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Abstract 

The development of novel multifunctional biomaterials remains one of the most pressing challenges in modern 

materials science. Polymer derivatives of guanidine are in high demand due to their broad spectrum of pharmacological 

activities. In recent years, various methods have been developed to introduce guanidine groups into the chitosan structure. 

However, most of the known guanidination methods are carried out in the presence of acids, which leads to the formation 

of side reactions in the reaction medium. In this study, we present a method for guanidination of chitosan in an aprotic 

solvent medium - acetonitrile. It has been demonstrated that by varying the molar ratio of the guanidinating reagent, it is 

possible to obtain N-guanidinium chitosan derivatives with a degree of substitution ranging from 0.16 to 0.45. Notably, 

the use of acetonitrile prevents hydrolysis of the chitosan macromolecular backbone, and an increase in the number of 

guanidine groups leads to an increase in the molecular weight of the synthesized N-guanidinium chitosan derivatives. The 

structure and properties of the obtained chitosan derivatives were confirmed by physico-chemical methods (elemental 

analysis, FTIR, NMR, XRD, SEM, DLS, etc.). The presence of guanidine groups in the chitosan structure conferred broad 

pH-range solubility to the synthesized compounds. Results from a comparative in vivo analysis demonstrated that 0.5% 

solutions of N-guanidinium chitosan exhibited excellent wound healing properties, attributed to the synergistic interaction 

between the polysaccharide backbone and the guanidine moieties. Pharmacological evaluations confirmed that the 

introduction of guanidine groups into the chitosan structure enhances its hemostatic efficacy compared to native chitosan.  

 

Keywords: Chitosan, Modification, Guanidine, Acetonitrile, N-guanidinium chitosan, Wound healing, Hemostatic 

properties 

 

Introduction 

In recent years, there has been a steady increase in 

interest toward the development of biocompatible and 

biodegradable materials with therapeutic properties. 

Particular attention is given to naturally derived 

polysaccharides as promising platforms for the rational 

design of novel biologically active polymeric materials 

[1,2]. Among various polysaccharides, chitosan is 

widely employed in the development of antimicrobial, 

wound-healing, hemostatic materials, and drug delivery  

 

systems due to its biocompatibility, structural features, 

unique physico-chemical properties, and inherent 

physiological activity [3-6]. Despite these advantages, 

chitosan possesses certain limitations that restrict its 

application in the design of bioactive polymers capable 

of dissolving in neutral or mildly alkaline physiological 

environments. Therefore, improving its solubility and 

expanding the spectrum of its biological activities 

remain fundamentally important challenges. Chemical 

modification remains the most rational approach to 

improving chitosan solubility by introducing new 
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functional groups into its structure. For example, the 

introduction of carboxymethyl functional groups into 

the monomeric units of chitosan significantly enhances 

its solubility. Carboxymethylation is typically carried 

out either at the amino groups (N-substitution) or at the 

hydroxyl groups (O-substitution), leading to the 

formation of carboxymethyl chitosan [7,8]. However, 

the incorporation of chemically bound anionic groups, 

while improving chitosan’s solubility, results in a 

reduction of the original positive charge along the 

macromolecular backbone and consequently contributes 

to the partial or complete loss of its native properties 

[9,10]. This type of modification disrupts the delicate 

balance between hydrophilicity and cationic activity of 

the polymer. As a result, the decreased density of 

positive charges limits the ability of carboxymethyl 

chitosan to engage in electrostatic interactions with 

negatively charged biological components. This, in turn, 

leads to a noticeable attenuation of the intrinsic 

bioactivity of the parent chitosan. 

In order to expand the functional potential and 

enhance the solubility of chitosan across a broad pH 

range, increasing attention has been directed toward the 

quaternization of amino groups [11,12]. This chemical 

modification introduces permanent quaternary 

ammonium moieties into the polymer backbone, thereby 

altering its charge distribution and imparting novel 

physicochemical properties. The incorporation of stable 

quaternary ammonium groups significantly improves 

chitosan’s water solubility and markedly enhances its 

antimicrobial activity due to an increased density of 

positive charge. The presence of a permanent cationic 

charge along the polymer chain renders these derivatives 

particularly attractive for the development of 

multifunctional biomedical materials, including wound 

dressings, biodegradable films, and controlled drug 

delivery systems. However, despite these clear 

advantages, quaternized chitosan derivatives exhibit 

certain limitations, such as reduced biodegradability and 

potential cytotoxicity, which may hinder their practical 

application. 

