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Abstract. The present study delves into the reactivity of a few chitosan derivatives (CSDs) and their interaction with guanine in vacuum and in different phases. Increase in the polarity of the solvent lowers reactivity
of the chosen derivatives (evaluated by using reactivity descriptors). Interaction between the CSDs and guanine (measured by interaction energy) weakens in solvent media and CSD-guanine interaction is weaker than
the interaction between guanine and unmodiﬁed chitosan (CS). Chemical stability of CSD-guanine adducts
remains similar to that of CS-guanine adduct in both polar and non-polar media. Moreover, CSD-guanine
adducts exhibit comparable thermodynamic stability (quantiﬁed by free energy of solvation, Gsol ) to that of
unmodiﬁed CS-guanine adduct in non-polar solvent but in polar medium they are immensely destabilized in
comparison to CS-guanine adduct. Observed theoretical results are expected to provide guidance for future
relevant experimental research on gene delivery by CS derivatives.
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1. Introduction
Chitosan (CS) is a biodegradable and biocompatible
polymeric glucosamine derived from chitin. Mumper
et al., ﬁrst described CS as a delivery system for plasmids enumerating its strong nucleic acid (NA) binding
ability in 1998.1 Ever since, CS has been one of the
most extensively studied non-viral carrier of DNA and
small interfering RNA (siRNA).2–6 However, several
demerits of CS, such as poor solubility in physiological pH, low transfection efﬁciency, mistimed dissociation of CS-NA complex and low cell speciﬁcity
have posed stiff challenges in formulating CS-aided
gene delivery systems.7 Chemical modiﬁcation of CS
has been employed as a tool to circumvent these limitations. Occurrence of an amino functionality at 2position of the six membered ring lends itself amenable
for structural alterations8 and recent literature reports
insightful developments taking place with respect to
a number of tailor-made chitosan derivatives (CSDs).9
Some important modes of chemical modiﬁcation vis
a vis their objectivity are: (i) quarternisation is used
to increase solubility, in order to keep the amino
group in CS remain protonated at physiological pH
so as to maintain the stability of the CS–plasmid
complex with enhanced muco-adhesive character;10,11
(ii) N-Acylation increases hydrophobic character for
∗ For

correspondence

enhanced trans-membrane permittivity;12 (iii) thiolation
improves muco-adhesive, permeation and controlled
drug release properties;13 (iv) improvement in transfection efﬁciency is achieved by alkylation;14,15 (v) hydrophilicity and controlled release of the drug is improved
by glycol conjugation;16 (vi) hydroxyalkylation is used
to introduce amphiphilic character and for stabilization
of the drug-carrier complex.17–19
In complex matrices like a cell, the NA moiety may
undergo degradation due to attack by serum, histones
or other ions. Especially, the hetero-atoms in the nucleobase moiety in the CSD-nucleobase adduct are vulnerable to electrophilic attack by the cellular ions.20,21
Stability as well as reactivity of the CSD and CSD-NA
complex (polyplex) plays an important role in determining the intact NA to be received by the nucleus of the
target cell as well as the fate of the CSD after transferring NA to the target cell. In addition, strength of interaction between CSDs and NA is also crucial in binding
as well as release of the NA from the CSD-NA polyplex. A thorough understanding on the stability as
well as reactivity of CSDs, CSD-NA adducts and the
strength of interaction between CSDs and nucleobases
is deemed essential in terms of evaluating the efﬁcacy
of a particular CSD as NA carrier.
The present study is an attempt to explore the reactivity of a group of CSDs and their interaction with nucleobases in DNA/RNA. Herein, eight CSDs covering the
589
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aforementioned modes of modiﬁcation are considered.
These include, trimethyl chitosan (TMC) (1) N-(2-hydroxyl) propyl-3-trimethylammonium chitosan (HTC),
(2) CS-2-iminothiolane (3) CS-cysteine, (4) Acetyl CS,
(5) N- octyl CS, (6) O-glycol CS and (7) N- octyl
O-glycol CS (8). As far as mode of interaction between
CSD and nucleobases is concerned, a number of earlier
reports offer insightful studies describing primary electrostatic interaction of CS and its derivatives with the
backbone of the nucleic acid.1,3,8 However, the exact
mechanistic detail regarding the binding of nucleic
acid at the laboratory bench and its release inside the
cytoplasm by CS and its derivatives has not yet been
achieved. Some related studies show that a secondary
interaction such as hydrogen bonding between protonated CS/CSDs with hetero centers of nucleobases
plays an important role in binding and release of NA
during gene delivery. Especially an earlier investigation by Mao et al., outlined a crucial role of hydrogen
bonding in binding of DNA/RNA by CS.22 Furthermore, our recent work also enumerates the role of
hydrogen bonding in formation and dissociation of
CS-nucleobase adducts.23 In line with our earlier work,
the present study focuses on the secondary interaction i.e., hydrogen bonding and not on the primary
interaction with phosphate backbone. In view of the
complex physiological medium (from a non-polar cellmembrane to polar cytoplasm) encountered by CSDNA complex, we have also examined the impact of
polarity of solvent on interaction energy and reactivity parameters of the CSD-nucleobase complex taking
three solvents, namely carbon tetrachloride, ethanol and
water into considerations.

