than at pH 7.1

and was comparable to commercially available vectors
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such as LipofectamineTM and Fugene� 6 [11]. Sato et al.

[14] compared transfection efficiency of chitosan/DNA

complexes in A549 cells and also found it higher at pH 6.9

than at pH 7.6. Additionally, Zhao et al. [15] investigated

the effect of transfection medium pH on the transfection

efficiency of chondrocytes using chitosan/DNA complexes

and reported higher expression levels at pH 6.8 or 7.0 than

at pH 7.4.

A large number of reports have been published showing

transfection with chitosan/DNA complexes both in the

presence and absence of serum in the transfection medium

[14, 16, 17]. Sato et al. [14] demonstrated 2–3 times

increase in gene expression level in the presence of serum

compared to without serum and ascribed the effect as due

to increased cell function. However, upon addition of 50%

serum, a reduction in transfection efficiency was observed

and ascribed to cell damage induced by the high content of

serum. Erbacher et al. [18] reported higher transfection

efficiency in HeLa cells in the presence of 10% serum than

in the absence of serum. Despite several studies, the opti-

mum conditions for transfection of chitosan/DNA com-

plexes in terms of pH, serum and incubation time with cells

have not been identified. No report to date has systemati-

cally examined the effect of pH and serum on physico-

chemical properties of complexes as well as in vitro

cell uptake, transgene expression and cytotoxicity, and

accounting for the kinetics of the transfection process.

This study was designed to systematically evaluate the

influence of pH and serum on the physicochemical prop-

erties, cell uptake and in vitro transfection efficiency of

chitosan/DNA self assembled complexes. We hypothesized

that higher transfection efficiency of chitosan/DNA com-

plexes at acidic pH is due to enhanced uptake owing to the

presence of positive charge on non-aggregated nanometre

size complexes which efficiently interact with the nega-

tively charged cell membranes. Also, transfection effi-

ciency would further depend on the processing of

internalized complexes which would be higher in meta-

bolically active cells at higher pH of 7.4 and in the pres-

ence of serum in contrast to acidic pH and absence of

serum. Chitosan/DNA complexes were prepared using

chitosan with 92% DDA and 10 kDa MW, which we

previously reported as an efficient chitosan for transfection,

and also characterized for size and zeta potential in various

medium compositions and with varying pH and salt con-

centration [11]. In vitro transfection efficiency of these

complexes was then assessed on HEK 293 cells, in dif-

ferent pH, with and without serum, employing a plasmid

containing a fusion of an enhanced green fluorescent pro-

tein (EGFP) and a luciferase reporter gene, the former

detected with flow cytometry and the latter with lumi-

nometry. Chitosan labelled with rhodamine isothiocyanate

(RITC) and DNA with fluorescein or Cy3 was used to

observe cell uptake via flow cytometry and confocal fluo-

rescence microscopy as a function of pH and serum [19].

Cytotoxicity was evaluated using the Alamar Blue assay.

Materials and Methods

Materials

HEK 293 cells were from ATCC (ATCC #CRL 1573)

Manassas, VA, USA. Dulbecco’s Modified Eagle Medium

high glucose (DMEM HG, Cat #12100-046), Fetal Bovine

Serum (FBS, Cat #26140-079), LipofectamineTM (Cat

#18324-111), 0.25% Trypsin–EDTA (Cat #25200-056) and

Competent DH5a cells (Cat #182630-12) were from Life

Technologies, Carlsbad, California, USA. Dulbecco’s phos-

phate buffered saline (PBS) without calcium and magne-

sium chloride (Cat #D5652), HEPES (Cat #H4034), MES

(Cat #M2933), sodium bicarbonate (Cat #S5761), sterile

1 N HCl (Cat #H9892) cell culture tested were obtained

from Sigma-Aldrich, Oakville, Ontario, Canada. Bright-

GloTM Luciferase Assay System (Cat #E2620) and Glo

Lysis Buffer (Cat #E2661) were from Promega, Madison,

WI, USA. BCATM Protein Assay Kit (Cat #23227) and

Compat-Able Preparation Reagent Set (Cat #23215) were

from Pierce Biotechnology, Rockford, IL, USA. The plas-

mid EGFPLuc 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 Fluorescein labelling kit full size MIR

3200, Label IT Cy3 labelling kit full size MIR 3600 was

from Mirus, Madison, WI, USA. Alamar Blue reagent (Cat

#DAL 1025) was procured from Invitrogen, Burlington,

Ontario, Canada.

Cell Culture

The mammalian cell line, Human embryonic kidney 293

(HEK 293) cells, was maintained as monolayer cultures in

DMEM supplemented with 10% FBS. In the present study,

cells with passage number lower than 25 were employed

for all in vitro transfection experiments.

Plasmid DNA

All complexes prepared with chitosan contained the plas-

mid pEGFPLuc (6.4 kb) which encodes a fusion of EGFP

and luciferase from the firefly Photinus pyralis under the

control of human cytomegalovirus (CMV) promoter [20].

The plasmid was transformed into E. coli bacterial strain

DH5a and extracted from the culture pellets using the

EndoFree Plasmid Mega Kit as per manufacturer’s

instructions. The purified pDNA was dissolved in
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endotoxin-free water and the quality was assessed by

restriction enzyme digestion, analysis on agarose gel and

concentration/purity determined by UV spectrophotometry

by measuring absorbance at 260/280 nm. For complex

preparation, pDNA was suspended in deionized water to

obtain the desired N/P ratio of 5, where N is moles amine

from chitosan and P is moles phosphate from DNA.

