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Abstract 

The growing interest in gene therapy is coupled to the strong need for the 

development of safe and efficient gene transfection vectors. A composite based on chitosan 

and fumed silica has been found to be a prospective gene delivery carrier. This study 

presents an investigation of the nature of the bonds between a series of mono-, di- and 

triphosphate nucleotides with a chitosan layer deposited on a fumed silica surface. It was 

observed that the adsorption of most of the studied nucleotides is determined by the 

formation of one surface complex. Experimentally measured surface complex formation 

constants (logK) of the nucleotides were found to be in range 2.69–4.02 which is higher than 

that for the orthophosphate (2.39). Theoretically calculated nucleotide complexation energies 

for chitosan deposited on the surface range from 11.5 to 23.0 kcal·mol–1 in agreement with 

experimental data. The adsorption of nucleotides was interpreted using their calculated 

speciation in aqueous solution. Based on the structures of all optimized complexes 

determined from quantum-chemical PM6 calculations, electrostatic interactions between the 

surface-located NH3
+ groups and –PO3H––/–PO3

2-  fragments of the nucleotides was 

identified to play the decisive role in the adsorption mechanism. The saccharide fragment of 

monophosphates also plays an important role in the binding of the nucleotides to chitosan 

through the creation of hydrogen bonds; in the case of di- and triphosphates the role of the 

saccharide fragment decreases significantly.  
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1. Introduction 

Gene therapy has proved to be an effective solution for most known diseases. The 

increased interest in  gene therapy has called for proper materials to serve as safe and 

efficient gene transfection vectors [1]. Among biopolymers, chitosan and its derivatives 

represent perspective materials for a large number of applications, especially in the 

pharmaceutical, environmental and industrial fields [2–6]. These biopolymers, originating 

from marine waste, have attracted much attention as non-viral vectors due to their valuable 

properties as well as high positive charge density in low pH solution localized on the primary 

amino groups. Deoxyribonucleic acid (DNA) plasmids are non-viral vectors  that can be 

delivered to the target cells as naked DNA or in association with different compounds such 

as liposomes, gelatin or polyamine nanospheres [7]. Their  positively charged character 

enables chitosan to bind with the negatively charged DNA and ribonucleic acid (RNA) [8]. 

These beneficial features give chitosan the capability as gene carriers [9,10]. Some studies 

have reported the modification of chitosan for the purpose of improving the transfection 
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efficiency of chitosan formulations [11,12]. However, the interaction mechanism between 

chitosan and DNA is still unclear at the molecular level.  

It has been proved that the activity of chitosan could even be increased when it is part of 

organic-inorganic composites [13,14]. Chitosan-silica composites deserve here special 

attention due to the complementary properties of silica towards polymers, e.g. resistance to 

the influence of microorganisms and high specific surface area [15–20].  

Defining the interaction of a chitosan-silica composite with a biological medium is an 

extremely complex task. This is due to the formation of many different-in-nature bonds, 

involving numerous groups of biomolecules and surface functional groups of the chitosan 

and silica. The interaction of the composite surfaces with monomeric biomolecules – 

nucleotides, which are the structural units of nucleic acids, can serve as a subject for model 

studies. The aim of this work is to study the adsorption of nucleotides from aqueous solution 

onto chitosan-silica surfaces and to quantitatively estimate experimental data in terms of 

surface complexation theory. The study is supported by quantum-chemical calculations that 

provide understanding of the impact and the nature of bonds between the nucleotides 

(heterocyclic base, saccharide and phosphate groups) and chitosan. 

 

2. Experimental part 

2.1. Materials 

Chitosan, Sigma Aldrich, No 417963, molecular weight from 190 to 370 kDa, degree of 

deacetylation  not less than 75% and solubility 10 g·L1; fumed silica, specific surface area 

150 m2·g–1, obtained from State Enterprise “Kalush Test Experimental Plant of Institute of 

Surface Chemistry of National Academy of Sciences of Ukraine” were used for the 

synthesis. Nucleotides as sodium salts – adenosine-5’-monophosphate (Reanal), 

adenosine-5’-diphosphate (Alfa Aesar), adenosine-5’-triphosphate (Alfa Aesar), guanosine-

5’-monophosphate (Reanal), inosine-5’-monophosphate (Sigma Aldrich), cytidine-5’-

monophosphate (Reanal), uridine-5’-monophosphate (Reanal), orotidine-5’-monophosphate 

(Sigma Aldrich); sodium dihydrophosphate (Merck), and sodium chloride (Merck) were used 

without additional purification. The standard solution of HCl and NaOH (Titrisol, Merck) were 

used for pH adjusting.  

