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Introduction
Transfection efficacy of Chi with plasmid DNA (polyplexes) 

primarily depends on the properties of Chi such as its MW and 
degree of deacetylation (DD). It was shown that polyplexes of 
low (7 to 18 kDa) to medium (40-60 kDa) MW Chi were more 
effective in comparison with high MW Chi (>150 kDa) [1-4]. 
Several groups demonstrated that the increase in DD improve 
s Chi transfection activity [1-3]. Good results were shown after 
introduction of hydrophobic substituents such as short-chain 
fatty acids hexanoic, octanoic, decanoic [5], dodecanoic [6], stearic 
[7-8], or linoleic [9] ones. For the same purpose Chi grafted with 
hydrophobic amino acids - valine, leucine, or isoleucine were 
used [10]. Hydrophobic modifications were designed to increase 
the affinity of polyplexes to the cell membrane and to decrease  

 
the affinity of Chi to DNA. Other authors introduced additional 
positively charged groups such as arginine [11], oligoamine [12], 
betaine [13], or even polyethylenimine [12]. One more approach 
to increase transfection efficacy is to modify Chi with penetrating 
peptides such as Tat-peptide from HIV [14-15]. These peptides 
have the ability to penetrate lysosomal membranes due to high 
content of arginine and lysine residues. 

At the same time, in another work the opposite approach 
- modification of Chi with 5-10% of negatively charged groups 
(succinic acid) was also effective [16]. Other approaches 
included Chi modification with sulfhydryl groups [17] or EDTA 
[18]. Many groups demonstrated that that transfection efficacy 
of Chi derivatives was less than of liposomal commercial agents, 
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Abstract 

Chitosan (Chi) is a natural inexpensive renewable biodegradable cationic polymer with promising potency for different applications 
including gene delivery. Multiple studies demonstrate that unmodified Chi shows poor cellular uptake leading to low transfection efficiency. Chi 
possesses multiple reactive groups used to obtain derivatives with modified properties. Numerous attempts in Chi modification demonstrated 
improved transfection efficacy. However a direct comparison of different Chi derivative was not done. This paper analyses the efficacy of large 
size DNA delivery by 24 Chi. samples. A рRFP pmKate2 reporter plasmid with MW 3065 kDa was used as a model DNA to transfect HEK293 
cells. Among all only a set of hexanoyl-chitosan with molecular weight 20 kDa and substitution degree 10/15/30% was able to deliver the 
plasmid into cells at a significant level comparable with the efficacy of liposomal reagent Metafectene Pro.
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Abbreviations: Chi - chitosan, MW - molecular weight, DD - deacetylation degree, SD - substitution degree.
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but still comparable with them [5-8,16], while in other cases the 
result was very modest and the activity was more than an order 
of magnitude [19] and even more than two orders of magnitude 
[20] lower than of commercial agent. In spite of significant 
efforts devoted to the development of Chi based DNA delivery 
vehicle, new research is required to select the most perspective 
derivatives [21-23]. A direct comparison of Chi derivatives could 
provide the information which physicochemical characteristics 
of Chi derivatives predispose to a better transfection efficacy. 

Materials
Table 1: Characteristics of chitosan derivatives with different molecular 
weight.

# Derivatives MWa DDb cζ, mV

1 Chi7/10 7 90 +30

2 Chi20/10 20 90 +32

3 Chi40/10 40 90 +32

4 Chi90/10 90 90 +31

5 Chi200/10 200 90 +28

6 Chi300/10 300 90 +28

7 Chi200/44 200 56 +26

aМW:  Molecular Weight, kDa; bDD: Deacetylation Degree, %; cζ  : 
Zeta-potential, mV.

Chitosan with MW 200 kDa and DD 90% (Table 1) sample 
5 and chitosan 1000 kDa, DD 90% were purchased from OAO 
«Bioprogress», Russia. Chitosan 1000 kDa was used to obtain low 
MW samples. Glacial acetic acid, sodium hydroxide, hydrochloric 
acid, acetic anhydride, caproic (C6), lauric (C12) anhydrides, 
ammonium hydroxide, methanol (Sigma-Aldrich, USA) was used 
as received.

Synthesis
Table 2: Characteristics of hydrophobic chitosan derivatives.