Preparation of Chitosan/pDNA Complexes

Complexes of chitosan/pDNA were prepared as described

previously [11]. Briefly, chitosan 92–10 (DDA–MW) was

dissolved at 0.5% (w/v) in hydrochloric acid using an

amine (from chitosan): HCl ratio of 1:1 overnight on a

rotary mixer. This chitosan solution was further diluted

with deionized water to obtain a ratio of amine (chitosan

glucosamine groups) to phosphate (N/P) of 5 when 100 ll

of chitosan solution would be mixed with 100 ll of pDNA,

the concentration of the latter always kept at 330 lg/ml in

deionized water. N/P of 5 was chosen since both in vitro

and in vivo studies have shown this ratio to be efficient for

chitosan 92–10 [11, 21]. Diluted chitosan solution was

filter sterilized with a 0.2 lm syringe filter prior to mixing

with pDNA; ninhydrin assays indicated that chitosan was

not trapped in the filter [22]. Complexes of chitosan/pDNA

were prepared by adding 100 ll of sterile diluted chitosan

solution to 100 ll of pDNA (330 lg/ml) at room temper-

ature, pipetting up and down and tapping the tubes gently.

Complexes thus prepared were incubated for 30 min at

room temperature before performing transfection exper-

iments.

Physicochemical Characterization of Chitosan/pDNA

Complexes

Size

The hydrodynamic diameter of the chitosan/pDNA com-

plexes was determined by dynamic light scattering (DLS)

measurements. Chitosan/pDNA complexes (30 ll) were

diluted into various medium (600 ll) of different pH, salt

and protein content followed by incubation of 30 min and

size determined using a Zetasizer Nano ZS (Malvern

instruments, UK) employing a nominal 5 mW HeNe laser

operating at 633 nm wavelength. The scattered light was

detected at 173�. The refractive index (1.33) and the vis-

cosity (0.89) of ultrapure water at 25�C were used in data

analysis performed in automatic mode using the instrument

software (DTS 5.0). All measurements were done in trip-

licates with each of the triplicates measured 20 times to

obtain an average. The particle size reported as hydrody-

namic diameter obtained as intensity distribution by

Cumulant analysis.

Zeta Potential

Chitosan/pDNA complexes were diluted as in size mea-

surement experiments and subjected to zeta potential

measurements on a Zetasizer Nano ZS but employing

disposable zeta cells with laser doppler velocimetry used to

calculate the zeta potential from the electrophoretic

mobility. Zeta potential measurements were also carried

out in triplicates in automatic mode with the average of 20

measurements used for each sample within the triplicate.

In Vitro Transfection

Mammalian HEK 293 cells were cultured in DMEM HG

supplemented with 1.85 g/l of sodium bicarbonate and

10% FBS at 37�C in 5% CO2. Cells were maintained and

sub-cultured according to ATCC recommendations without

any antibiotics. The absence of mycoplasma was verified

by fluorescence detection according to Hay et al. [23]. For

transfection, HEK 293 cells were seeded in 24-well culture

plates using 500 ll/well of complete medium and 50,000

cells/well incubated at 37�C, 5% CO2. The cells were

transfected the next day at *50% confluency.

Transfection with Chitosan/DNA Complexes

Chitosan/DNA complexes containing 2.5 lg of DNA/well

were used to transfect HEK 293 cells in a 24-well culture

plates. Transfection media supplemented with 10% FBS

was equilibrated overnight at 37�C, 5% CO2 and pH

adjustment performed with 1 N sterile HCl prior to trans-

fection. To maintain the pH stability of transfection media,

10 mM HEPES (for pH 7.1) or 5 mM MES (for pH 6.5)

were added to DMEM HG and sodium bicarbonate con-

centration was decreased to 20 and 10 mM, respectively.

Chitosan/DNA complexes were prepared, as described

above, incubated at room temperature for 30 min before

proceeding with transfection. The complexes were diluted

with transfection medium to have a final concentration of

2.5 lg DNA/500 ll of medium, as determined previously

[11]. Medium over cells was then aspirated and replenished

with 500 ll/well of transfection medium containing

chitosan/DNA complexes, unless otherwise mentioned. For

standard transfections, cells were then incubated with

chitosan/DNA complexes until analysis at 48 h post-

transfection. After 48 h, cells were observed under a

fluorescence microscope (Zeiss Axiovert TV 100, GmbH

Germany) to monitor any morphological changes. Trans-

fection efficiencies and transgene expression levels were

then quantitatively assessed by flow cytometry for green

fluorescent protein (GFP) and by luminometry for lucifer-

ase assay, respectively. LipofectamineTM was used as

positive control following manufacturer’s instructions and
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naked pDNA as a negative control. All experiments were

done in duplicates, with a minimum of three separate

experiments to demonstrate reproducibility. The data

shown in graphs represent mean ± SD (n = 3).

Transfection in Presence of Serum

Transfection was performed as above with complete trans-

fection media containing 10% serum and 5 mM MES with

pH adjusted to 6.5. After stipulated time points of 4, 8, 12 and

24 h, transfection media containing chitosan/DNA com-

plexes was removed and cells replenished with fresh com-

plete media containing 10% serum of either pH 6.5 or 7.4

followed by incubation to a total of 48 h post-transfection.

Initial Transfection in Absence of Serum

Cells transfected as above with transfection medium with

5 mMMES and pH adjusted to 6.5 but without serum. After

stipulated time points of 4, 8, 12 and 24 h, transfectionmedia

containing nanoparticles was aspirated and cells re-supple-

mentedwith (1)mediumwithout serumat pH6.5 or 7.4 or (2)

complete medium with 10% serum at either pH 6.5 or 7.4,

and analyzed after a total of 48 h post-transfection.