 

2.2. Synthesis of chitosan-fumed silica composite.  

Chitosan-silica composite was synthesized under technic reported in our previous study [21]. 

Briefly, 10 g of fumed silica (A150) was impregnated by 100 ml of 1% chitosan solution in 

2% acetic acid and stirred for a day. The obtained sample was dried at 50 оС overnight.  

 

2.3 Potentiometric titration  
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Potentiometric titration of the chitosan-silica composite suspension (1 g·L–1) with acid and 

base were performed at 20 °C (±1 °C) in gas-tight 50 mL centrifuge tubes (Falcon) in a 

thermostated water bath shaker.  To each centrifuge tubes 0.02 g of composite, and 20 ml of 

0.01 M NaCl solution were placed, then some amounts of HCl or NaOH solutions were 

added. After 24, 48, and 72 h of shaking the pH values were measured using an Inolab 

Level 2P pH meter (WTW) equipped with a combination electrode (SenTix81) and 

temperature probe. The electrode was calibrated using a 3-point calibration with commercial 

pH buffers (CertiPur, Merck) to a precision of pH 0.02 units. It was found that acid-base 

equilibrium achieved in 48 h. Electrode readings were taken when a drift less than 0.002 pH 

units in 10 min was attained. 

 

2.4 Sorption experiments 

Nucleotide adsorption was studied at 20 °C (±1 °C). To each centrifuge tubes 0.02 g of 

composite, and 20 ml of 0.1 mmol·L–1 nucleotide solution (in 0.01 M NaCl) were placed. The 

pH was adjusted to the desired value between 2 and 9 with HCl or NaOH solutions. All 

suspensions were stirred for 2 days, the final pH was measured, and then the solid phase 

was separated by centrifugation (8000 rpm, 10 min). It was preliminarily found that 2 days 

was sufficient time to reach adsorption equilibrium. Nucleotide concentrations were 

determined from the UV absorption spectra (Specord M-40 spectrophotometer, Carl Zeiss 

Jena). All components were characterized by the absorption bands near 260 nm. The pH 

dependences of the positions and intensities of the bands were determined beforehand. 

Orthophosphate concentrations in the solutions were determined as phosphoric 

molybdenum blue using Phosphate Test reagent kit (Spectroquant, Merck). 

The amounts of adsorbed nucleotides and phosphate (as % of adsorption) were 

calculated as the difference between initial and equilibrium concentrations. Experimental 

adsorption values are shown in the figures as symbols, and the calculated adsorption curves 

are shown as lines. 

Langmuir, Freundlich and Temkin isotherm models were applied to analyze the 

adsorption of ATP by chitosan deposited on silica surface. The linear form of the Langmuir 

model [22]: 

,   

where ce is the equilibrium concentration of molecules (mmol/L), qe is the amount of the 

adsorbed molecules (mmol·g–1), and q0 and KL are the Langmuir constants related to the 

adsorption capacity (mmol·g–1) and the equilibrium constant (L·mg–1), respectively. 

The Freundlich model [23]: 

,   



5 

 

where: KF and n are the Freundlich constants related to the sorption capacity and the 

sorption intensity, respectively. 

The Temkin model: 

          

where cs is the concentration of molecule in the solid phase (mol·g–1), KT is the model 

constant (L·g–1), R is the gas constant (8.314 J·mol–1·K–1), T represents the absolute 

temperature (K), and ceq denotes the equilibrium concentration of molecules (mol·L–1) in the 

aqueous phase.  

 

2.5. Model Calculations 

The Basic Stern surface complexation model [24] and the GRFIT software [25] were used for 

quantitative interpretation of experimental data. The GRFIT program is very convenient 

because the fitting of adjustable parameters is accompanied by a graphic drawing of an 

adsorption curve, from which one can immediately judge how successful the choice of 

reaction equations and initial values of the adjustable parameters is. A first step of the work 

was to choose the  components of the solution, solid, and charge on different planes of the 

interface. The components of the solution were initial species of biomolecule, proton, and 

electrolyte ions. The surface components are considered to be: initial amino group of 

chitosan (≡S –NH2) and the electrical components (exp0 and exp1), which correspond to the 

values of the charges of the species in the 0 and 1 planes of the interface. They were 

expressed as coefficients of the potentials at the respective planes of the electric double 

layer (EDL). The next step is a creation of a matrix in which the species present in the 

solution (all forms of biomolecules other than the initial one) and surface species (neutral 

and protonated amino groups of chitosan), ion pairs with background electrolyte ions, and 

surface complexes with biomolecules were defined as combinations of components. It 

should also be noted that the program requires knowledge of the characteristics of a solid, 

i.e. specific surface area and concentration of functional groups or site density. The 

concentration of functional groups can be set as an adjustable parameter or is selected on 

the basis of data.   

