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Abstract 

The aim of this research was to obtain the grafted copolymer of chitosan 
with acrylamide using the electron beam irradiation. Radiation dose was 
varied from 6 to 160 kGy. The highest yield of the product was observed 

at radiation dose of 12–40 kGy. Further increase in the dose caused a de-
crease in the product yield as well as its solubility in water. Using gel per-
meation chromatography, it was confirmed that unreacted chitosan re-

mained in the product. NMR study of the water-soluble part of the product 
obtained under the doses of 6, 12, and 20 kGy showed that the length of 

the side chains of grafted acrylamide was about 2 elementary units. Inves-
tigation of chitosan solutions by means of dynamic light scattering re-
vealed the presence of chitosan agglomerates in the solution. The possibil-

ity of obtaining dense films was demonstrated. Mechanical treatment of 
the copolymer in the ball mill caused an increase in the solubility of the 
samples obtained even at radiation doses of 80 and 160 kGy. It was deter-

mined by means of chromatographic methods that there were no products 
with low molecular weight in the ball-milled product, and unreacted chi-
tosan did not undergo mechanocracking during the mechanical treatment. 
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Key findings 

● The new method for modification of chitosan with acrylamide by using the electron beam irradiation. 

● Confirmed that unreacted chitosan remained in the reaction product. Thus, modification of chitosan may proceed as 

a heterogeneous reaction. 

● Mechanochemical cracking of the product was observed to be non-uniform. 

© 2023, the Authors. This article is published in open access under the terms and conditions of  

     the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

1. Introduction 

Chitosan is a biopolymer formed through partial or com-

plete deacetylation of chitin, one of the most widespread 

natural macromolecular polysaccharides. Chitosan and its 

derivatives have been attracting increasing attention due to 

their ecological safety, high biological activity, biocompati-

bility, and biodegradability [1, 2]. Chitosan finds applica-

tion in medicine, pharmaceutics, cosmetics, agriculture and 

food industry. Chitosan and its derivatives are widely used 

to develop drug delivery systems [3, 4]. Among the disad-

vantages of chitosan, its low solubility in water and insta-

bility in acid solutions may be mentioned [5], as well as low 

mechanical strength and poor plasticity when used in films 

[6]. One of the most efficient methods that are used to im-

prove the physicochemical properties of chitosan, such as 

its sensitivity to the pH of the solution, is obtaining chitosan 

copolymers with different structures [7, 8]. Using the co-

polymers opens up opportunities for the development of 

"smart" materials, which can change their properties under 
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the influence of temperature, pH of the medium, and other 

external factors.  

These materials are particularly attractive for creating 

the systems with controlled release of biologically active 

substances into solution due to their sensitivity to the solu-

tion pH [9, 10]. 

Chitosan contains primary and secondary hydroxyl 

groups as well as amino groups, which may form bonds 

with the functional groups of acrylamide to form a copoly-

mer. The interaction is possible through –OH and –NH2 

groups of chitosan. In Figure 1, possible products of chi-

tosan interaction with acrylamide are presented [11]. 

There are several methods of chitosan derivatives prep-

aration, such as photochemical [12, 13], microwave synthe-

sis [14], chemical [15, 16] and block copolymerization [17]. 

Moreover, polysaccharides like chitosan can be grafted 

with acrylamide in solution using the initiators of radical 

polymerization, in particular, heavy metal ions [18, 19]. 

Shortcomings of these methods include process inhomo-

geneity as a consequence of diffusion hindrance under the 

action of the initiating agent, substantial process dura-

tion, the necessity of heating and subsequent removal of 

the residues of polymerization initiators and the products 

of their transformations from the product. An alternative 

method is copolymerization under the action of ionizing 

radiation. This method is free from chemical initiators and 

allows uniform treatment of reaction mixtures without 

heating [20, 21].  

Previously [22], we demonstrated the possibility of ob-

taining chitosan copolymer with acrylamide using graft 

polymerization stimulated by the electron irradiation. The 

grafted chitosan copolymer was used to prepare the betu-

lin composites with the help of mechanical treatment. It 

was shown that the rate of betulin release into the aque-

ous solution during mechanocomposite dissolution de-

pends on solution pH, which allows considering mechano-

composites based on chitosan copolymer with acrylamide 

as promising means for the controllable delivery of betulin 

and, probably, other pharmaceutical substances.  