Kinetics of Transgene Expression

Transfection was done as detailed above using complete

transfection media containing 10% serum at pH 6.5. After

stipulated time points of 12, 24, 48, 72 and 96 h cells were (1)

trypsinized and analyzed for GFP expression by flow

cytometry and (2) lysed followed by luciferase assay by

luminometry.

Transfection with Lipofectamine

Complexes of LipofectamineTM/pDNA were prepared with

1:2 ratio of pDNA (lg): LipofectamineTM (ll) according to

manufacturer’s protocol and were used as a positive con-

trol. For transfection in 24-well culture plates, Lipofect-

amineTM was complexed with 0.5 lg of pDNA and

incubated for 30 min for complexation. According to the

manufacturer, cells were incubated for 4 h with Lipofect-

amineTM/pDNA complexes in serum-free medium, replen-

ished with complete media containing 10% serum and

analyzed after a total 48 h post-transfection.

Transfection Efficiency Measurements

Flow Cytometry

Cells treated with various transfection agents for 48 h of

incubation were trypsinized (trypsin 0.25%–EDTA) for

2 min. After detachment, complete medium was added to

inhibit trypsin activity. Cell suspensions were then trans-

ferred to 5 ml flow cytometry tubes and EGFP expression

in the transfected cells quantified using a MoFlo cytometer

(MoFlo BTS, Beckman Coulter, Miami, FL, USA) equip-

ped with a 488 nm argon laser for excitation (model

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

sample, 20,000 events were collected and fluorescence was

detected through 510/20 nm (FL1) band pass filter for

EGFP. In addition, forward scatter (FSC) and side scatter

(SSC) were used to establish a collection gate to exclude

dead cells and debris. Signals were amplified in logarithmic

mode for fluorescence and Summit software (v. 4.3,

Beckman Coulter, Miami, FL, USA) was used to determine

the GFP positive events by a standard gating technique.

The control sample (non-transfected cells only) was dis-

played 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, after excluding dead

cells and debris.

Luciferase Assay

Culture medium of cells transfected at different conditions

was aspirated; cells were washed once with cold PBS and

replenished with 100 ll of Glo Lysis Buffer followed by

incubation at RT with shaking until complete lysis. Ali-

quots of 25 ll were transferred to 96-well white lumino-

meter plates where an equal amount of Bright-GloTM

substrate was added just prior to measurement on a Tecan

InfiniteTM M200 (Tecan Austria, Austria). Another 10 ll

aliquot of cell lysate was treated with Compat-AbleTM

Preparation Reagent Set to remove interfering substances

from the Glo Lysis Buffer prior to determining the protein

content using BCATM Protein Assay kit. The relative light

units (RLUs) were normalized to the protein content of

each sample.

Cell Uptake Studies

Flow Cytometry

To quantify cell uptake of the chitosan/DNA complexes,

fluorescent complexes were prepared by labelling chitosan

with RITC before complexation with DNA [19]. HEK 293

cells were seeded onto 24-well plate and transfected with

complexes prepared from labelled chitosan as described

above in the transfection experiment followed by incuba-

tion at 37�C. For chitosan only incubations, the amount of

rhodamine labelled chitosan equivalent to that present in

the complexes was used. Cells were also transfected with

complexes prepared from chitosan and Cy3 labelled DNA
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(DNA labelling according to manufacturer’s protocol) to

remove the effect of free chitosan in the measured cell

uptake. After stipulated time points of 1, 2, 4, 8 and 24 h,

uptake was terminated by replacing the medium containing

transfection complexes with cold PBS. To visualize the

internalization of the complexes, each cell monolayer was

observed under fluorescence microscope. To determine the

percentage and fluorescence intensity of cells internalizing

complexes, cells were washed with cold PBS followed by

trypsinization for 10 min. After complete detachment of

cells from plate and from each other, DMEM supplemented

with 10% FBS was added to inhibit trypsin activity. Ini-

tially, to quench the residual fluorescence out of the cell

membrane, cells treated with 0.4% trypan blue for 2 min

[24]. However, no difference in fluorescence level was

observed between the cells treated with and without trypan

blue, so later all samples were analyzed without trypan

blue treatment. Cell suspensions were then transferred to

1.5 ml sterile centrifuge tubes, centrifuged and washed two

times with cold PBS. The cells were finally suspended in

150 ll of PBS, transferred to 5 ml flow cytometry tubes

and subjected to analysis on a MoFlo cytometer equipped

with a 568 nm argon laser for excitation (model ENTCII-

621, Coherent, Santa Clara, CA, USA). Rhodamine B has

an excitation maximum at 551 nm and an emission maxi-

mum at 605 nm; Cy3 has an excitation maximum at

550 nm and an emission maximum at 570 nm, which can

be analyzed by flow cytometry instruments using argon ion

lasers. For each sample, 10,000 events were collected and

Rhodamine B fluorescence was detected through 620/

60 nm (FL4) band pass filter and Cy3 fluorescence detected

through 580/30 nm (FL2) band pass filter. Also, FSC and

SSC were used to establish a collection gate to exclude

dead cells and debris. Signals were amplified in logarithmic

mode for fluorescence and Summit software (v. 4.3,

Beckman Coulter) was used to determine the rhodamine

and Cy3 positive events by a standard gating technique.

The control sample (non-transfected cells only) was dis-

played on a FL4 plot and the gate drawn such that control

cells were excluded. The percentage of positive cells was

calculated as the cells within the gate divided by the total

number of cells, after excluding dead cells and debris. The

mean fluorescence values of the positive cells internalizing

complexes, obtained after proper gating was used to assess

the level of uptake per cell.