 

2.6. Quantum-chemical calculations 

In order to help explaining the mechanism of nucleotide adsorption on chitosan-silica 

composite the quantum-chemical calculations were employed. A model chitosan-silica 

substrate was chosen as a fragment of a chitosan chain containing four elementary units, 

one acetyl (CH3CO–) group and one protonated amino (–NH3
+) group. The edge –CH2–O– 

vacancies were terminated by methyl groups (i.e. –CH2–OCH3). The whole substrate model 
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was considered as a positively charged (1+) cation (denoted next as Ch+). The nucleotide 

species were simulated following the structures in Table 1. Optimization of individual 

chitosan fragment, nucleotide species and their complexes was performed by the semi-

empirical PM6 method [26] with accounting for the  solvent effect (water) by means of the 

polarizable continuum model (PCM) [27]. For all optimized structures the vibrational 

frequencies were calculated. No imaginary frequencies were found in the simulated 

vibrational spectra meaning that the optimized structures correspond to real energy minima 

on potential energy surface of the singlet ground electronic state. Complexation energies 

(Ecom) were calculated by the direct method with accounting of zero-point energy (EZPE) 

correction: 

Ecom=(E0+EZPE)[Ch+HnLm–] – (E0+EZPE)[Ch+] – (E0+EZPE)[HnLm–] 

where E0 denotes a total energy of the corresponding complex (Ch+HnLm–) and the individual 

[Ch+], [HnLm–] counterparts. All the calculations were performed using the Gaussian 16 

software [28].  

 

3. Results and Discussion 

3.1 Synthesis and characterization of chitosan-silica material 

Chitosan combined with an inorganic oxide such as silica could has the potential for 

concentrating  molecules of different nature: extended specific surface, accessibility of 

functional groups and thermal stability [13,14,21]. The impregnation of fumed silica with 

slightly acidic chitosan solution is a rapid, effective and sustainable way of composite 

preparation. This approach of composites processing is in agreement with the principles of 

Green Chemistry [29,30]. The synthesized composite belongs to a hybrid material of Class I, 

where the organic (chitosan) and inorganic (silica) parts are combined through weak 

interactions, such as hydrogen bonds between the amine, acetamid or hydroxyl groups of 

the biopolymer and silanol groups of silica or electrostatic forces between protonated amino 

groups and dissociated hydroxyl groups [14,31–33].  

A detailed characterization of the chitosan-silica composite was accomplished in our 

previous work [21]. The chitosan layer on the silica surface was confirmed by the 

characteristic bands in FTIR spectra of the composite (Figure S1): 1640 – 1548 cm–1: 

ν(C=O) in NHCOCH3, Amid I; 1600 – 1400 cm–1: δ(N–H) in NH3
+; 1420 cm–1: δ(CH2) in 

CH2OH; 1380 cm–1: δs(CH3) in NHCOCH3; along with the bands related to the silica-based 

materials: 1097, 967 cm–1: ν(Si–O) of Si–O–Si, 810 cm–1: δ(Si–O) of Si–O–Si (Table S1). 

Based on the results of thermogravimetrical analysis (Figure S2), the concentration of 

chitosan in the composite is 100 mg·g–1 (10%). This serves as an additional confirmation for 

a high yield (close to 100%) of the composite material. As this is well correlated with the 

mass ratio of pristine chitosan and fumed silica used for synthesis, it can be assumed that 
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the Atom Economy principle of Green Chemistry was successfully achieved [30]. The main 

thermal parameters and decomposition regions determined from TG- and DTG-curves are 

summarized in Table S2. According to SEM micrographs, the synthesized composite 

characterized by a homogeneous overlayer of the chitosan (Figure S3). The relatively high 

specific surface area (170 m2·g–1)  for a biopolymer-based hybrid material and its 

mesoporosity with an average diameter of pores around 30 nm, makes it reasonable to 

assume that the material can be successfully applied as a carrier for concentration of even 

relatively big organic molecules (Figure S4). The high potential as sorbent from aqueous 

solutions is also confirmed by its good stability in acidic conditions according to the 

conducted tests [21].  