Guanidine as a functional moiety is characterized 

by low toxicity, high chemical stability, and a 

pronounced affinity for negatively charged components 

of cellular membranes, rendering it particularly 

promising for the development of biomedical polymeric 

materials [13-15]. Guanidine groups can maintain a 

protonated state across a broad pH range, thereby 

imparting enhanced biological activity to the 

synthesized cationic polymers. The reactive amino 

functionalities of guanidine enable interactions with 

various functional groups, including amino, carboxyl, 

and aldehyde moieties, thus broadening the scope of 

potential chemical modifications [16-18]. Collectively, 

these properties make guanidine a valuable building 

block for the design of novel compounds soluble under 

neutral and alkaline physiological conditions. Given that 

guanidine is a safe and reactive chemical agent 

exhibiting basic properties, its covalent incorporation 

into the chitosan backbone can not only significantly 

improve the polymer’s solubility at elevated pH values 

but also enhance its therapeutic performance. 

One of the reagents commonly used for the 

introduction of guanidine fragments into the chitosan 

backbone is cyanamide. Several studies have 

demonstrated the feasibility of its application for the 

guanidinylation of chitosan in the presence of aqueous 

acid solutions, which act both as solvents and as 

catalysts for the reaction [19,20]. However, despite the 

potential viability of this synthetic approach, its 

implementation is associated with a number of 

significant limitations, primarily related to the instability 

of cyanamide in acidic media. Under protonic 

conditions, cyanamide is prone to hydrolytic 

decomposition, leading to the formation of undesirable 

by-products and a marked decrease in the efficiency of 

guanidine group transfer to the polymer chain (Figure 

1(a)). As a result, the reaction may proceed non-

selectively, yielding side products and lowering the 

degree of functionalization of the chitosan matrix. An 

additional factor limiting the use of acidic solutions is 

the susceptibility of chitosan macromolecules to acid-

catalyzed hydrolysis, which leads to polymer chain 

scission and a significant reduction in molecular weight 

(Figure 1(b)). This degradation process becomes 

particularly pronounced at elevated temperatures, 

necessitating the development of reaction conditions 

that minimize destructive side reactions. From a 

chemical standpoint, the guanidination of chitosan in the 

presence of aprotic solvents is of considerable interest 

due to its potential to enhance the efficiency of 

functional group modification. The use of aprotic 

solvents, particularly acetonitrile, can significantly 

increase the reactivity of the primary amino groups of 
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chitosan by preventing their protonation. Moreover, the 

application of aprotic media helps to minimize side 

reactions such as the decomposition of cyanamide or the 

hydrolysis of the chitosan macromolecule.

 

 

 
 

Figure 1 Formation of side effects during guanidation of chitosan using cyanamide in the presence of acid solutions. 

 

In our previous studies, we demonstrated that the 

introduction of guanidine groups into polysaccharide 

structures results in the formation of bioactive 

derivatives exhibiting pronounced antimicrobial activity 

[21,22]. A clear correlation was established between the 

structural features of the modified compounds and their 

pharmacological properties, highlighting the potential of 

this approach for the targeted synthesis of guanidine-

containing polysaccharide derivatives with tunable 

biological functions. 

Considering the adverse effects of acidic solvents 

on the guanidinylation of chitosan, we propose a 

modified chemical approach utilizing acetonitrile as the 

reaction medium. The rationale behind employing an 

aprotic solvent lies in the suppression of undesired side 

reactions and the production of N-guanidinium chitosan 

derivatives capable of dissolving over a broad pH range. 

Guanidinylation of chitosan in acetonitrile effectively 

prevents hydrolytic degradation of the macromolecular 

backbone, thereby enabling the synthesis of derivatives 

with higher molecular weights. A series of N-
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guanidinium chitosan derivatives with varying degrees 

of guanidinylation were synthesized by altering the feed 

ratio of the starting materials (chitosan:cyanamide). The 

physicochemical properties of the resulting derivatives 

were thoroughly characterized using FTIR, NMR, XRD, 

SEM, and DLS techniques. The wound healing and 

hemostatic efficacy of the synthesized derivatives were 

evaluated in vivo. Our results demonstrate that the 

introduction of guanidinium groups into the chitosan 

backbone significantly enhances both wound healing 

and hemostatic performance compared to the 

unmodified polysaccharide. 

 

Materials and methods 

Materials 

Chitosan (DD = 85% and MW = 2.318×105), 

cyanamide, acetonitrile was obtained from Sigma-

Aldrich. All other chemicals were of analytical grade 

and used without further purification. All aqueous 

solutions were prepared using deionized water. 