Confocal Microscopy

HEK 293 cells were seeded 24 h prior to transfection in

35 mm MatTek’s glass bottom culture dishes using 500 ll

of complete medium and 50,000 cells/dish, incubated at

37�C, 5% CO2. After 24 h of incubation, cells were

transfected with complexes prepared from RITC labelled

chitosan and fluorescein labelled DNA (DNA labelling

according to manufacturer’s protocol) as described above

in the transfection experiment except that incubation time

with complexes was only 8 h. After this time, the medium

containing transfection complexes was removed and cells

were washed twice with cold PBS solution. Cells were then

stained for 5 min at 37�C with 1 ml of Cell MaskTM deep

red plasma membrane stain at a concentration of 5 lg/ml in

complete media followed by washing twice with cold PBS

solution. Then 2 ml of complete media was added to the

dish containing stained cells and imaged with a confo-

cal microscope (LSM510 META, Carl Zeiss, GmbH,

Germany) using the following excitation and emission

wavelengths: fluorescein excitation 488 nm, emission band

pass 510/520 nm; Rhodamine excitation 543 nm, emission

band pass 565/615 nm; Cell MaskTM deep red excitation

633 nm, emission band pass 644/676 nm. Images were

captured from randomly selected areas of each culture dish

for each pH and analyzed using Z-sectioning.

Cytotoxicity of Chitosan/DNA Complexes

The toxicity of chitosan/DNA complexes was evaluated by

colorimetric Alamar Blue assay [25, 26]. The blue coloured

reagent Alamar Blue contains resazurinwhich is reduced to a

pink coloured resorufin by the metabolic mitochondrial

activity of viable cells and can be quantified colorimetrically

and fluorimetrically. HEK 293 cells were seeded onto

96-well plates using 100 ll/well of complete medium and at

a density of 10,000 cells/well to yield *50% confluency

after 24 h of incubation. Before estimating the cytotoxicity

of chitosan/DNA complexes, a control experiment was done

to show comparability of the Alamar Blue and MTT assay,

by treating cells overnight with increasing concentrations of

DMSO. For assessing the cell viability of complexes, cells

were then incubated with 100 ll of medium containing

chitosan/DNA complexes as described above in the trans-

fection experiment. For 96-well plates, chitosan/DNA

complexes having 0.5 lg of DNA/well, LipofectamineTM

with 0.1 lg of DNA/well andDNA alone as negative control

at 0.5 lg DNA/well were used. After 48 h, 20 ll of Alamar

Blue reagent, pre-warmed at 37�C was added to each well

and incubated for another 4 h. At the end of incubation 80 ll

of media containing reduced Alamar Blue dye was trans-

ferred to black corning 96-well plates and read on fluores-

cence plate reader with excitation 560 nm, emission 590 nm

and cut off 570 nm. Untreated cells were taken as control

with 100% viability and cells without addition of Alamar

Blue were used as blank. The relative cell viability (%)

compared to control cells was calculated by [Fluores-

cence]sample/[Fluorescence]control 9 100.
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Statistical Analysis

All experiments were done in duplicates, with three sepa-

rate experiments to demonstrate reproducibility. All data

were presented as mean ± standard deviation (±SD) of all

the experiments. Statistical analysis was performed using a

Student’s t-test. The differences were considered signifi-

cant for P\ 0.05 and P\ 0.01 indicative of a very

significant difference.

Results and Discussion

Complex Size and Zeta Potential

Chitosan/pDNA complexes were prepared by mixing a

fixed amount of chitosan with pDNA to obtain an N/P ratio

of 5 shown previously to be most effective for chitosan

92–10 [11, 21]. The complex formation occurs due to ionic

interaction between the positively charged amino groups

present on the glucosamine units of chitosan and the neg-

atively charged phosphate groups of DNA [12]. The size of

polycation/DNA complexes is a central parameter influ-

encing cell uptake and gene transfection. It has been

reported that polycation/DNA complexes having size lar-

ger than 100 nm mostly enter the cell by endocytosis or

pinocytosis [27].

During in vitro transfection pH and serum content play

vital roles in determining the efficiency of gene delivery in

vitro. In order to study the effect of pH and serum proteins

on the hydrodynamic diameter of complexes, zeta-sizing

measurements were performed after exposing complexes to

various media. Complexes diluted with double distilled

water gave a uniform hydrodynamic diameter distribution

of 243 ± 12 nm with a polydispersity index of 0.39 ±

0.07. Complex hydrodynamic diameter increased with

increasing salt concentration from 391 ± 43.7 nm at

10 mM NaCl to 890 ± 71.6 nm in 150 mM NaCl. Chito-

san/DNA complex hydrodynamic diameter in PBS was

also found to be much greater than that in distilled water

where PBS generated particle diameters near 1000 nm, i.e.

4–5 times larger than in distilled water. This increase in

complex hydrodynamic diameter in PBS can be attributed

to increased salt concentration and increased pH (from a

pH of 6.1 measured in distilled water) both of which induce

aggregation by reduced electrostatic repulsion between

particles as is well known from DLVO theory of colloid

stability [28]. This latter interpretation is also supported by

the significant reduction in zeta potential seen from dis-

tilled water to PBS (Table 1).

Samples with very broad size distribution having poly-

dispersity index values[0.7 are either not suitable for DLS

analyses, or present agglomeration problems [29]. In this

study, the polydispersity index of chitosan/DNA com-

plexes in DMEM with or without 10% serum at all the

three pHs was found to be more than 0.7, rendering par-

ticles unsuitable for DLS measurements, hence data are not

reported here. For instance, in media with 10% serum, pH

6.5 three different populations with hydrodynamic diame-

ter of 10.5, 643.1 and 4407 nm having PI of 0.742, were

found due to presence of serum proteins and binding of

serum proteins to chitosan/DNA complexes (Fig. 1).