2. Theoretical and computational details
Density functional theory (DFT) and density functional
reactivity theory (DFRT) were used in this study. These
are acclaimed by several research groups as powerful
tools to unravel many intricate processes at atomic/
molecular level.24–30 Usually, all the heteroatoms in a
nucleobase are prone to electrophilic attack,31,32 and the
order of reactivity of the nucleophilic sites of different
nucleobases is reported as: guanine N7 > adenine
N1 > cytosine N1 > adenine N3 in RNA and guanine
N7 > adenine N3 > cytosine N1 in DNA.33,34 Furthermore, our recent studies also establish a stronger interaction between protonated CS and guanine than with
other nucleobases.23,35 There are two possible modes
that protonated CSDs may interact with guanine; mode
a- formation of two hydrogen bonds with N7 and O6
centres and mode b- formation of a single hydrogen

bond at N3 centre. The isosurface diagram of guanine
(ﬁgure 2) depicts a negative charge density (indicated
by red region) spreading only over the N7 and O6
centers which points at a greater inclination of these
two centers than other electronegative centers (including N3) towards electro-positive sites. In our recent
work, we studied both the possibilities in adduct formation between chitosan and guanine where it was
observed that in the former mode (two H bonds at N7
and O6 of guanine), interaction energies were −40.67,
−35.61, −19.88 and −18.75 kcal/mol in gas, cyclohexane, ethanol and water media, respectively, while interaction energy values concomitant with the later mode
(hydrogen bond at N3 centre of guanine) were considerably low, −24.08, −15.77, −10.63, and −9.90 kcal/mol
in the respective media.35 It shows a stronger interaction (and thus greater stability of adduct) in case of
the mode “a” as compared to “b” mode. In view of
these facts, while modeling the association geometries
we have chosen guanine among the ﬁve nucleobases as
a representative one and the mode “a” (i.e., formation
of two hydrogen bonds with N7 and O6 centers) is considered only. The sugar (ribose) phosphate part of the
nucleotides is replaced by a methyl group for the sake
of computational simplicity. Among various DFT functionals, several recent studies have outlined the suitability of CAM-B3LYP for estimating strength of hydrogen
bonding interaction.36,37 CAM-B3LYP is an exchange–
correlation energy functional based on the Coulombattenuating method (CAM), which combines the hybrid
qualities of Becke three parameter exchange and Lee,
Yang and Parr correlation functional (B3LYP) and the
dispersion correction essential for calculating interaction energy of hydrogen bonded systems.38,39 Geometrical minima of chitosan, guanine, the chosen derivatives and the adducts are obtained by using 6-31++G
(d,p) basis set and are ascertained by the absence of any
imaginary frequencies.
Chemical stability of a molecular system is explained
on the basis of reactivity descriptors provided within
the framework of DFRT. Global hardness, (also called
chemical hardness), chemical potential, global electrophilicity, etc., are grouped into global reactivity
descriptors, while fukui functions (FF), local electrophilicity, local softness, etc., are categorized as
local reactivity descriptors.40 Chattaraj and co-workers
proposed the group philicity (ωg ) as the summed condensed philicity of atoms present in a group as a measure of propensity of a particular group to undergo
an electrophilic/nucleophilic/radical attack.41 Several
research groups have tested the efﬁciency of these
descriptors in rationalizing the reactivity patterns of
many molecular and biomolecular systems.42–47 Pal and
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co-workers have studied the behavior of these descriptors in presence of solvent media.48
DFRT deﬁnes chemical potential (μ) and global
hardness (η) as the ﬁrst and second derivative of
energy with respect to the number of electrons.49,50
Use of ﬁnite difference approximation and Koopmans’
theorem51 leads to the working formulae for μ and η as:
η = (εLU MO − εH OMO )/2