 

Synthesis N-guanidinium chitosan  

Chitosan 1 g was dispersed in 100 mL of 

acetonitrile and stirred for 2 h. After swelling, 

cyanamide was added at a molar ratio of 

chitosan:cyanamide = 1:1 - 4. The reaction mixture was 

stirred for 10 h at 80 °C, after which the resulting 

precipitate was separated by decantation, dissolved in 

1% hydrochloric acid solution, and re-precipitated with 

acetone. The obtained precipitate was then dissolved in 

water and purified by dialysis for 48 h, with 5 changes 

of dialysis water. Finally, the dialysate was freeze-dried. 

The degree of substitution (DS) guanidinium derivatives 

was calculated according to the C/N wt% from the 

elemental analysis [23].  

 

 
 

Figure 2 The synthetic route of N-guanidinium chitosan. 

 

Characterization methods 

FTIR spectra of Chitosan and N-guanidinium 

chitosan were recorded in the range from 400 to 4,000 

cm−1 using Vector-22 Tensor-27 spectrometer (Bruker, 

Germany). Data collection was performed with a 4 cm−1 

spectral resolution and 32 scans. 

X-Ray diffractograms of the investigated samples 

were obtained using an X-ray powder diffractometer 

XRD-6100 (Shimadzu, Japan) with Ni-filter and CuKα 

radiation source at an accelerating voltage/current of 50 

kV/40 mA. The relative intensity was recorded in the 

scattering range 2θ, varying from 3° to 80° at scanning 

rate 2° min−1. Surface analysis of chitosan and N-

guanidinium chitosan was performed using a scanning 

electron microscope (SEM), EVO MA10 (Zeiss, 

Germany).  

The elemental composition of chitosan and the 

synthesized N-guanidinium chitosan samples was 

determined using a Eura EA elemental analyzer (Italy). 

The ζ-potential and hydrodynamic size of chitosan 

and N-guanidinium chitosan samples were determined 

by dynamic light scattering (DLS) using a Zetasizer 

Nano-ZS analyzer (Malvern Instruments, UK) at 25 ± 1 

°C. 

The pKα values of the final reaction products were 

determined as follows: 50 mg of the sample was 

dissolved in water, and the resulting solution was 

acidified to pH 3 using 0.1 N HCl. Subsequently, the 

solution was titrated under constant stirring by the 

incremental addition of 0.1 N NaOH. The pH was 

continuously monitored using a SevenCompact S220-

Basic pH meter (Mettler Toledo, Germany). The pKα 

was determined as the pH value corresponding to the 
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midpoint of the plateau on the titration curve, as 

described in reference [24]. 

The molecular weight of the samples was 

determined by gel permeation chromatography. The 

analyses were performed using an Agilent 1260 Infinity 

II chromatographic system equipped with the following 

components: An Agilent 1260 Infinity II Iso Pump 

(G7110B) (Agilent Technologies, GmbH, Germany); 

Suprema Lux 1,000 Å (8×300 mm, 5 μm) and Suprema 

Linear S (8×300 mm, 5 μm) columns (PSS Polymer 

Standards Service GmbH, Germany); a G7800A 1260 

GPC/SEC MDS detector; a UV-VIS detector (G7115A 

1260 DAD WR); a refractive index detector (1260 

Infinity II RI); and a dual-angle light scattering detector 

(1260 Infinity II Dual Angle LS). The intrinsic viscosity 

of the samples was determined using an Ubbelohde 

viscometer (capillary diameter = 0.34 mm) in an acetate 

buffer solution at 25 °C.  

The solubility of chitosan and N-guanidinium 

chitosan samples at different pH values was determined 

by turbidimetric titration. Chitosan and N-guanidinium 

chitosan were dissolved in 5 mL of 1% hydrochloric 

acid, followed by the addition of 5% sodium hydroxide 

solution. Optical density was measured at 600 nm using 

a UV 1280 spectrophotometer (Shimadzu, Japan). 

 

Evaluation of the wound healing effect of N-

guanidinium chitosan 

The animal experiments were approved by the 

Ethics Committee of the Institute of Bioorganic 

Chemistry of the Academy of Sciences of Uzbekistan 

and conducted in accordance with the European 

Convention for the Protection of Vertebrate Animals 

used for Experimental and Other Scientific Purposes 

[25]. The experimental animal groups were distributed 

as follows: 1st group - control group, without treatment; 

2nd group - treated with 0.5% Chitosan solution; 3rd 

group - treated with 0.5% N-guanidinium chitosan (DS 

= 0.16); 4th group - treated with 0.5% N-guanidinium 

chitosan (DS = 0.45). 