To study the influence of salt and pH on the surface

charge of chitosan/DNA complexes, the zeta potential was

measured in different media (Table 1). The charge of

chitosan/DNA complexes depends on the concentration of

DNA and chitosan as well as the pH and salt content of the

suspension medium. The pKa of chitosan can be expressed

as a linear function of its charge density with an intrinsic

pKa (pK0) of 6.7 and, as for any polyelectrolyte, this charge

density dependence of pKa is reduced as ionic strength

increases [30]. At 50% protonation, in the presence of 15 or

150 mM of NaCl, the pKa of the amino groups is about 6.3

or 6.5, respectively, and the polymer’s cationic charge

density is greatly reduced by pH increases in the 5.5–7.5

region. For example, increasing from pH 5.5 to 7.5 results

in a decrease of chitosan amine protonation from about 75

to 10% in 15 mM NaCl or a decrease from about 90 to 10%

in 150 mM NaCl according to a recently developed

molecular model of chitosan ionization [30]. Interestingly,

the strong polyanionic nature of DNA in chitosan/DNA

complexes facilitates the protonation of glucosamine units

Table 1 Hydrodynamic diameter, polydispersity index and zeta potential (mean ± SD, n = 3) of chitosan/pDNA complexes in various medium

without serum

S.No. Measurement medium Hydrodynamic diameter (nm) Polydispersity index Zeta potential (mV)

1. Double distilled water 243 ± 12 0.39 ± 0.07 41.4 ± 5.1

2. 10 mM NaCl 391 ± 43.7 0.41 ± 0.11 28 ± 5.2

3. 150 mM NaCl 890 ± 71.6 0.20 ± 0.08 23 ± 6.3

4. PBS pH 6.5 911 ± 39.6 0.14 ± 0.07 11.4 ± 4.1

5. PBS pH 7.1 1213 ± 84 0.10 ± 0.06 4.5 ± 1.0

6. PBS pH 7.4 1244 ± 135.2 0.19 ± 0.5 -4.9 ± 3.5
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of chitosan due to proton transfer from the buffer to

chitosan during complex formation, even at high pH such

as 7.4 where chitosan would be largely uncharged in the

absence of DNA [12]. The zeta potential of chitosan/DNA

complexes in water was found to be 41.4 ± 5.1 mV

and generates sufficient electrostatic repulsion to pre-

vent aggregation of complexes during incubation times

exceeding 120 min [11]. Zeta potential measurements

indicate that particle surface charge was reduced by sus-

pending complexes in PBS at pH 6.5 and even became

negative at pH 7.4 (Table 1). It can be inferred from these

results that an increase in pH of PBS reduces protonation

levels of chitosan such that at pH 7.4 the overall charge on

chitosan is less that the anionic charge of DNA in the

complexes. This dependence of charge on pH is consistent

with that previously reported where electrostatically neu-

tral particles were found in the pH range of 7.0–7.4 using

an N/P ratio of 6 while the zeta potential became -20 mV

at pH 8–8.5 [31].

In order to investigate the effect of labelling with fluo-

rescence dyes, the particle size was determined after

labelling chitosan and DNA. However, no significant dif-

ference in hydrodynamic diameter was observed (unpub-

lished data) hence it can be deduced that the effect of

altered size on uptake and transfection would also be

negligible. The dyes are relatively small molecules com-

pared to chitosans and especially DNA, and both DNA and

chitosan are labelled at approximately 1%, resulting in

insignificant size change. The average MW of fluorescent
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serum showing three different populations with hydrodynamic

diameter of 10.5 nm (serum proteins), 643.1 nm (binding of serum

proteins to complex) and 4407 nm (large aggregates due to binding of

serum to complex)

Fig. 2 Fluorescence

microscope images of HEK 293

cells transfected at different pH.

Cells were exposed to

rhodamine labelled chitosan/

DNA complexes, and 24 h post-

transfection media was

exchanged with PBS and cells

with internalized or adsorbed

complexes visualized under

fluorescent microscope at 910

magnification. Large aggregates

present on cell surface at pH 7.4

while complexes were more

uniformly distributed at lower

pH 6.5
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RITC–chitosan was shown in an article from our group to

be similar to the unlabelled parent chitosan [4] and this was

also found to be the case for labelled DNA compared to

unlabelled DNA according to the manufacture’s web site

(Mirus corporation).

In Vitro Transfection

To estimate the transfection efficiency of chitosan/DNA

complexes prepared by complexation of chitosan 92–10

(DDA–MW) with plasmid pEGFPLuc, transfection studies

were carried out on HEK 293 cells and compared to a

commercially available transfection reagent, Lipofect-

amineTM. Transfection efficiency of complexeswas assessed

at different pH, i.e., 6.5, 7.1 and 7.4 in medium containing

10% serum. Cells incubated for 24 h with complexes pre-

pared from rhodamine labelled chitosan revealed the pres-

ence of large aggregates at pH 7.4 adhering to cell surfaces

while RITC–chitosan fluorescence appeared to be more

uniformly distributed on the cells at pH 6.5 (Fig. 2). Trans-

fection efficiency expressed as percentage of cells express-

ing EGFP was 26.3% at pH 6.5 and then dropped

considerably at higher pH of 7.1 and 7.4 with 9.2 and 0.2%,

respectively, also in agreement with earlier studies (Fig. 3)

[11, 14]. This dependence of transfection efficiency on the

pH of the transfection medium appears to be related to the

protonation of amino groups in chitosan. The pKa of the

amino groups in chitosan is*6.5, hence in the transfection

medium of pH 6.5 chitosan is expected to be highly pro-

tonated and the chitosan/DNA complexes to be positively

charged [30, 32]. Our zeta potential data in PBS without

serum at pH 6.5 was 11.4 ± 4.1 mV and then decreased to

4.5 ± 1.0 mV at pH 7.1, suggesting a stronger affinity of

complexes at pH 6.5 for the negatively charged cell mem-

branes. This strong cationic charge of complexes at pH 6.5

could result in a high non-specific affinity for negatively

charged cell membranes and consequently high cell uptake,

thereby producing higher transfection efficiency than at

higher pH of 7.1 or 7.4. Moreover, the complexes size also

increased considerably at higher pH of 7.1 and 7.4 as com-

pared to pH 6.5.