(1)

μ = (εLU MO + εH OMO )/2

(2)

Electrophilicity (ω) is expressed as:

52

ω = μ2 /2η

(3)

The inherent propensity of positively charged amine
group in CSDs for hydrogen bonding with heterocentres of nucleobases depends on its electrophilic character which can be quantiﬁed by nucleophilic fukui
function (f + ) of the N atom, and more precisely by
group philicity (ωg+ ) of amine group in CSDs. Accordingly, we have examined the reactivity of the amine
group in terms of the f + of the N atom, and the ωg+ of
amine group in CSDs.
For an atom ‘x’ in a molecule with N electrons, local
electrophilicity index (ωx+ ) for nucleophilic attack is
deﬁned as:51
ωx+ = ωfx+
(4)
where, fx+ is the nucleophilic fukui function (FF) and is
calculated by usingfx+ = [ρx (N0 + 1) − ρx (N0 )]

(5)

where, ρx (N0 ) and ρx (N0 +1) are electronic population
on atom x in the molecule with N0 , and N0 + 1 electrons respectively.53 The most electrophilic site in a
molecule is the one possessing the maximum fx+ . FF
in both gas and solvent media for the chosen CSDs
is computed by using Hirshfeld’s population scheme
employing the same CAMB3lyp 6-31G++(d.p) level
of theory.54 Roy et al., have thoroughly analysed the
success of this scheme.55,56 Group philicity (ωg+ ) is
the condensed philicity summed over a group of surrounding atoms of N of amine group of CSD57 and is
expressed as:
n
ωx+
(6)
ωg+ =
x=1