For wound formation, rats were anaesthetized by 

intraperitoneal injection of sodium ethaminal (50 

mg/kg). The dorsal region was then depilated and, after 

antiseptic treatment, a 2.5 cm2 area of skin was excised 

along the underlying fascia [26]. After one day, the 

treatment was carried out. The wounds were treated with 

aqueous solutions (100 μL), daily during the entire 

treatment period. 

The wounds were left uncovered. Throughout the 

entire study period, control studies were carried out, 

which took into account the following parameters of the 

course of the wound process: the presence and nature of 

the inflammatory reaction, the condition of the edges 

and the bottom of the wound, the timing of the wound 

cleansing from necrotic tissue, the timing of the onset of 

wound epithelization. To assess the healing process, 

wound diameter was measured with a caliper. The area 

of induced wounds was recorded by digital Vernier 

caliper (HD-5214) on days 3, 6, 9 and 12 of treatment, 

and the wound healing rate was calculated using the 

following equation [27]: 

 

𝑊𝑜𝑢𝑛𝑑 ℎ𝑒𝑎𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 =
𝑆0−𝑆

𝑆0
∙ 100%       

 

where 𝑆0 is the area of the initial wound (cm2) and 𝑆 is 

the area of the wound after the reproduced pathology 

(cm2). 

 

The obtained results were presented as mean ± 

standard deviation. The statistical analysis of the data 

was performed using the 1-way analysis of variance 

(ANOVA) with a significant level of p = 0.05. The value 

of p < 0.05 was considered to be statistically significant. 

 

Rat liver injury models 

The animal experiments were approved by the 

Ethics Committee of the Institute of Bioorganic 

Chemistry of the Academy of Sciences of Uzbekistan 

and conducted in accordance with the European 

Convention for the Protection of Vertebrate Animals 

used for Experimental and Other Scientific Purposes 

[25]. Experimental animals were rats with a body weight 

ranging from 200 - 220 g. Animals were kept under 

standard laboratory conditions in a vivarium maintained 

at 22 ± 3 °C, with ad libitum access to food and water. 

They were randomly allocated into 10 groups: 1st group 

- control group, without treatment; 2nd group - treated 

with 0.25% Chitosan solution; 3rd group - treated with 

0.5% Chitosan solution; 4th group - treated with 1.0% 

Chitosan solution; 5th group - treated with 0.25% N-

guanidinium chitosan (DS = 0.16) solution; 6th group - 

treated with 0.5% N-guanidinium chitosan (DS = 0.16) 
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solution; 7th group - treated with 1.0% N-guanidinium 

chitosan (DS=0.16) solution; 8th group - treated with 

0.25% N-guanidinium chitosan (DS n = 0.45) solution; 

9th group - treated with 0.5% N-guanidinium chitosan 

(DS = 0.45) solution; 10th group - treated with 1.0% N-

guanidinium chitosan (DS = 0.45) solution.   

For wound formation, rats were anaesthetized by 

intraperitoneal injection of sodium ethaminal (50 

mg/kg). The animals were secured in the prone position 

on the operating table. A midline laparotomy was 

performed along the inferior edge of the rat’s costal arch 

to provide adequate access to the left liver lobe. The 

liver apex was then transected to create an open wound 

approximately 1.0 cm in length, followed by free 

bleeding. Subsequently, 50 µL of the tested sample 

solutions at concentrations of 0.25%, 0.5%, and 1.0% 

were applied. The bleeding time was recorded by stop-

watch. 

 

Results and discussion 

 The degree of chitosan guanidination, calculated 

based on elemental analysis data using the carbon-to-

nitrogen ratio (Table 1), confirms the presence of 

nitrogen-rich guanidinium groups in the product. A 

decrease in the C/N ratio indicates successful 

incorporation of nitrogen-containing guanidine moieties 

into the chitosan backbone. Based on the calculated C/N 

values, the degree of guanidination at chitosan-to-

cyanamide molar ratios ranging from 1:1 to 1:4 varies 

from 0.16 to 0.45. These results demonstrate that 

increasing the amount of cyanamide in the reaction 

system leads to a deeper modification of chitosan. As the 

degree of guanidination increases, the pKα of the 

resulting samples rises from 7.7 to 8.3, indicating 

enhanced basicity of the functional groups due to the 

incorporation of guanidine fragments. Changes in the 

surface charge of the synthesized N-guanidinium 

chitosan samples suggest the presence of chloride anions 

in their structure, which compensate for the positive 

charge of the guanidinium groups. Moreover, with an 

increasing degree of substitution, the content of Cl⁻ ions 

also increases, resulting in a reduction of the overall 

positive charge of the macromolecular backbone.  