Cell Uptake of Complexes

Cell binding and uptake of chitosan/DNA complexes is the

first step and an important barrier to efficient transfection.

To study the effect of pH and serum on complex inter-

nalization, uptake experiments were done at different pH,

and in the presence and absence of serum using complexes

prepared with rhodamine labelled chitosan [19]. A com-

parative study was performed to evaluate cell uptake of

chitosan presented in two forms (1) as a soluble macro-

molecule without DNA and (2) as a condensed chitosan/

DNA complex. Flow cytometry was used to quantify the

uptake of complexes by the cells, however, it does not

generally discriminate between membrane bound and

internalized fluorescent moieties, so that additional proce-

dures were included to minimize any contribution of sur-

face-bound particles in measuring uptake. Namely, a

simple and efficient method involving treatment of the cells

with trypsin followed by several washes before FACS

analysis was used to remove surface-bound complexes and

assess cellular uptake of fluorescent chitosan and com-

plexes. Uptake of complexes by HEK 293 cells was pH and

serum dependent, with maximum uptake occurring in

medium at pH 6.5 supplemented with 10% FBS (Fig. 4).
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Fig. 3 Transfection efficiency of chitosan/DNA complexes at differ-

ent pH. HEK 293 cells were transfected with chitosan/DNA

complexes at different pH. After 48 h a GFP expression was

quantified using flow cytometry and expressed as percentage of cells

transfected, while b the level of gene expression determined by

luminometry and expressed as RLU per minute per milligram of

protein. Values are mean ± SD, n = 3
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The uptake of complexes as well as of chitosan alone was

higher in presence of serum at all the three investigated

pHs. The percentage of fluorescent cells and the fluores-

cence intensity per cell was significantly enhanced by

increasing incubation time from 1 to 24 h. At pH 6.5,

almost 100% of cells internalized complexes after 4 h of

incubation whereas at pH 7.1 only 50% cells were fluo-

rescent with a lower level of fluorescence. Chitosan inter-

acts with the cell membranes by non-specific electrostatic

forces of attraction and any receptor specific to chitosan

has not been identified in cell membranes [33]. A high

positive surface charge on chitosan nanoparticles is thought

to allow an electrostatic interaction with the negatively

charged cellular membranes leading to internalization. Our

results are in accordance with this theory with higher

uptake at pH 6.5 compared to pH 7.1 and 7.4, as chitosan

bears higher positive at lower pH (Table 1).

Our results show that the percentage of cells internal-

izing complexes after 1 h of incubation was less than

chitosan alone at all the three pH (Fig. 4). After 4 h of

incubation at pH 6.5 with serum, almost 100% of cells

internalized complexes and chitosan alone whereas at pH

7.1 with serum only 55% internalized complexes while

100% cells internalized chitosan only. Separate studies

underway suggest that approximately 60% of chitosan is

free and undergoes uptake separately from the complexes.

The level of uptake of chitosan only was much higher in

contrast to complexes at all three pH in presence of serum.

Also, the level of uptake of chitosan alone was higher with

10% serum versus without serum at all the three pH media.

One possible reason for these observations is that positively

charged chitosan forms small hydrodynamic diameter

complexes with the negatively charged serum proteins

which can then be efficiently internalized. To investigate

the influence of serum proteins on chitosan, DLS mea-

surements were performed after suspending chitosan in

media supplemented with 10% serum. In media with 10%

serum, two different populations with particle hydrody-

namic diameter of 15 ± 3.6 and 71 ± 18.7 nm were found

due to presence of serum proteins whereas in media con-

taining chitosan a third population occurred with particle

hydrodynamic diameter of 490 ± 111 nm, which appears

due to complexation of chitosan with serum proteins

(Fig. 5). These results suggest that, chitosan forms com-

plexes/aggregates with serum proteins that could result in

higher uptake when cells are incubated with chitosan in the

presence of 10% serum whereas in contrast, very low

uptake was observed for chitosan incubated in media

without serum. A higher level of uptake was observed with

complexes incubated at pH 6.5 media without serum as

compared to chitosan only. This significantly higher uptake

could be attributed to efficient binding of condensed

chitosan to cell membrane due to presence of well defined

particles at pH 6.5 in case of complexes as compared to
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chitosan only. This dependence of uptake on the presence

of condensed particles is consistent with that previously

reported where chitosan nanoparticles of hydrodynamic

diameter 433 ± 28 nm were reported to have higher

internalization than chitosan molecules with hydrodynamic

diameter of 830 ± 516 nm [34].

At pH 7.4 with serum, transfection was almost absent

while a high amount of uptake was observed after 24 h

which was likely due to free chitosan not bound to DNA

but rather to serum proteins. It can be speculated from

these uptake data that either the amount of complexes

internalized at higher pH, i.e., 7.1 and 7.4 is not sufficient

enough to yield efficient transfection or was mostly free

chitosan is internalized at these pH.