The interaction energy (Eint ) between CSD and
guanine is calculated using super-molecular approach,
[Eint = (ECSD−gua )− (ECSD + Egua )], where ECSD−gua
is the energy of adduct, ECSD is the energy of the chitosan derivative and Egua is the energy of the guanine
molecule. In calculating the interaction energies we
have included the basis set superposition error (BSSE)
correction using counterpoise = N.58
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Out of different models for accounting the solvation energies, dielectric continuum solvation models
have been widely and successfully applied. In the selfconsistent versions of the continuum, the solvent is
considered as a continuous dielectric medium that is
polarized by the solute. This leads to a reaction ﬁeld
that polarizes the solute, which changes the solvent
polarization leading to a self-consistent reaction ﬁeld
(SCRF). Polarizability continuum model (PCM) is a
popular way to implement the SCRF approach which
describes the solvent polarization in terms of the electrostatic potential.59 The PCM assumes that all solute
charge density resides inside the cavity. This model
was developed by Tomasi’s group and subsequently a
wealth of documented literature shows its application in
different molecular systems.60
Furthermore, with an aim to predict the thermodynamic stability of the CSD-nucleobase adduct in
the solvent media, free energy of solvation (Gsol ) of
adducts was calculated by using the SMD keyword, as
implemented in Gaussian09, which does an IEFPCM
calculation with radii and non-electrostatic terms for
Truhlar and coworkers’ SMD solvation model.61
All calculations are performed by using Gaussian
09.62
3. Results and Discussion
3.1 Stability/Reactivity of the CSD
Global hardness (η) encompasses contribution of
energy of both HOMO and LUMO and is one of the
most preferred reactivity descriptors by researchers in
interpretation of chemical stability of a system. As such,
η of the chosen CSDs is calculated to evaluate their
chemical stability in different phases. Moreover, vulnerability of a system for electrophilic, nucleophilic or
radical attack at a particular atom or group (local reactivity) is explained on the basis of group philicity (ωg ).
Herein, propensity of the protonated amine group of
CSDs for hydrogen bonding with guanine is evaluated
by calculating group philicity for nucleophilic attack
(ωg+ ).
3.1a Global hardness (η) of CSDs: A higher value
of η suggests greater chemical stability of a molecule
(according to maximum hardness principle, MHP).63
A comparison of global hardness values of the chosen
derivatives and unmodiﬁed CS in different phases is
shown in ﬁgure 1.
Gas phase stability order of the chosen CSDs is- CS
< CS-2-iminothiolane < CS-cysteine < O-glycol CS
< acetyl CS≈HTC < N-octyl O-glycol CS < N-octyl
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Figure 1. Global hardness (kcal/mol) of chitosan and chitosan derivatives in different media (in kcal/mol) at CAMB3LYP/6-31++G(d,p) level of theory. 1 CS, 2 acetyl
CS, 3 CS-cysteine, 4 CS-2-iminothiolane, 5 HTC 6 N-octyl CS, 7 N-octyl O-glycol
CS, 8 O- glycol CS and 9 TMC.

CS < TMC. Maximum stability of TMC may be due
to compensation of positive charge density over amine
nitrogen by the three methyl groups attached with it.
In solvent phase, stability of the CSDs increases and
the polarity of the solvent contribute to the stability;
greater stability in aqueous phase than that in carbon
tetrachloride is observed. In carbon tetrachloride phase
the stability order is- CS-2iminothiolane < CS-cysteine
< acetyl CS < O-glycol CS < HTC < N-octyl O-glycol
CS < CS < N-octyl CS < TMC. Aqueous phase stability of the CSDs follows the order- CS-cysteine < CS2-iminothiolane < acetyl CS < O-glycol CS < N-octyl
O-glycol CS < HTC < CS < TMC. Thus, the observed
trend indicates that the effect exerted by solvent polarity on chemical stability of CSDs is not uniform, an
observation that resembles with earlier study on reactivity of a few cationic drug intermediates.64 N-octyl
CS is a bit less stable in aqueous phase than in CCl4
and ethanol medium. This may be due to hydrophobic
interaction of its alkyl chain. Earlier too, stability of
a few drug molecules is reported to increase in aqueous medium65 and results obtained in this study are in
qualitative agreement with it.
3.1b Group philicity of amine group (ωg+ ): Involvement of the amine group of CS in formation of hydrogen bonding with nucleobases is enumerated in recent
studies.23 It is demonstrated that the CS -NH+3 group
acts as H-donor and the nucleobases act as H acceptor.
As the transfer of proton/electrons between CSD and
guanine is the crux of the interaction, electrophilicity, a
local reactivity descriptor can be utilized to understand