# Derivatives MW DD aSD1
bSD2 ζ, mV

8-10 HChi50(C6) 50 90 10/15/30c 0 +(30-
36)

11 LChi40(C12) 40 90 12 0 +32

12-14 HChi20(C6) 20 90 10/15/30 0 +(20-
27)

15 QHChi20(C6) 20 90 20 60 +35
aSD1: Substitution Degree for carbonic acid groups, %; 
bSD2: Substitution Degree for quaternary ammonium groups, %;  
cSD: Substitution Degree of samples 8-10 and 13-15 were 10, 15, or 
30 %% accordingly.

Low MW Chi Samples 1-4, 6, (Table 1) were obtained 
from Chi 1000 kDa by acidic hydrolysis as described [24]. Chi 
with low DD Sample 7, (Table 1) was reactivated as described 
[25]. Hydrophobic derivatives Samples 8-15, (Table 2) were 
synthesized by carbodiimide mediated coupling reaction as 
described in [26,27] using anhydrides of different carbonic 
acids. Succinyl-chitosan derivatives Samples 16-18, (Table 3) 
were obtained using succinic anhydride as described [28]. 
Quaternized derivatives Samples 19-22 and 15, (Tables 2 & 3) 
were synthesized as described in [29]. Hydrophobic quaternized 
derivative 15 (Table 2) was synthesized sequentially [26,29]. 
Samples 23 and 24 were obtained by coupling of SChi40/30 
to arginine hydrochloride or histone H2B peptides replacing 
succinic groups for the peptides. Major histone protein H2B 
(a gift from Dr. I. Boni, Shemyakin-Ovchinnikov Institute of 
Bioorganic Chemistry, RAS, Moscow) was hydrolyzed to peptides 
by trypsin/EDTA. Peptide quality and content were analyzed by 
HPLC, (Figure 1). DD and SD of Chi derivatives were determined 
by 1Н-NMR.

Table 3: Characteristics of chitosan derivatives with different charge.

# Derivatives MW DD SD1
a SD2

b SD3
c ζ, mV

16-18 SChi130 130 90 30/48/70 0 +10/+2/-15

19-22 QChi20 20 90 0 9/40/60/98 0 +(32-40)

22 Arginine-Chi40 40 90 0 0 20 +9

24 histone H2B-Chi40 40 90 24 0 20 +5
aSD1: Substitution Degree for succinic acid groups, %; bSD2: Substitution Degree for quaternary ammonium groups, %; CSD3 : Substitution 
Degree for arginine or histone H2B peptides, %.

Figure 1: HPLC profiles of Н2В histon protein before (a) and after (b) 5 hrs hydrolysis with trypsin/EDTA.
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Cells
Human embryonic kidney cell line HEK293 was grown in 

DMEM supplemented with 10% fetal calf serum (FCS) and pen-
strep-glut (all from PanEco, Moscow, Russian Federation). Cells 
were passaged using Trypsin/EDTA solution (PanEco, Moscow, 
Russian Federation) twice a week. Twenty four hours before 
assays, cells were seeded in the appropriate plates (6- or 24-well 
plates) adjusted to 3x105 cells/mL and incubated overnight to 
achieve standardized growth conditions. 

Transfection
Bright far-red fluorescent protein coded by reporter plasmid 

рRFP pmKate2 [30] (Euro gene, Moscow, Russian Federation), 
MW 3065 kDa, was used to analyze Chi transfection efficacy. 
Experiments with Histone-H2B–Chi40 were conducted using 
GFP cloned in pOptiVEC, MW 3570 kDa (a gift of V. Toporova, 
Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, RAS, 
Moscow). All positively charged Chi samples were dissolved 
in 0.1% acetic acid at 5 mg/ml, negatively charged sample 18-
18 was dissolved in PBS at the same concentration. To form 
polyplexes 10 µl of Chi derivatives were mixed with 2-3 µg of 
plasmid in 50 µl of serum-free medium and incubated 20 min. 
Commercial liposomal transfection reagent Metafectene Pro 
(MF) (Biontex, Germany) was used as a control. To prepare 
polyplex 3 µl Metafectene Pro were dissolved in 50 µl serum-
free medium and mixed with 1 µg of рRFP dissolved in 50 µl. 
Polyplexes were formed during 20 min and added drop-wise to 
cells. 