The goals of the present work were to determine the op-

timal conditions for obtaining grafted copolymer of chi-

tosan with acrylamide under the action of ionizing radia-

tion and to study their structure and physicochemical prop-

erties. In addition to gel permeation chromatography, X-ray 

phase analysis, NMR spectroscopy and dynamic light-scat-

tering spectroscopy were used to study chitosan and its co-

polymer in the solid state and in the solution. Bearing in 

mind the possibility of using chitosan copolymers as the 

means of drug delivery in the form of mechanocomposites, 

we carried out experiments to study the effect of mechani-

cal treatment on the stability and solubility of the obtained 

copolymer. 

2. Experimental 

2.1. Reagents and objects 

Chitosan (Bioprogress, the Moscow Region, Shchelkovo) 

obtained from crab crusts was used in the work. It had an 

average molecular mass Mw = 1600 Da (g/mol), polydisper-

sity index D = 1.05, and deacetylation degree 80–82%. An-

hydrous chitosan was prepared by precipitation from acetic 

acid solutions with the addition of acetone. Acetone (Reac-

tive, Russia) of pure reagent grade was used. 

Acrylamide for electrophoresis, after quadruple crystal-

lization (Diaem, Russia) was used without preliminary pu-

rification and drying.  

Acetic acid (Ekros, Russia) of chemically pure reagent 

grade was used to prepare acetic solutions.  

Double distilled water was obtained from the BE-2 La-

boratory distiller (LIAM, Russia). 

2.2. Obtaining grafted chitosan copolymer with 

acrylamide using electron-beam irradiation 

To make the grafted copolymer of chitosan with acryla-

mide, 4 g of chitosan was dissolved in 200 mL of distilled 

water or a 2 vol.% solution of acetic acid under mixing 

at a speed of 600 rpm to obtain a homogeneous transpar-

ent solution. Then 3.5 g of acrylamide was added in por-

tions (the ratio of the number of elementary units of chi-

tosan to the number of acrylamide moles was 1:2). After 

that, mixing at a speed of 600 rpm was continued for 

30 min.  

 
Figure 1 Addition of acrylamide to chitosan.
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The electron beam treatment was performed using a 

pulsed electron accelerator ILU-6 (INP SB RAS, Russia). The 

electron energy was 2.4 MeV, the pulsed beam current was 

328 mA and the pulse recurrence frequency was 2–2.5 Hz. 

The solution was treated with ionizing radiation with the 

solution layer thickness not more than 1 cm by moving it at 

the velocity of 2 cm/s under the outlet port of the accelera-

tor. Treatment time and, consequently, the corresponding 

dose of ionizing radiation were varied by changing the num-

ber of passes under the outlet port of the accelerator. The 

dose was either 6, 12, 20, 40, 80, or 160 kGy (J/g).  

The grafted copolymer was isolated by salting-out 

with acetone. The precipitate was separated by centri-

fuging at 8000 rpm at room temperature for 15 min and 

dried at room temperature and reduced pressure for 

24 h. The dried products were extracted with a mixture 

of acetone with water (60:40 vol.%) for 24 h to remove 

the homopolymers [23]. Then the precipitate was 

washed with the same mixture of acetone with water and 

centrifuged 3 times. Final drying to a constant weight 

was carried out at 60 °C at reduced pressure (drying fur-

nace SHS-11/2,5-С, MIUS, Russia). The degree of polymer 

grafting was determined from the sample mass incre-

ment with respect to the amount of initial acrylamide. 

The yield of the product was determined as a ratio of the 

mass of the isolated product to the sum of the masses of 

initial reagents.  

Around 1 g of the obtained copolymer was placed in 100 

mL of water and stirred at a speed of 600 rpm at room tem-

perature for 1 h. The resulting dispersion was filtered 

through preliminary weighed paper filters. The filters were 

dried at reduced pressure at a temperature of 60 °C to the 

constant weight, and weighed to determine the weight of 

unreacted chitosan. 