 

Table 1 Characteristics of the synthesized compounds at different chitosan/cyanamide molar ratios. 

 

An increase in the guanidino group content within 

the chitosan structure results in a corresponding rise in 

the molecular weight of the synthesized derivatives. 

These findings provide compelling evidence that the 

guanidination of chitosan in an acetonitrile medium does 

not lead to destructive modifications. At the same time, 

an increase in the degree of substitution in N-

guanidinylated chitosan derivatives is accompanied by a 

decrease in solution viscosity, which is presumably due 

to enhanced electrostatic repulsion between polymer 

backbone, thereby preventing their aggregation. Further 

evidence of the inhibitory effect of the guanidinium 

groups present on particle aggregation is provided by the 

data shown in Figure 3.

 

Molar ratios C N С/N DS ζ-potential, mV рКα Mw×105 η, g/dl 

Chitosan 

1:1 

1:2 

1:3 

1:4 

36.7 

32.5 

33.0 

33.5 

33.6 

6.6 

8.0 

9.2 

11.0 

11.3 

5.56 

4.06 

3.58 

3.04 

2.97 

- 

0.16 

0.27 

0.38 

0.45 

38 

50 

46 

41 

35 

6.5 

7.7 

8.0 

8.1 

8.3 

2.318 

2.335 

2.346 

2.352 

2.357 

4,56 

4,43 

4,31 

4,23 

4,10 
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Figure 3 Distribution of chitosan and N-guanidinium chitosan particles by hydrodynamic radius. 

 

The Figure 3 shows the particle size distribution 

by hydrodynamic radius (R, nm) for the native chitosan 

and its synthesized N-guanidinium chitosan derivatives. 

Analysis of the obtained curves enables the evaluation 

of the effect of the DS on the size characteristics of the 

samples in solution. The hydrodynamic diameter of 

unmodified chitosan ranges from approximately 900 to 

5,800 nm and exhibits a unimodal numerical distribution 

pattern. For the derivative with DS = 0.16, the 

distribution remains close to that of the unmodified 

polymer, whereas a notable shift toward smaller radii is 

observed for samples with DS = 0.27 and 0.38. The most 

pronounced reduction in particle size is recorded for the 

derivative with DS = 0.45, for which the main peak of 

the distribution lies within the range of 650 - 4,100 nm. 

The presented data suggest that an increase in the DS of 

the synthesized chitosan derivatives leads to a more 

compact organization of the particles. 

 

 

Figure 4 FTIR spectra of chitosan (a), N-guanidinium-chitosan with DS = 0.45 (b). 

 

Chitosan displayed characteristic bands at 1,643 

and 1,556 cm−1 which are related to amide I & II, 

respectively, 1,082 cm−1 (C-O stretching), 2,945 - 2,864 

cm−1 (-CH stretching), 1,376 cm−1 (-СН3 stretching) and 

at 3,448 cm−1 (-NH2 and -OH stretching). For N-

guanidinium chitosan, new bands appeared at 1,664, 

1,570 and 1,258 cm−1 owing to stretching of C=N, 

C=NH2 
+ and C-N of the guanidinyl group, respectively 

(Figure 4). 

The solid-state 13C NMR spectral data are shown 

in Figure 5. The N-guanidinium chitosan sample 

displays characteristic signals in the chemical shift range 

of 23 - 106 ppm, corresponding to the anhydroglucose 

units, similar to those observed in unmodified chitosan, 

confirming the preservation of the polysaccharide 

backbone. In contrast to native chitosan, the spectrum of 

the synthesized N-guanidinium derivative exhibits a 

distinct signal at 161 ppm, which provides evidence for 

the successful introduction of guanidinium groups. 
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Additionally, a peak observed at 178 ppm can be 

attributed to the acetate fragment, which is commonly 

present in chitosan-based materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 13C NMR of chitosan (a) and N-guanidinium chitosan with DS = 0.45 (b). 

 

The obtained SEM results enabled visualization of 

the surface morphological features of chitosan (Figure 

6). The SEM image of chitosan reveals a plate-like 

structure with characteristic cracks and fractures, which 

may indicate the brittleness of the material after drying. 

The surface appears relatively smooth, with occasional 

defects and microcracks, suggesting a possible oriented 

arrangement of macromolecules. The presence of sharp 

edges and brittle fractures may be indicative of 

crystalline regions within the chitosan matrix. In 

contrast, the SEM image of N-guanidinium chitosan 

exhibits a loose, disordered structure with pronounced 

layering and a lack of well-defined edges, which 

suggests the occurrence of biopolymer amorphization 

during modification. 