To more clearly distinguish between the uptake of free

chitosan and chitosan/DNA complexes at all the three pHs,

uptake experiments were also donewith complexes prepared

from Cy3 labelled DNA. Our results for 8 h of incubation

with complexes show that the percentage of Cy3 positive

cells at pH 6.5 with serum was almost equal to rhodamine

positive cells at this pH for cells transfected with rhodamine

labelled complexes (Fig. 6). For pH 7.1 and 7.4, however,

the percentage of Cy3 positive cells was reduced to*8 and

3% in contrast to about 90% rhodamine positive cells in

presence of 10% serum. This difference in uptake comparing

RITC–chitosan to Cy3–DNA can be explained by the pres-

ence of a significant amount of free chitosan in the complexes

prepared at N/P ratio of 5. Thus the higher uptake of com-

plexes prepared with RITC–chitosan at higher pH is most

likely due to free chitosan since Cy3–DNA uptake was very

much lower and in accordance with the lower values of

transfection efficiency at these pHs (Fig. 3).

To fully substantiate the uptake results from flow

cytometry analysis, cellular internalization of nanoparti-

cles was assessed with confocal microscopy. Though, this

technique is more qualitative than quantitative, it pro-

vides a direct observation of the localization of the

fluorescent nanoparticles in the cells providing evidences

of cellular internalization. During cellular tracking of

the fluorescent chitosan/DNA complexes, fluorescence

appeared to be distributed throughout inside the cells at

pH 6.5 with serum (Fig. 7). However, cells incubated

with the complexes at pH 7.1 and 7.4 with serum showed

large aggregates found near the cell membranes with only

small amounts that were internalized. At pH 7.1 and 7.4

without serum, internalization of complexes was almost

absent, although small amount of chitosan uptake could

be seen.

Kinetics of Gene Expression

The kinetics of gene expression was evaluated quantita-

tively by flow cytometry for EGFP along with a luciferase

assay employing luminometry. At pH 6.5 in the presence of

serum, an increase in the percentage of transfected cells

was observed as a function of time up to 48 h and remained

relatively constant thereafter (Fig. 8). After 12 h post-

transfection, the percentage of cells expressing GFP was

approximately 7.1% which increased to 26.7% for 48 h and

22.2% for 96 h. Similarly, the level of gene expression as

measured by luciferase activity increased up to 48 h post-

transfection and remained constant thereafter.
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Optimization of Transfection Through Media Changes

To further investigate the effect of serum and pH on the

transfection with chitosan/DNA complexes, and to opti-

mize transfection efficiency, a series of experiments were

performed by changing transfection media in the presence

or absence of serum. Cells transfected in medium with

serum at pH 6.5 for 8–24 h followed by replenishment with

medium supplemented with 10% serum pH 7.4 produced

the highest number of transfected cells, i.e., 41.8% at 48 h

Fig. 7 Confocal microscope

images of HEK 293 cells

transfected at different pH.

Cells transfected with chitosan/

DNA complexes, where

chitosan labelled with

rhodamine and DNA with

fluorescein, visualized under

confocal microscope 24 h post-

transfection. Blue colour—

staining of cell membrane, red

colour—rhodamine labelled

chitosan only, green colour—

fluorescein labelled DNA only

and yellow colour—

colocalization showing

chitosan/DNA complex. At pH

6.5 with serum, a large amount

of complexes are visible inside

the cell (white arrows) whereas

at pH 6.5 without serum, a large

amount of free chitosan can be

seen inside the cell (white

arrows). At pH 7.1 with serum,

a small amount of chitosan and

complexes were visible (white

arrows) whereas at pH 7.1

without serum only a small

amount of free chitosan was

seen inside cells (white arrows)

without any internalization of

complexes. At pH 7.4 with

serum, large aggregates were

observed outside the cells

external to the cell membrane

(white arrows) while at pH 7.4

without serum, a small amount

of complexes were observed on

cell membranes (white arrows).

(Color figure online)
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post-transfection and the highest level of protein expres-

sion (Fig. 9). In contrast, maintaining cells at pH 6.5 for the

entire 48 h transfection period resulted in only 26.4% of

cells being transfected. Uptake of complexes is greatly

facilitated at pH 6.5 (Fig. 6), but once uptake is complete at

around 8–24 h (Fig. 4) it appears beneficial to return the

cells to a physiological pH of 7.4 to allow completion of

the transfection process to result in expression of the

transgene. It has been previously reported that a slightly

acidic condition resulted in decreased cell metabolism

leading to reduction of glucose metabolism and lactate

production [35–37]. Also, as discussed below, our cell

viability data shows higher cell viability at pH 7.4 as

compared to pH 6.5 and 7.1 (Fig. 10).

One of the advantages associated with chitosan is that it

is highly efficient in carrying out transfection in the pres-

ence of serum. Sato et al. [14] demonstrated that with

chitosan/pGL3 complexes, at the serum content of 10%,

gene expression level increased about 2–3 times as

compared to medium without serum. Herein, we also

observed that transfection efficiency is 20–50% lower in

the absence of serum compared to with serum for time

points of 8, 12 and 24 h at pH 6.5 or 7.4 (Fig. 9). The

serum deprived cells continue to cycle until they complete

mitosis, whereupon they exit into the G0 state and further

division stops [38, 39]. The increase in transfection

0

5

10

15

20

25

30

35

0 12 24 36 48 60 72 84 96 108

T
ra

n
sf

ec
te

d
 c

el
ls

 (
%

)

Time (h)