 

3.1 Chitosan surface basicity 

Chitosan is a partially deacetylated derivative of chitin, a naturally occurring amino 

polysaccharide [34,35]. Chitosan is a linear copolymer of 2-acetoamido-2-deoxy-β-D-

glucopyranose and 2-amino-2-deoxy-β-D-glucopyranose. Due to the presence of a primary 

amine on the glucosamine residues, which can be protonated in a wide range of pH, 

chitosan behaves in aqueous solution as a cationic polyelectrolyte.  The acid-base 

properties of chitosan as a function of the degree of deacetylation, molecular weight, and 

ionic strength have been investigated by several groups [36–39].  The protonation constants 

(logK) of chitosan in aqueous solution vary from 6.3 till 7.3 depending on the degree of 

deacetylation, and the molecular weight of polymer. It can be assumed that chitosan 

attached to the surface of silica retains its ability to attach protons. According to surface 

complexation theory [40–42],  the charging of composite surfaces as a result of its 

interaction with protons of an aqueous solution gives rise to an electrical double layer. This 

affects the complexation reactions with inorganic and organic molecules. Surface 

complexation models have been successfully used to describe the binding of protons and 

chemical species by active groups of oxide surfaces. As far as we know, the principles of the 

surface complexation theory have not previously been used to quantify acid-base and 

adsorption properties of polymers attached to the surface of a carrier. Regardless, the study 

of the adsorption interaction of organic or inorganic compounds dissolved in water must be 

preceded by a detailed investigation of the protolytic properties of the polymer surface 

groups [24,40–42].  

We assumed that surface charge of composite under investigation is determined by 

the interaction of chitosan´s primary amino groups with protons. We therefore treated the 

potentiometric titration data of composite as adsorbed proton concentrations as dependence 

of pH: 
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                  ])[(])[(   OHCHCC NaOHHCl

H

ads , 

 

where HClC  and NaOHC  are the concentrations of added acid and base and [H+] and [OH–] 

are the equilibrium proton (measured as pH)  and hydroxyl concentrations.  These data are 

presented in Figure 1. 

 

 

Figure 1. Concentrations of protons adsorbed on a chitosan-composite surface as a function 

of pH: Ccomp = 1 g·L–1, 0.01 M NaCl. Symbols are experimental data, the full line is calculated 

curve. 

 

These experimental data were used for surface complexation modeling to estimate 

the deprotonation constant of chitosan protonated amino groups according to the following 

reaction:  

≡S–NH


3 ↔ ≡S–NH2 + H+,  

)/exp(
][

]][[
0

3

2 RTF
NHS

HNHS
K H

S 









, 

where [S–NH2] and [S–NH


3 ] are equilibrium concentrations of neutral and protonated 

chitosan amino groups (mol·L-1),  0  is the potential of plane 0 of electric double layer, F is 

the Faraday constant, 96485 C/mol; R is the universal gas constant, and T is the 

temperature, K.  

 

 First, we used the Diffuse Double Layer Model [24,41] and GRFIT software for fitting 

the surface site density and the deprotonation constant, leading to the values: surface site 

density is 0.4 mmol·g–1 and logK
H

S = –(6.93±0.05). The concentration of active groups on the 
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surface, calculated on the basis of the amount of chitosan, the average molecular weight of 

the monomer unit, and the degree of deacetylation of 75%, is 0.4 mmol·g–1. The 

deprotonation constant of the protonated amino groups is comparable with these constants 

obtained for chitosan in aqueous solution [37–39].  

Subsequently we used these values for fitting the  capacitance of the electric double 

layer with the Constance Capacitance Model [24,40,42] which is related surface charge (σ0) 

and surface potential ( 0 ):   

σ0 = C1 0 ,  

 

to obtain C1 equal 0.9 F·cm–2. All these values are required for modeling of acid-base and 

adsorption properties of immobilized chitosan with the Basic Stern Model (BSM) [24]. The 

latter makes it possible to distinguish inner- and outer sphere complexes. According to this 

model, the interface is divided into two regions: the compact region (extending up to several 

angstroms from surface) and the diffuse one, where the counter ions accumulate to 

compensate the surface charge (Figure 2). The compact region involves two charged 

planes: the surface (or plane 0) of the active surface groups and the head end of the diffuse 

layer of the interface (or plane 1). Potential-determining ions are adsorbed in one of them 

(zero plane), while weakly bound counter ions are adsorbed in another plane (plane 1). 