the adduct formation. According to the generalized concept of philicity, the preferred site for nucleophilic
attack in a molecule is the one for which ωg+ (group
philicity for nucleophilic attack) value is maximum.66
H- donating ability of a CSD (which is also proportional to the ωg+ value of amine group) is expected to be
inﬂuenced by the nature of functional modiﬁcation and
the molecular environment as well. Therefore, group
philicity of the amine group (ωg+ ) in the chosen derivatives in different media is calculated and is presented in
table 1.
Values in table 1, suggest that the amine group of
the chosen CSDs exhibits higher value of ωg+ in gas
phase than in solvent phase. Increase in di-electric
constant of the medium expectedly lowers ωg+ in all
the chosen adducts. This observation predicts weakening of interaction between CSDs and guanine with
increasing polarity of the solvent. The solvent continuum around the solute molecules is reported to inﬂuence the local reactivity quantities such as the philicity
indices wherein, it is shown that solvation effect
reduces the intrinsic chemical reactivity at particular
sites in selected organic molecules towards nucleophilic
attack.67 Result obtained in this investigation also shows
consistency with literature.
3.2 Adduct formation between CSD and guanine
Numerous experimental and theoretical investigations
have characterized hydrogen bonding interactions in
both solid and liquid states of anhydrous polymorph
of chitosan and its derivatives.68–70 Under conditions
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Table 1.
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Group philicity of amine group of CS and CSDs.

CSD

ωg+ (gas) in kcal/mol

ωg+ (CCl4 ) in kcal/mol

ωg+ (ethanol) in kcal/mol

ωg+ (H2 O) in kcal/mol

7.55
6.19
2.59
1.85
2.64
2.99
3.30
4.70
2.68

2.50
4.05
1.57
1.18
1.75
1.95
2.20
3.29
1.95

1.65
2.82
1.83
1.01
1.17
1.30
1.49
2.34
1.09

1.60
2.56
1.38
0.81
0.88
1.26
1.55
2.26
1.00

CS
TMC
HTC
CS-2iminothiolane
CS-cysteine
acetyl CS
N-octyl CS
O-glycol CS
N-octyl O-glycol CS
-0.198

+0.198

Guanine

Acetyl CS

CS-cysteine

HTC

N-octyl O-glycol CS

N-octyl CS

O-glycol CS
H

CS-2-iminothiolane
C
N

TMC
O

S

Figure 2. Isosurface diagrams of chitosan and chitosan derivatives (with 0.001 au density).

where CS is slightly charged, hydrogen bonding is
responsible for binding between CS and nucleic acids.22
A critical role of hydrogen bonding in adduct formation between CS and nucleobases is also previously
enlightened.23 Herein, a theoretical evidence of hydrogen bonding between CSD and nucleobases focusing on
guanine as a representative case is pursued.
Hydrogen bonding ability of the amine hydrogen
atoms in various CSDs can be predicted by their
group charge distribution (NBO charges). The calculated NBO charges of the amine H-atom of different
CSDs is calculated to be approximately 0.48 au per
H- atom which hints at the ability of these amine groups
to act as H- donor during hydrogen bond formation.
Moreover, electrostatic interaction between the
nucleophilic sites of guanine and amine H centres
or other possible electrophilic sites in CSD can be

understood from the electrostatic potential in an outer
surface of the molecules. Figure 2 presents the iso surface diagram (with 0.001 au density) of CSDs and
guanine which depicts a negative charge (red) region
around the N7 and the O6 centers of guanine (acting as
H-acceptor) and a positive charge density (blue region)
around amine H- centers of the considered CSDs as
well as -OH functional group (acting as H- donor) in
HTC and glycolated CSDs (7 and 8).
The gas phase optimized structures of the chosen
CSD-gua adducts together with the hydrogen bond
lengths (rhb ) are shown in ﬁgure 3. Except in case of
TMC-gua, distance between amine hydrogen and O6
or N7 of guanine in the considered adduct ranges from
´ to 1.99 Å
´ which is shorter than O-H or N-H
1.65 Å
covalent bond distances and thus characterizes hydrogen bonding interaction between CSDs and guanine.71
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1.TMC-guanine

2. HTC-gua

3.CS-2-iminothiolane-gua

4. CS-cysteine-gua

5. Acetyl CS-gua

6. N-octyl CS-gua

7. O-glycol CS-gua

8. N-octyl O-glycol CS-gua
H

C

N

O

S

Figure 3. Optimized structure of CSD-gua adduct obtained at B3LYP 6-31G++(d,p) level of theory.