Confocal Analysis
For confocal analysis cells were grown overnight on sterile 

cover slips in 200 µl of complete culture medium in 6-well plates 
(Costar). Warm serum- and antibiotic-free 1 ml medium was 

added to polyplexes and transferred to the wells. Cells were 
incubated for 1 hr and then 2 ml of complete medium was added. 
Before the analysis cells were fixed with 1% paraformaldehyde, 
washed, and polymerized with Mowiol 4.88 medium (Calbiochem, 
Germany). Slides were analyzed using Eclipse TE2000 confocal 
microscope (Nikon, Japan).

Flow cytometry
Total level of transfection was estimated by flow cytometry. 

For this, HEK293 cells were seared in 24 well plates overnight; 
transfected as described above, and incubated for 72 hrs. Before 
the analysis cells were trypsinized, washed in pre-warmed 
complete culture medium, and analyzed using FACScan device 
(BD, USA). 

Dynamic light scattering
The diameters of polyplexes were characterized by 

dynamic light scattering (DLS) (90 Plus Particle Size Analyzer 
Brookhaven Instruments Corporation, Vernon Hills, IL, USA). All 
measurements were performed using 661 nm laser light at room 
temperature with 90o angle of detection. The zeta potential of Chi 
was determined in 10 mM KCl using identical equipment with an 
additional Zeta PALS apparatus. Measurement was performed at 
25.0 ± 0.1°C. 

Laser interference microscopy
Polyplex visualization was fulfilled by MIM-321 laser 

interference microscope (LIM) (AMPHORA Laboratories LLC, 
Moscow, Russian Federation). The spatial resolution up to 0.1 nm 
vertical (Z) and 10 nm lateral (XY) was achieved with Olympus 
MPLFLN 100x/0.9 dry objective. The 10 ml of polyplexes were 
placed on the mirror glass and dried. The gradient filtering was 
applied to visualize the shape and the internal structure of polyp 
lexes.

Results

SuChi130 Chi40/10 Chi200/44 HChi50 QChi20 QHChi20 Arginin-Chi MF pRFP, PBS, pH 
7.2

pRFP, NaAc, 
рН=6.4

Figure 2: Retardation of pRFP after polyplex formation with MF or Chi derivatives. 

Physicochemical characteristics of Chi derivatives are 
shown in Tables 1-3. All synthesized Chi samples were selected 
basing on the published data which demonstrated some 
efficacy of transfection. Formation of complexed was verified 
by gel-electrophoresis retardation of polyplexes. The results 
of retardation analysis are shown for some samples (Figure 
S2) while the same was found for all Chi derivatives including 
SChi130 with SD 30 and 48 %%. The mean diameter of polyplexes 
determined by DLS varied depending on Chi derivative from 

190 to 450 nm (Figures 3a-3d) which corresponds to earlier 
published data [2,5]. We also analyzed polyplex morphology and 
their internal structure using LIM. Representative structures of 
polyplexes formed by MF and Chi40/10 are shown in Figures 
3e-3h. Lipid reagent formed more homogenous nanoparticles 
than Chi and both have spherical structure with empty center. 
The other types of Chi polyplexes demonstrated the same 
heterogeneous nanoparticles as Chi40/10 (data not shown).
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Figure 3: Characteristics of polyplexes. a-d. Diameter of naked plasmid рRFP (a), MF- рRFP polyplex (b), Chi40/10- рRFP polyplex sample 
3, (Table 1) (c), and Chi40/10 (d). e-h. Overview (e, g) and intersection (f, h) of  MF- рRFP polyplex (e, f) and Chi40/10- рRFP polyplex (g, h).
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Transfection of HEK293 cells using unmodified Chi with MW 
7, 20, 40, 90, 200, and 300 kDa was completely ineffective. A 
representative confocal image for Chi 20/10 is shown in Figure 
4b. The same was found for all other unmodified Chi samples 
(data not shown). Decrease in DD (Chi200/44) did not enhance 
transfection rate (Figure 4c). Neither quaternized Chi samples 
were effective; a representative image for QChi20/98 with the 
highest quaternization degree is shown in Figure 4d. Significant 
however low transfection was registered in hydrophobic 50 kDa 
Chi samples LChi50/12% and HChi50/30% (Figures 4d-4f). 
HChi50 with SD 10 and 15 %% transfected HEK293 cells slightly 
weaker than HChi50/30 (data not shown). Interesting that 
hydrophobic ally modified quaternized Chi 15 (QHChi20) was 
unable to deliver pRFP (data not shown).