 

 

Figure 6 SEM of chitosan (a) and N-guanidinium chitosan with DS = 0.45 (b). 

 

Figure 7 shows the results of a comparative XRD 

analysis of chitosan and N-guanidinium chitosan. The 

presented diffractogram shows a broad, low-intensity 

peak around 20° (2θ), which indicates the low 

crystallinity of the native chitosan [28]. In addition, 

weak diffraction peaks at 14° and 26° (2θ) are observed, 

which can be attributed to residual ordered domains 

within the polymer structure. Following chemical 

modification, a further decrease in peak intensity and an 

increase in the amorphous halo are observed, suggesting 

disruption of crystalline domains and an overall increase 

in the amorphous nature of the chitosan. This can be 

attributed to the reduction of intra- and intermolecular 

hydrogen bonding, as well as alterations in the packing 
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of the chitosan polymer chains as a result of chemical 

modification. The obtained data confirm that the 

introduction of guanidinium groups contributes to the 

breakdown of residual crystalline regions in the chitosan 

matrix. Thus, the XRD analysis clearly demonstrates 

significant structural changes in chitosan upon chemical 

modification. 

 

 

Figure 7 XRD chitosan (a) and N-guanidinium DS = 0.45 (b). 

 

The dependence of chitosan and N-guanidinium 

chitosan sample solubility on pH was investigated as a 

function of the DS. Figure 8 shows the variation in 

optical density (absorbance) of chitosan and its 

derivatives with different DS values as a function of pH. 

As shown in the graph, native chitosan exhibits the 

highest absorbance values, which increase with rising 

pH, reaching a maximum at pH 9. This trend is 

associated with a gradual decrease in chitosan solubility 

as the pH increases from 3 to 9, leading to the formation 

of insoluble particles and a corresponding rise in optical 

density. In contrast, N-guanidinium chitosan samples 

with DS = 0.16 and 0.45 show significantly lower 

absorbance values across the entire pH range. The 

sample with a higher degree of substitution 

demonstrates especially low absorbance, which may 

indicate enhanced solubility and improved solution 

stability due to the presence of a greater number of 

guanidinium groups. This also suggests an increase in 

the hydrophilicity of the modified chitosan. 

 

 
Figure 8 Dependence of solubility of chitosan and N-guanidinium chitosan derivatives on the pH of the medium. 
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Guanidine is a structural fragment of the amino 

acid arginine, which is known to act as a nitric oxide 

donor for vascular endothelial cells [29]. As a result, 

arginine exhibits a wide range of therapeutic effects, 

including the stimulation of wound healing [30-32]. The 

synthesized N-guanidinium chitosan derivatives contain 

guanidine moieties within their structure, which may 

similarly contribute to enhanced wound healing. 

Therefore, it can be hypothesized that these derivatives 

are capable of activating wound-healing mechanisms 

analogous to those induced by arginine. To support this 

hypothesis, we investigated the wound-healing 

properties of N-guanidinium chitosan solutions with 

varying degrees of substitution (Figure 9 and 10). 

 

 
Figure 9 Comparative wound healing properties of chitosan and synthesized N-guanidinium chitosan derivatives. 

 

In the pharmacological studies, a reproducible skin 

wound model was established, with wound areas 

ranging from 2.50 ± 0.06 to 2.70 ± 0.09 cm2. 

Macroscopically after damage was inflicted for 15 - 30 

min, changes in the form of accumulation of 

intercellular fluid and slightly pronounced capillary 

fullness were noted in the edges of the induced wounds; 

the edges were also slightly swollen and raised above the 

surface. The absence of purulent infiltration and 

pronounced hyperemia confirms the reliability and 

consistency of the experimental model. 

In the control group, the progression of 

regenerative processes was significantly slower 

compared to the groups treated with 0.5% solutions of 

chitosan and the synthesized N-guanidinium chitosan 

derivatives (Figure 9). Thus, on the 3rd, 6th, 9th and 12th 

days the wound area was 2.1 ± 0.13, 1.80 ± 0.08, 1.50 ± 

0.08, and 0.90 ± 0.06 cm2, and the calculated healing rate 

was 16, 28, 40 and 64 %, respectively. These results 

reflect a typical and sequential progression through the 

phases of wound healing, consistent with the normal 

reparative response following injury. 