It further conﬁrms the existence of hydrogen bonding
between the two moieties in CSD-gua adducts which
is also in good agreement with recent theoretical studies on hydrogen bond formation by chitosan and chitosan derivative.72,73 There exists two hydrogen bonds
between CSD and guanine in the chosen adducts with
the exceptions of CS-cysteine-gua (single), N-octyl
CS-gua (single) and TMC-gua (nil).
TMC forms no hydrogen bond due to absence of
any acidic H centre bonded to N atom of the amine
group. It is interesting to note that the ωg+ value of the
quarternary amine group in TMC (table 2) is higher
than that of other CSDs and predicts a shorter NCS -O6gua
distance than that observed in the optimized structure.
Apart from increase in atomic radius in N-O than N-H
or O-H, steric hindrance offered by three methyl groups

attached to the NCS atom might play a role in comparatively longer NCS -O6gua distance in TMC-gua adduct.
Consequently, the weakest interaction with guanine is
anticipated by TMC from among the chosen CSDs.
Two computational protocols are used to calculate
the properties of a molecular system in the presence
of solvents. The ﬁrst one involves optimization of all
the systems in gas phase and subsequent insertion of
solvents during single-point calculation. The second
one involves re-optimization of the systems in presence
of solvents. In the present study, the second protocol
is used; the geometrical minima of CSD-gua adducts
are further ascertained in carbon tetrachloride, ethanol
´ between
and in aqueous media. The observed rhb (Å)
CSD and guanine in gas, CCl4 and aqueous media is
presented in table 2.
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Table 2.

´ between CSD amine hydrogen and N7and O6 atom of guanine.
rhb (Å)

Adducts

Gas

TMC-gua
HTC-gua

CCl4

N-O=3.64
H-O=1.65
H-N=1.71
H-O=1.75
H-N=1.99
H-O=1.67
H-O=1.74
H-N=1.95
H-O=1.68
H-O=1.68
H-N=1.80
H-O=1.71
H-N=1.80

CS-2-iminothiolan-gua
CS cysteine-gua
Acetyl CS-gua
N-octyl CS-gua
O-glycol CS-gua
N-octyl O-glycol CS-gua

Table 3.
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N-O=3.71
H-O=1.67
H-N=1.71
H-O=1.74
H-N=1.94
H-O=1.68
H-O=1.74
H-N=1.9
H-O=1.69
H-O=1.69
H-N=1.79
H-O=1.71
H-N=1.78

Ethanol

Water

N-O=3.69
H-O=1.69
H-N=1.73
H-O=1.74
H-N=1.90
H-O=1.69
H-O=1.71
H-N=1.85
H-O=1.73
H-O=1.71
H-N=1.76
H-O=1.70
H-N=1.75

N-O=3.69
H-O=1.69
H-N=1.73
H-O=1.74
H-N=1.90
H-O=1.70
H-O=1.70
H-N=1.82
H-O=1.74
H-O=1.72
H-N=1.75
H-O=1.70
H-N=1.76

Interaction energy (in kcal/mol) of CS-gua and CSD-gua adduct.

Adduct

Eint (gas)

Eint (Carbon tetrachloride)

Eint (ethanol)

Eint (Water)

−37.26
−41.49
−36.77
−37.99
−59.36
−33.98
−34.67
−43.75
−23.62

−21.74
−26.15
−21.81
−23.48
−35.97
−19.36
−21.36
−35.53
−9.78

−15.33
−18.76
−14.71
−16.44
−21.96
−12.10
−15.88
−15.47
−4.58

−14.47
−17.77
−13.73
−15.44
−21.85
−11.09
−15.04
−14.60
−3.82

CS-GUA
acetyl CS-gua
CS- cysteine-gua
CS-2iminothiolan-gua
HTC-gua
N-octyl CS-gua
N-octyl O-glycol CS-gua
O-glycol CS-gua
TMC-gua