Figure 4: Transfection efficacy of chitosan derivatives.  Confocal 
images of HEK293 cells transfected using MF (a), 2 (Chi20/10) 
(b), 7 (Chi200/44) (c), 22 (QChi20/98) (d), 11 (LChi40/12) (e), 10 
(HChi50/30) (f), 24 (histone H2B-Chi20) (h), or 16 (SChi130/30) 
(i). Plates were analyzed 72 hrs post transfection. Inserts in a 
and h show morphology of cells (a) and aggregates or dead cells 
in h. Scale bar corresponds to 220 mm.

 

Transfection of cells with histone H2B-Chi20 induced some 
level of protein expression, at the same time, all transfected cells 
were dead (Figure 4, compare inserts in a and h). SChi50/30% also 
did not deliver pRFP into cells (Figure 4i). Taken collectively we 
concluded that only hydrophobically modified nonquaternized 
Chi were able to deliver pRFP into cells. Among two carbonic 
acids better results were obtained with hexanoic Chi derivatives.

To follow this line we hypothesized that MW of HChi can affect 
transfection activity of Chi. A new set of HChi samples 12-14 
was synthesized using 20 kDa Chi. It appeared that transfection 
activity of all HChi20 samples was much higher (Figure 5). A 
dynamic of RFP protein expression in the cells transfected either 
with MF or HChi was comparable and increased from 24 to 72 
hrs. When analyzed by flow cytometry at 72 hrs, percentages of 

transfected cells were 30, 16, 19, and 18 %% in MF, HChi20/10, 
HChi20/15, and HChi20/30 cultures accordingly.

Figure 5: Time dependent transfection of HEK293 cells. HEK293 
cells were incubated after transfection using MF (a-c), HChi20 
with SD 10% (d-f), 15 % (g-i), or 30% (j-l) for 24 hrs (f,d,g,j), 48 
hrs (b,e,h k), or 72 hrs (c,f,i, l).

Discussion
In spite of numerous studies there are many inconsistencies 

in the literature concerning the effectiveness of Chi systems 
for gene transfer [31]. Chi is an attractive positively charged 
biopolymer with abundant reactive amino groups which can 
be used to obtain functional conjugates. However flexible Chi 
structure constrains regular packaging of DNA. LIM analysis 
demonstrated that liposomal polyplexes form dense regularly 
packed DNA while Chi condenses it less efficiently. Analysis of 
gene transfer requires a robust detection system. Reporter genes 
such as GFP allow flow cytometry and confocal microscopy 
based quantitative assessment. Other reporter proteins such as 
luciferase and galactosidases are also often used [32]. Multiple 
groups develop Chi based delivery systems for si RNA transfer 
[2]. It is likely that not only Chi MW but also the size of DNA 
plays a role in the resultant transfection efficacy. MW of GFP, 
luciferase, and galactosidases are around 3000, 4500, and 4800 
kDa accordingly while siRNA MW is only 15kDa. 

This difference can significantly affect polyplex formation 
and can explain the difference in the results obtained. Oliveira 
et al. [33] tried to develop a universal Chi based vector for 
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the delivery of small and large plasmids however it resulted 
in much more sophisticated system. In this work we used a 
new reporter plasmid рRFP pmKate2 of MW 3065 kDa which 
encodes far-red fluorescent protein. For this plasmid almost 
none Chi derivatives, earlier shown to be effective in gene 
transfer, were able to transfect HEK293 cells. The only exclusion 
was hydrophobic Chi derivatives. The most efficient for this 
particular pRFP plasmid were Chi derivatives of 20 kDa modified 
by caproic acid anhydride. Our data closely reproduce the results 
obtained by Layek et al. [5] and Zhang et al. [34]. Recently Layek 
group and others published amphiphilic Chi derivatives which 
demonstrated even better efficacy [35,36]. 
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