These counter-ions form electrostatic outer sphere complexes (or ions pairs) with the 

surface groups of opposite charge.  
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Figure 2. The structure of the electrical double layer (BSM) at chitosan-silica/aqueous 

electrolyte solution interface: Ψ is the potential; σ is the surface charge; charge symbols of 

σ0 and σ1 correspond to planes 0 and 1, respectively.   

 

Thus, we should take into account interaction of protonated amino groups of chitosan 

with electrolyte anions according to the reaction: 

≡S–NH


3 + Cl– ↔ ≡S–NH


3  Cl–, 

which is characterized by the following constant: 

)/)(exp(
]][[

][
10

3

3 RTF
ClNHS

ClNHS
K Cl

S 









, 

where 0  and 1  are the potentials in plane 0 and 1 respectively. The fitting of 

experimental potentiometric data with all obtained values of surface site density, 

deprotonation constant, and capacitance of EDL gives the ion pair formation constant, 

logK
Cl

S = (1.35±0.05). In Figure 1 the calculated curve is shown as a line. It should be noted 

that this calculated line is in good agreement with experimental data. In the region of pH >7, 

small negative charge values are observed. Most likely, ionization of silanol groups of silica 

used as a substrate is manifested in this region. It is difficult to quantify the contribution of 

the ionization of silanol groups, since their exact concentration is unknown. In further 

calculations, studying the nucleotide adsorption, we have neglected the possible ionization 

of the silanol groups. 

 

3.2. Nucleotide adsorption  

The interaction of nucleotides with the surface of the chitosan-silica composite in aqueous 

electrolyte solution was interpreted as the formation of adsorption complexes. To select 

possible complexation reactions it is necessary to take into account not only the state of the 

functional groups of the solid, but also the forms in which the solutes being adsorbed are 

present in solution depending on pH. Nucleotides consist of a heterocyclic base (purine or 

pyrimidine), in which a hydrogen atom at one of nitrogen atom (N-1 for pyrimidine, or N-9 for 

purine bases) is replaced by a phosphorylated carbohydrate residue.  Apart from the 

common bases adenine and guanine (purine), and cytosine and uracil (pyrimidine), nucleic 

acids may contain “minor” base hypoxantine (corresponding nucleotide is inosine 

phosphate) and orotic acid (nucleotide is orotidine phosphate). All these nucleotides were 

tested at the adsorption study from aqueous solution. 

The structures of the studied nucleotides as monophosphates and their ionization constants 

are presented in Table 1. Considering the acid-base properties of the nucleotides in more 
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detail, we note that the phosphate groups in the nucleoside monophosphates are 

characterized by two ionization constants: primary group dissociates at pH<2, while the 

secondary one is ionized at pH>6 [43,44].  In the studied purine and pyrimidine nucleotides, 

nitrogen atoms of the heterocyclic ring differ significantly in their basicity. Proton releases 

from the N1–H+ group of adenosine-5’-monophosphate, and from N3–H+ of cytidine-5’-

monophosphate occur at pH ~ 4. The deprotonation of the N7–H+ group of guanosine-5’-

monophospahte is observed at pH >2.3, while the N7 nitrogen atom of inosine-5’-

monophosphate is protonated in highly acidic solution. The pyrimidine heterocycle of 

orotidine-5’-monophosphate contains an additional carboxyl group which is ionized at pH 

>2.4. 

 

Table 1.  Ionization constants of nucleotides 

Nucleotide Ionization constant, pK (0.01 M) 

 

inosine-5’-monophosphate, HL– (IMP) 

 

 

6.47 (–PO3H–) 

 

 

guanosine-5’- monophosphate, H2L± (GMP) 

 

 

2.48 (–N7H+) 

6.48  (–PO3H–) 

 

 

adenosine-5’- monophosphate, H2L±  (AMP) 

 

 

3.96 (–N1H+) 

6.46 (–PO3H–) 

 

 

 

 

4.31 (–N3–H+) 

6.15 (–PO3H–) 
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cytidine-5’- monophosphate, H2L± (CMP) 

 

uridine-5’- monophosphate, HL– (UMP) 

 

 

6.04 (–PO3H–) 

 

 

orotidine-5’- monophosphate, H2L– (OMP) 