0

2

4

6

8

10

12

14

16

18

20

0 12 24 36 48 60 72 84 96 108

N
o

rm
a

li
ze

d
 L

u
ci

fe
ra

se
 

(R
L

U
 x

 1
0

  
/ 

m
in

*
m

g
 o

f 
p

ro
te

in
)

9

Time (h)

(A)

(B)

Fig. 8 Kinetics of gene expression for HEK 293 cells transfected

with chitosan/DNA complexes at pH 6.5 with serum and analyzed by

a flow cytometry for percentage of cells expressing GFP and

by b luminometry for the expression of luciferase. Values are

mean ± SD, n = 3
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Fig. 9 Transfection efficiency of chitosan/DNA nanoparticles at

different pH. HEK 293 cells were transfected with chitosan/DNA

complexes in media with or without 10% serum. After stipulated time

points, transfection media was replaced by the same media or by

media of different pH and/or serum content and transfection

quantified at 48 h post-transfection. a The percentage of cells

expressing GFP was estimated using flow cytometry and b the level

of gene expression monitored by luminometry. Controls on the right

are S: transfection in medium pH 6.5 with serum and analysis after

48 h, NS: transfection in medium pH 6.5 without serum and analysis

after 48 h, L: transfection with LipofectamineTM and analysis after

48 h, D: transfection with DNA only in medium pH 7.4 with serum,

C: non-transfected cells. An asterisk indicates very significant

difference with P\ 0.01. Values are mean ± SD, n = 3
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efficiency in the presence of serum could thus also be

attributed to serum promoting cell division.

Interaction of complexes with the cell membrane is the

initial and one of the most significant steps for efficient

transfection. In view of our zeta potential data and high

uptake of chitosan/DNA complexes at pH 6.5 it appears

that a cationic charge of the complex is a clear requirement

for efficient transgene expression using these standard in

vitro techniques of simple incubation of cells with media

containing the complexes. One mechanism involved in this

process could be non-specific electrostatic attraction to

negatively charged cell membranes thereby promoting

uptake [40]. A second possibility is the stabilization of

hydrodynamic diameter at lower pH through interparticle

electrostatic repulsion thus limiting particle aggregation to

below 1 lm in diameter (Table 1) compared to fairly large

aggregates that could be seen even visually at higher pH

(Fig. 2).

Cytotoxicity

To assess potential cytotoxicity of high DDA (92%) and

low MW (10 kDa) chitosan used in this study, cell viability

was determined. Cell confluency, a qualitative measure of

cell viability based upon cell coverage on the well surface,

as judged by microscopy, indicated little toxicity at the

levels of chitosan/DNA complexes used for transfection.

To obtain a more quantitative measure of cell viability, we

assayed cell metabolism activity using Alamar Blue [25,

26]. A comparative study between Alamar Blue and MTT

assay revealed that the former is a single step procedure

with higher sensitivity than MTT (data not shown).

Microscopic examination of cells transfected with control

LipofectamineTM revealed considerable toxicity and cell

morbidity with cell viability reduced to *57% after 48 h.

However, the chitosan/DNA complexes were found to be

only slightly toxic, where after 48 h of incubation more

than 85% of cells were viable at pH 6.5 and 96% at pH 7.1

(Fig. 10). The lower cell viability at pH 6.5 could be due to

increased charge density of chitosan/DNA complexes since

cytotoxicity has been found to be dependent on the inter-

action of the polymers with cell membranes which

increases with polycationic charge [41]. The polycationic

polymers undergo strong electrostatic interaction with

plasma membrane proteins, which can lead to destabiliza-

tion and ultimately rupture of the cell membrane. Fischer

et al. [41] demonstrated that the cytotoxicity of different

types of polycationic polymers depend on the number and

arrangement of the cationic charges which determines the

degree of interaction with the cell membranes and the cells

exposed to cationic polymers first show membrane leakage

followed by a decrease in the metabolic activity. A com-

parative study between polycationic, neutral and polyan-

ionic polymers revealed that the polycationic polymers

have the highest toxicity followed by neutral and anionic

ones [42]. Our results are in accordance with this theory as

we observed slightly higher toxicity at pH 6.5 where the

complexes bear high positive charge and the lowest tox-

icity at pH 7.4 where the complexes were negative. Also,

the viability of cells incubated with chitosan only was

lower than with chitosan/DNA complexes, as the native

polymer bears more positive charge compared to the

polymer in complexes that is partly neutralized by binding

to DNA (Fig. 10).

Conclusion

We have evaluated the combined effect of pH and serum

on the size and zeta potential of chitosan/DNA complexes,

in addition to examining cell uptake of complexes leading

to transfection and/or cytotoxicity. The size of complexes

was found to increase with the increase in pH from 6.5 to

7.4 whereas the zeta potential decreased. Maximum cell

uptake and maximal transgene expression was observed

when transfection was initiated at pH 6.5 supplemented

with 10% serum, where complex size remains below 1 lm

and complexes are positively charged. Optimization studies

investigating uptake kinetics and media changes revealed

that changing from pH 6.5 to 7.4 at 8, 12 or 24 h after

initiating transfection produced the highest level of gene

expression at 48 h, reaching 42% of cells being transfected

and higher protein levels of transgene expression than
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LipofectamineTM. High transfection efficiency attained

when initiating transfection at pH 6.5 with 10% serum was

due to the high cell uptake of positively charged complexes

with limited aggregation. The presence of serum further

enhances the transgene expression owing to a combination

of increased uptake, and improved cell metabolism and

division in contrast to cells without serum. This improved

understanding of the transfection mechanisms of chitosan/

DNA complexes allows for further development and opti-

mization of these therapeutic vehicles as gene delivery

vehicles.
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