´ in solvent media is less than
Lengthening in rhb (Å)
´ in all the considered adducts (table 2). A similar
0.1 Å
marginal effect of solvation on hydrogen bond length
´ was reported by Hwang
(variation of around 0.11 Å)
and Chung.74
A secondary interaction such as hydrogen bonding
was demonstrated to be responsible for the binding
between CS and nucleobases.22,23 The present study
establishes the presence of hydrogen bonding in protonated CSD-guanine interactions.
3.3 Interaction energy (Eint )
The magnitude of interaction energy of CSDnucleobase adduct is crucial in terms of the protection
of complexed DNA from degradation in the course of
shuttling a DNA payload into the cell as well as the
transfer of DNA near or within the nucleus of a target
cell. A high value of Eint favours strong binding
between the two moieties in adduct while decrease in
Eint facilitates dissociation of adduct. The values of
Eint obtained for different adducts are presented in
table 3.

Gas phase Eint value is the highest in HTC-gua
among all the considered adducts which may be
attributed to greater positive charge (+2) of the entity.
As anticipated from bond length values, the lowest
Eint is observed in case of TMC-gua.
A steady drop in Eint with increasing polarity of solvent medium is observed in all the chosen adducts. This
is in conformity with the trend expected from group
philicity values of amine group in CSDs (table 1). The
extent of lowering in Eint values in aqueous phase
from that in gas phase is similar to that observed in
case of interaction between positively charged drug
intermediate and GC base pair.75 Results thus advocate a strong interaction between the CSDs and nucleobases in non-polar medium and gradual weakening
of the interaction as the CSD-DNA complex traverses
through the cell membrane (protein-lipid bilayer, which
is non-polar in nature). In cytoplasm (which is polar in
nature) the interaction is thus expected to be weakest
that might facilitate dissociation of the two moieties.
Very low Eint for TMC-gua (−2.33 kcal/mol) in aqueous phase indicates greater suitability of TMC as a gene
carrier which is in qualitative agreement with earlier
literature.15
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It is interesting to observe that solvent phase Eint
values do not comply with the general BE-BL relationship [which states that for molecular structures with the
same type of atoms in their local minima, and free from
any strain, the shorter the bond length (BL), the higher
the bond energy (BE)]. The hydrogen bond length values virtually unaffected by varying polarity of solvent,
suggests a similar trend in case of Eint also. On the
contrary, a steady drop in Eint with increasing polarity
is observed. Cina et al., have explained such behavior
in presence of an external electric ﬁeld.76 The present
study suggests a similar breaking of BE-BL principle
by CSD-guanine interaction in solvent media.

3.4 Stability of CSD-gua adducts
3.4a Study of global hardness of CSD-gua adducts:
With an aim to estimate the chemical stability of the
CSD-gua adducts during their transfection, we have
calculated global hardness of adducts CS-gua and
CSD-gua in gas phase as well as in carbon tetrachloride

ethanol and aqueous medium. A comparison in global
hardness values of the chosen adducts is presented in
ﬁgure 4.
Adducts namely CS-gua, CS-cysteine-gua, acetyl CSgua, O-glycol CS-gua, TMC-gua, N-octyl O-glycol
CS-gua, and N-octyl CS-gua possess almost similar
gas phase global hardness which is around 50 kcal/mol
and 20 kcal/mol higher than that of HTC-gua and CS2-iminothiolan-gua respectively. Results indicate that
highly cationic HTC-gua is most vulnerable for cellular degradation. Application of solvent phase does not
affect global hardness of adducts except in case of HTC
and CS-2-iminothiolane-gua; wherein a marginal increase in global hardness with increasing polarity of
solvents is noticed. This result indicates that except
HTC-gua and CS-2-iminothiolane-gua, chemical stability of CSD-gua adducts remains insensitive to the
nature of prevailing media. Inclusion of solvent effect
shows that trends of reactivity in terms of both global
and local descriptors is different in solvent phase with
respect to their trend in the gas phase, which is consistent with earlier literature.65
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Figure 4. Global Hardness (in kcal/mol) of the chosen adducts in different medium
at CAMB3LYP 6-31G++(d,p) level of theory. 1 HTC-gua, 2 CS-2-iminothiolane-gua,
3 CS-cysteine-gua, 4 acetyl CS-gua, 5 CS-gua, 6 N-octyl O-glycol CS-gua, 7 N-octyl CS-gua,
8 TMC-gua, and 9 O- glycol CS-gua.
Table 4.