 

 

2.4 (–СООН) 

6.10 (–PO3H–) 

 

 

adenosine-5’- diphosphate, H2L±  (ADP) 

 

 

4.21 (–N1H+) 

6.71 (–P2O6H–) 

 

 

 

adenosine-5’- triphosphate, H2L±  (ATP) 

 

 

4.38 (–N1H+) 

6.96 (–P3O9H–) 

 

 

All these acid-base properties of th nucleotides under investigation are reflected in the 

solution speciation diagrams presented in Figure 3. The solution speciations show in which 

forms, depending on pH, the studied nucleotides are present in solution.  At pH 2 initial 

forms of AMP and CMP are zwitterionic (NH+, PO3H–). The fraction of zwitterions for GMP is 

smaller due to lower value of the deprotonation constant of of the N7–H+ group in comparison 

with these values for AMP and CMP. The initial forms of IMP and UMP are monoanions. In 

acid solution the OMP exists as dianion due to ionization of the additional carboxyl group 

(COO–, PO3H–). The initial forms of the adenosine-5’-di- and triphosphates are doubly and 

triply charged anions, respectively. With increasing pH further ionization of the initial forms is 

observed with the formation of the corresponding anions with higher charges.  
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 Adsorption of all nucleotides from 0.01 M NaCl solution was studied as a function of 

pH (Figure 3). The adsorption of all nucleotides decreases with increasing pH. The 

adsorption curves of AMP, GMP, and CMP pass through a maximum whose position on the 

pH scale corresponds to the ionization constant of the zwitterion. The presence of anionic 

forms of nucleotides in solutions suggests that the main contribution to the adsorption on the 

composite surface comes from the electrostatic interaction with positively charged amino 

groups of chitosan according to: 

 

   ≡S–NH


3 + HnLm– ↔ ≡S–NH


3  HnLm–, 

 

  )/)(exp(
]][[

][
1

3

3 RTmF
LHNHS

LHNHS
K om

n

m

n 









 

 

 

where HnLm– is initial form of nucleotide, n and m are dependent on nature of nucleotides (for 

details see Table 2).  
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Figure 3. Solution speciations and adsorption curves of nucleotides: (a) AMP, (b) ADP, (c) ATP, (d) CMP, (e) OMP, (f) UMP, (g) GMP, (h) IMP and (i) 

OP. Csorbate = 0.1 mmol·L–1, Ccomposite = 1 g·L–1. Symbols are experimental adsorption data, lines are calculated adsorption curves. 
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Table 2. Experimentally measured surface complex formation constants of nucleotides and 

orthophosphate (in logK units) vs. theoretically calculated complexation energies (Ecom).  

Nucleotide Surface reactions logK±0.05 Ecom, 

kcal·mol–1 

AMP ≡S–NH


3 + H2L± ↔ ≡S–NH


3  H2L± 3.18 15.3 

≡S–NH


3 + HL–  ↔ ≡S–NH


3  HL–  3.31 15.4 

CMP ≡S–NH


3 + H2L± ↔ ≡S–NH


3  H2L± 2.96 14.1 

≡S–NH


3 + HL–  ↔ ≡S–NH


3  HL–  3.28 14.0 

GMP ≡S–NH


3 + HL–  ↔ ≡S–NH


3  HL– 3.22 16.1 

IMP ≡S–NH


3 + HL–  ↔ ≡S–NH


3  HL– 3.27 16.6 

UMP ≡S–NH


3 + HL–  ↔ ≡S–NH


3  HL– 2.69  11.5 

OMP ≡S–NH


3 + HL2–  ↔ ≡S–NH


3  HL2– 3.03 16.6 

ADP ≡S–NH


3 + H2L– ↔ ≡S–NH


3  H2L– 3.11 16.1 

≡S–NH


3 + HL2–  ↔ ≡S–NH


3  HL2–  3.52 20.8 

ATP ≡S–NH


3 + H2L2– ↔ ≡S–NH


3  H2L2– 3.38 22.9 

≡S–NH


3 + HL3–  ↔ ≡S–NH


3  HL3–  4.02 23.0 

OP ≡S–NH


3 + H2L– ↔ ≡S–NH


3  H2L– 2.39 12.0 

 

 

The modeling of the acid-base properties of solid and adsorption curves with the 

GRFIT program begins with a matrix of components. This interaction leads to the formation 

of all species in the systems. The active surface sites of the solid, protons, an adsorbate and 

background electrolyte ions are among the material components. The matrix of components 

is supplemented with exp0 and exp1 electric components corresponding to the particle 

charge in plane 0 and 1, respectively. It is important to choose an appropriate initial form of 

the adsorbate because any form of nucleotide present in solution can be chosen as the initial 

one. The surface complexation reactions and their equilibrium constants may be written in 

different manner depending on the choice of an initial particle. The best agreement between 

experimental data and calculated adsorption curves was achieved for complex formation 
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reactions presented in Table 2. These calculated adsorption curves for all nucleotides are 

shown in Figure 3 as solid lines connected experimental points.  