In contrast to the control group, the application of 

a 0.5% chitosan solution significantly accelerated 

wound healing (Figure 9). In the treated group, the 

wound areas on was 3rd, 6th, 9th, and 12th were 1.8 ± 0.07, 

1.6 ± 0.03, 1.2 ± 0.08, and 0.6 ± 0.05 cm2, respectively, 

with corresponding healing rates of 28%, 36%, 52%, 

and 76%. Moreover, the phases of the reparative process 

including wound edge and bed condition, necrotic tissue 

clearance, scab formation, and subsequent 

epithelialization progressed more rapidly in this group 

compared to the control, indicating enhanced 

therapeutic efficacy of chitosan treatment. 

More effective wound healing was observed with 

the application of 0.5% solutions of the synthesized N-

guanidinium chitosan samples. When wounds were 

treated with a 0.5% solution of N-guanidinium chitosan 

with a degree of substitution of 0.16, the wound areas on 

days 3rd, 6th, 9th, and 12th were 1.7 ± 0.08, 1.3 ± 0.1, 

0.9 ± 0.08, and 0.4 ± 0.07 cm2 respectively, 
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corresponding to healing rates of 36%, 48%, 65%, and 

85%. These findings demonstrate that the presence of 

guanidinium groups in the chitosan structure contributes 

to a significant acceleration of wound healing compared 

to both the control group and the group treated with a 

0.5% chitosan solution.

 

 

Figure 10 Wound healing process in different groups of rats: a - control group, without treatment; b - treated with 0.5 % 

Chitosan solution; c - treated with 0.5%   N-guanidinium chitosan (DS = 0.16) solution; d - treated with 0.5% N-

guanidinium chitosan (DS = 0.45) solution. 

 

The most pronounced wound-healing activity was 

observed with the application of a 0.5% solution of N-

guanidinium chitosan with a degree of substitution of 

0.45 (Figure 10(d)). Thus, on the 3rd, 6th, 9th, and 12th 

days the wound area was 1.5 ± 0.06, 1.0 ± 0.08, 

0.5 ± 0.08, and 0.2 ± 0.04 cm2, and the calculated 

healing rate was 44, 63, 81 and 93%, respectively. 

Dynamic monitoring of the healing process in this 

experimental group revealed significantly accelerated 

wound cleansing, crust formation, and re-

epithelialization compared to other groups. Comparative 

pharmacological assessment showed that while 

treatment with a 0.5% chitosan solution effectively 

promoted tissue repair in all animals, the healing 

outcomes measured by both wound area reduction and 

closure rate were significantly enhanced in the groups 

treated with N-guanidinium chitosan derivatives at 

equivalent concentrations. 

Thus, all tested samples demonstrated the ability 

to accelerate the wound healing process; however, the 

0.5% solutions of N-guanidinium chitosan with a degree 

of substitution of 0.45 proved to be the most effective 

(Figure 10(d)). These samples exhibited statistically 

significant superiority over both unmodified chitosan 

and the N-guanidinium chitosan derivative with a 

substitution degree of 0.16. According to the 

experimental data, an increase in the guanidinium 

content within the chitosan structure enhances the 

reparative process by promoting more rapid wound 

closure, facilitating the removal of necrotic tissue, 

supporting crust formation, and accelerating re-

epithelialization. 

In the case of N-guanidinium chitosan, the 

enhanced wound healing properties compared to native 

chitosan are presumably attributed to the synergistic 

interaction of its structural components. Considering the 

classical mechanisms of the 4 main phases of wound 

healing [26,33], it can be hypothesized that the 

incorporation of guanidinium fragments into the 

chitosan macromolecule contributes to the amplification 
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of biological activity at various stages of tissue 

regeneration. As reported in the review by Feng et al. 

[34], chitosan actively participates in the first 3 stages of 

wound healing. During the hemostasis phase, the amino 

groups of chitosan promote platelet and erythrocyte 

aggregation and inhibit fibrinolysis, thereby 

accelerating the formation of the primary hemostatic 

plug. In the inflammatory phase, chitosan exhibits 

pronounced antimicrobial activity, effectively 

suppressing the growth of pathogenic microorganisms 

and reducing the risk of wound infection. In the 

proliferation phase, the depolymerization of chitosan 

results in the formation of N-acetylglucosamine, which 

in turn stimulates fibroblast proliferation and collagen 

synthesis, supporting tissue reconstruction. An 

additional contribution is made by the guanidinium 

moieties, which are capable of inducing nitric oxide 

(NO) release a key signaling molecule involved in the 

regulation of vascular tone, thereby enhancing 

microcirculation, oxygen delivery, and nutrient 

transport to the damaged area. This is likely to promote 

and accelerate reparative processes. Nevertheless, the 

molecular mechanisms underlying the NO-releasing 

capacity of guanidinium groups warrant further in-depth 

investigation. Our experimental data support the 

significant role of guanidinium functionalities as a 

potentiating factor in the wound healing process, 

reinforcing the biological performance of chitosan. 