Gsol values of CSD-gua adducts (in kcal/mol).

Adduct
CS-gua
acetyl CS-gua
CS-cysteine- gua
CS-2-iminothiolane-gua
HTC-gua
N-octyl CS-gua
N-octyl O-glycol CS-gua
O-glycol CS-gua
TMC-gua

Gsol (carbon
tetrachloride)

Gsol (ethanol)

Gsol (water)

−46.00
−44.20
−44.92
−46.45
−99.87
−46.51
−50.00
−41.18
−42.70

−76.96
−70.94
−73.34
−75.32
−167.37
−71.51
−77.91
−73.70
−68.77

−72.69
−65.54
−67.22
−68.54
−161.29
−60.92
−67.32
−69.03
−19.43

Interaction of chitosan derivatives with nucleobases

3.4b Free energy of solvation (Gsol ) of CSD-gua
adduct: Thermodynamic stability of adduct in solvent media can be gauged by free energy of solvation
which is also indicative of its extent of solubility. Calculated Gsol values for different adducts are presented
in table 4.
Abnormally high Gsol value of HTC-gua is apparently due to the higher charge (+2) of the adduct which
attracts a large scale of solvation and this data further
substantiates the highest Eint value associated with
HTC-gua adduct in table 3. Calculated values suggest
greater thermodynamic stability of adducts in polar
media and also agree with results of earlier relevant
studies.65,73 Notably, TMC-gua is thermodynamically
most stable in carbon tetrachloride phase and least stable in aqueous phase. This result suggests that in nonpolar protein-lipid bi-layer of cell membrane, TMC-gua
sustains best while in polar cytoplasmic medium its
dissociation is greatly favoured, an observation that
complies with earlier comment of greater suitability of
TMC as DNA carrier.

4. Conclusions
The prime object of this study is to provide an insight
into the reactivity of a few CSDs and their interaction
with nucleobases in DNA. Eight CSDs covering different mode of functionalization were chosen for the study.
Our study conﬁrms the presence of hydrogen bonding
between positively charged amine group of CSDs and
hetero atoms of nucleobase (guanine as a representative case in this study). Reactivity of CSDs and strength
of their interaction with nucleobases, both are sensitive to the nature of functional modiﬁcation as well
as to the prevailing media. All the chosen derivatives
exhibit stronger interaction in non-polar medium and
there is a gradual weakening with increasing polarity
of the medium. Chemical stability of CSD-gua adducts
is unaffected by changing media while thermodynamically the considered adducts are less stable in polar solvent. Most of the considered CSD-gua adducts exhibit
comparable stability with CS-gua adduct. In addition,
stronger interaction between CSDs and guanine in nonpolar medium and a gradual weakening with increasing
polarity of medium predicts improved efﬁciency of the
derivatives than that of unmodiﬁed CS as a DNA carrier.
In addition, among the chosen derivatives, TMC shows
greater suitability as a DNA carrier.
Despite the promises shown by chitosan as a gene
carrier and the enormous effort put in developing
efﬁcient chitosan-based vectors for gene delivery, the

597

therapeutic effectiveness of chitosan based gene therapy still needs to be improved in order to achieve clinical signiﬁcance. A thorough understanding of various
aspects pertinent to the binding and transferring of NA
by CS derivatives is envisaged to play an important role
as predictive tool in formulating chitosan aided gene
delivery system. This study is believed to boost future
research in designing of nucleic acid carriers based on
chitosan derivatives with new insights.
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