The nucleotide anions and zwitterions (of AMP and CMP only) form outer-sphere 

electrostatic complexes with protonated amino groups of chitosan. The values of the 

complex formation constants of the singly charged anion of all nucleotides are almost the 

same regardless of the nucleotide nature. This can be explained by the fact that a phosphate 

group of the nucleotides takes part in the electrostatic interaction. The protolytic properties 

are practically the same for all nucleotides. The higher the charge of an anion forming a 

complex with a protonated group, the higher the stability constant of the complex, a 

regularity that is typical for electrostatic interactions. Therefore, ATP complexes are stronger 

than AMP complexes. The same observation was made in the study by Stefano et al. [45] 

devoted to the interaction of ATP and AMP with chitosan in an aqueous solution. 

The orthophosphate (OP) adsorption on the surface of the chitosan-silica composite 

was studied for comparison with the nucleotides. As can be seen from Table 2, the complex 

formation constant of the orthophosphate monoanion is much smaller than the nucleotide 

constants. This indicates that not only the phosphate group determines the strength of the 

nucleotide binding to the surface, it also seems that the heterocyclic base and saccharide 

can form other types of bonds. 

Indeed, as follows from our quantum-chemical PM6 calculations the saccharide 

fragment form quite short H-bonds with the chitosan substrate (Ch+, Figure 4), while the 

heterocyclic bases are quite far from the chitosan surface and does actually not interact with 

it. We also observe a clear correlation between the experimentally estimated complex 

formation constant and calculated complexation energies (Table 2). We find that the OP and 

UMP species demonstrate the smallest complex formation constants (logK=2.39 and 2.69, 

respectively) and smallest calculated complexation energies (Ecom=12.0 and 11.5 kcal·mol–

1). Multicharged nucleotides, like ADP in HL2– form, ATP in HL3– form and ATP in HL2– form 

generally demonstrate higher complex formation constants (logK=3.52, 3.38 and 4.03) than 

the zwitterionic and anionic nucleotides (logK varies within the short range 2.69–3.31). Such 

a trend is also reproduced in our PM6 calculations – complexation energies are highest for 

ADP in  HL2– form (–20.8 kcal·mol–1), ATP in HL3– form (–23.0 kcal·mol–1) and ATP in HL2– 

form (–22.9 kcal·mol–1). This is due to the stronger electrostatic interaction between the 

positive charge localized on –NH3
+ group of the Ch+ substrate model and multiple negative 

charges localized on the phosphate groups of the studied nucleotides (Figure 4). An 

exception is OMP dianion where the complex formation constant is quite small (logK=3.03) 

as well as the calculated Ecom value being in a moderate region (16.6 kcal·mol–1). This is 

because of OMP possesses a two-center dianionic structure in which one negative charge is 

localized on the PO3H– group, while the second one is localized on the COO– moiety. The 
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latter does not directly interact with the chitosan substrate (Figure 4). For the remaining 

monoanionic and zwitterionic nucleotides, a calculated complexation energy varied only 

within the range (11.5–16.6 kcal·mol–1) in agreement with experimental observations 

(logK=2.69–3.31). 

The analysis of the structures for all optimized complexes reveals that for all 

monophosphates (OMP, UMP, CMP, AMP, GMP, IMP) and for the only one diphosphate 

(ADP in monoanionic form), the saccharide fragment plays an important role in the binding of 

the nucleotides to the chitosan surface. For the dianionic ADP and both studied 

triphosphates (ATP in HL3– and HL2–forms) the saccharide unit is far from the chitosan 

substrate and does not directly interact with it (Figure 4). This fact additionally confirms the 

key role of the electrostatic interactions between the surface-located NH3
+ groups and –

PO3H––/–PO3
2-  fragments of the nucleotides in the adsorption mechanism of ADP (HL2–) 

and ATP (HL2–, HL3–) nucleotides. 