Thus, it can be proposed that the synergism between 

chitosan and guanidinium groups results in a more 

potent and multifaceted wound healing effect, as 

confirmed by our preliminary findings. 

Some polymeric compounds containing cationic 

groups in their structure exhibit hemostatic activity 

through electrostatic interactions with negatively 

charged blood components [35]. Experimental studies 

have confirmed that the introduction of additional 

cationic groups into the chitosan structure enhances its 

solubility in neutral and alkaline media and improves its 

hemostatic properties [36]. To broaden the potential 

biomedical applications of guanidine-containing 

chitosan derivatives, the hemostatic properties of the 

synthesized N-guanidinium chitosan samples were 

investigated in the next stage of pharmacological 

evaluation. The results of these pharmacological studies 

are presented in Figure 11. 

 

 

Figure 11 Hemostasis in rat liver injury: Injured liver (a); application of the test compound solutions (b); hemostatic 

effect of 0.5% solutions of chitosan (c) and N-guanidinium chitosan (d). 

 

Analysis of the presented data indicates that all 

tested samples reduce bleeding time compared to the 

control. The difference is particularly pronounced when 

using 0.25% - 1.0% solutions of chitosan derivatives 

modified with guanidinium groups. At all investigated 

concentrations (0.25%, 0.5% and 1.0%), the N-

guanidinium chitosan samples exhibit significantly 

higher hemostatic activity than unmodified chitosan, as 

evidenced by shorter hemostasis times. Specifically, the 

bleeding times observed for 0.1%, 0.25%, and 0.5% 
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chitosan solutions were 90 ± 8, 79 ± 7, and 52 ± 6 s, 

respectively. In contrast, application of N-guanidinium 

chitosan solutions (DS = 0.16 and 0.45) at 

concentrations of 0.25%, 0.5%, and 1.0% resulted in 

bleeding times of 78 ± 9 and 55 ± 7, 52 ± 6 and 21 ± 5, 

34 ± 8 and 18 ± 6 s, respectively. The enhanced 

hemostatic performance of N-guanidinium chitosan at 

higher DS may be attributed to more efficient 

electrostatic interactions with negatively charged blood 

components.  

Chitosan exerts its hemostatic effect through a 

combined mechanism involving electrostatic 

interactions, platelet activation, and the formation of a 

physical barrier. A key role in this process is played by 

the amine groups in the chitosan backbone, which, under 

physiological conditions, facilitate strong electrostatic 

attraction to negatively charged blood cells [37]. 

Guanidinylation of chitosan represents an effective 

strategy to enhance the hemostatic performance of 

polymeric materials by increasing their cationic 

character. We hypothesize that the introduction of 

guanidino groups significantly elevates the density of 

positive charges on the polymer, thereby strengthening 

interactions with negatively charged components of 

blood including platelets, erythrocytes, and plasma 

proteins. This promotes rapid cellular adhesion to the 

polymer surface, triggers platelet activation, and 

accelerates clot formation. Unlike primary amines, 

guanidinium moieties remain protonated under mildly 

alkaline conditions, ensuring consistent coagulatory 

activity across a broad range of biological environments, 

including during active bleeding. In summary, the 

obtained results suggest that guanidinium 

functionalization of chitosan is a promising strategy for 

the development of novel and effective hemostatic 

agents. 

 

Conclusions 

This study substantiates the feasibility of 

synthesizing N-guanidinium chitosan derivatives with 

varying degrees of substitution, ζ-potential values, and 

pKα in an acetonitrile medium. The introduction of 

guanidine groups into the chitosan structure in the 

presence of cyanamide in acetonitrile does not lead to 

hydrolytic degradation of the polymer backbone. An 

increase in the degree of substitution of the obtained 

derivatives correlates with an increase in their molecular 

weight. It was demonstrated that the degree of 

substitution can be controlled by adjusting the molar 

ratio of the guanidinating agent to chitosan. The 

incorporation of guanidine groups into the chitosan 

macromolecule enhances its solubility in neutral and 

alkaline media. Pharmacological studies confirmed that 

the synthesized chitosan derivatives exhibit pronounced 

wound healing and hemostatic activities. These 

promising results suggest that guanidine-functionalized 

chitosan derivatives have potential applications in 

medicine as novel multifunctional biomaterials. 
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