The adsorption of most of the studied nucleotides is determined by the formation of 

one surface complex. Figure 5 shows distribution diagrams of the surface complexes of 

those nucleotides forming two surface species. The concentrations of complexes containing 

zwitterionic forms of AMP and CMP are significantly lower than those of the anionic 

complexes. The content of the complexes of the various anions of ADP and ATP in the 

surface layer is determined by their distribution in the aqueous solution. 
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Figure 4. PM6 method optimized structures of chitosan-nucleotide complexes. Predominant 

localizations of positive and negative charges are also marked for each complex. 
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Figure 5.  Distribution diagrams of complexes of (a) AMP, (b) CMP, (c) ADP, and (d) ATP 

formed on the surface of chitosan-containing silica.  
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Figure 6. Isotherm of adsorption of ATP by chitosan-silica composite (concentration of 

composite 1 g·L–1, рН 3.5). 

 

The effect of initial ATP nucleotide concentration on the adsorption capacity of the 

composite surface was studied in acidic media (pH 3.5) in the range of initial nucleotide 

concentration from 0.2 to 1 mmol·L–1. The surface of the synthesized chitosan-silica 

composite has high affinity to the ATP nucleotide molecule (Figure 6). The distribution 
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coefficient was found to be 4.08 L·g–1, which is higher than for organic molecules adsorbed 

by variable adsorbents reported in literature. The shape of the isotherm confirms an L-type 

of isotherm produced by monolayer adsorption on a homogeneous surface with no 

interaction between the adsorbed molecules. This observation is also confirmed by the good 

correlation of experimental data with the Langmuir isotherm model due to high values of the 

regression coefficient (R2=0.9985). Calculated parameters from the Langmuir, Freundlich 

and Temkin isotherm models for adsorption of ATP nucleotides on a synthesized chitosan-

silica composite are summarized in Table 3. Based on the obtained values of the correlation 

coefficient, all applied isotherm models are consistent with the experimental data for the 

chosen range of initial nucleotide concentrations. The monolayer capacity was found to be 

0.13 mmol·g–1 for the ATP nucleotide. The adsorption was found to be favorable according to 

positive value of RL (0<RL<1). The heat of adsorption (bT) of ATP on the composite was 

found to be higher (822.8 J·mol–1) than for other complex organic molecules, for example, 

bile acids [21]. The low value of the maximum binding energy for the interactions between 

the composite surface and the ATP molecule (KT=1.906 L·g–1) is in line with the assumption 

of high affinity of the studied nucleotide to the chitosan deposited on the silica surface.  

 

Table 3. Langmuir, Freundlich and Temkin isotherm model parameters for adsorption of 

ATP by chitosan-silica composite (concentration of composite 1 g·L–1, рН 3.5). 

Isotherm model Parameter Values 

Langmuir  

 

q0, mmol·g–1 

KL, L·mg–1  

RL,  

R2  

0.13 

51.1 

0.98·10–4 

0.9985 

Freundlich KF, mmol·g–1 

n  

1/n 

R2 

6.05 

3.654 

0.274 

0.7418 

Temkin  bT, J·mol–1 

KT, L·g–1 

R2 

822.8 

1.906 

0.9528 
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Conclusion. 

A composite based on chitosan and silica was found to be a prospective carrier for 

mono-, di- and triphosphate nucleotides. It was shown from the adsorption study that the 

nucleotides have high affinity to the chitosan-silica surface, which was confirmed by the high 

distribution coefficient: 4.08 L·g–1. Based on applied isotherm models, the monolayer 

adsorption occurred in under relatively low value of the maximum binding energy for 

interactions between the composite surface and nucleotide molecule: 1.906 L·g–1 for ATP 

nucleotide. The measured surface complex formation constants of the nucleotides were 

found to be higher than for the orthophosphate. These experimental observations were 

confirmed by high values of theoretically computed nucleotide complexation energies for 

chitosan deposited on the surface comparing to the system chitosan:ortophosphate. It was 

determined from quantum-chemical PM6 calculations that the electrostatic interactions 

between the surface-located protonated amino groups and the negatively charged P-

containing fragments of the nucleotides play a decisive role in their adsorption. In case of 

nucleotides in the monoanionic form, the saccharide fragment could take part in the 

adsorption through creation of hydrogen bonds. These results demonstrate that chitosan-

silica composites are highly promising materials as bio-carriers in gene therapy.   
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