The filtrates were evaporated using an IR-1M rotary 

evaporator (Labtex, China) to a constant weight at the tem-

perature up to 80 °C. As a result of evaporation, copolymer 

samples were obtained as films. The as-obtained films were 

weighed to determine the amount of dissolved copolymer. 

The films, representing the water-soluble part of the prod-

uct, were studied by means of gel permeation chromatog-

raphy, NMR spectroscopy, and electron microscopy.  

Mechanical treatment was carried out using a SPEX 

8000 mill (CertiPrep Inc., USA). A steel cylinder, 60 mL in 

volume, and steel balls, 6 mm in diameter, were used. The 

ratio of sample mass to ball mass was 1:40, and the accel-

eration of the balls was 8–10 g. The treatment time was 5, 

15, and 30 min.  

2.3. Methods of samples investigation 

The FTIR spectra were recorded using a FT-801 Fourier 

spectrometer (Simex, Russia), KBr (1:300), 4 cm–1. 

X-ray powder diffraction analysis was carried out using 

a D8 Advance diffractometer (Bruker, Germany) with a sin-

gle-coordinate detector Lynx-Eye, Cu Kα radiation, Bragg-

Brentano geometry, 2Ө = 5–70°.  

The molecular mass distribution (MMD) in the samples 

was determined by means of gel permeation chromatog-

raphy (GPC) using an Agilent 1200 chromatograph (Agilent 

Technologies, USA) with a refractive-index detector (30 °С, 

PLaquagel-OH 40 300×7.5 mm, 0.1 M LiNO3, 1 mL/min). 

The concentrations of solutions were 0.1–0.2 wt.%. 

High-performance liquid chromatography (HPLC) anal-

ysis was performed using a Prominence 20A chromato-

graph (Shimadzu, Germany) with the refractive-index and 

diode matrix detectors (45 °С, Shim-pack GIS 5mm C18, 

150×4.6 mm, H2O(A) – AcN(B), 5-100-100% B, 1 mL/min). 

For calibration we used standard ReadyCal set poly(methyl 

methacrylate) (Sigma-Aldrich, 81506 – 1EA). Concentration 

of solutions was much lower than 1 wt.%  

Investigation by means of nuclear magnetic resonance 

(NMR) spectroscopy was carried out using an Avance III 

500 spectrometer (Bruker, Germany). The 1Н and 13С spec-

tra were recorded in D2O solutions. Water-soluble compo-

nents of initial chitosan and the samples obtained under the 

doses of 6, 12 and 20 kGy were studied. 

Electron microscopic studies were carried out using 

scanning microscopes S-3400N and ТМ-1000 (Hitachi, Ja-

pan). Before investigation, a layer of gold was deposited 

onto the films by means of magnetron sputtering. 

Investigation of supramolecular structures in the solu-

tions was carried out by means of dynamic light scattering 

(DLS) using a multi-angle particle size analyzer Photocor 

Complex (Photocor, Russia). The configuration for DLS 

was as follows: thermally stabilized at 25 °C semiconduc-

tor laser (450 nm, 25 mW), cuvette Macro (2.5 mL mini-

mum volume). The solutions containing 2–4 g of chitosan 

in 200 mL of water or in a 2 vol.% solution of acetic acid 

were prepared. The solutions were subjected to centrifug-

ing before the measurements. 

3. Results and Discussion 

3.1. Obtaining grafted copolymer of chitosan with 

acrylamide under irradiation with  

high-energy electrons 

The data on grafting degree and product yield as well as the 

data on the solubility of resulting samples depending on the 

dose of irradiation of acetic acid solutions are presented in 

Figure 2.  

The grafting degree and the yield of the product increase 

with the increase in the radiation dose and drop when the 

dose reaches 160 kGy. The highest product yield is observed 

for the radiation doses of 20–80 kGy. The solubility of the 

obtained product in acetic acid solutions is almost perfect 

for the radiation dose up to 20 kGy. The application of 

higher radiation doses causes at first a decrease in the frac-

tion of water-dissolved substance as a consequence of 

cross-linking and gel formation, and then copolymer de-

struction resulting in a decrease in the grafting degree and 

product yield. 
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It should be noted that the FTIR spectra of copolymers 

obtained at radiation doses of 20 and 160 kGy almost coin-

cide with each other, suggesting that the radiation-induced 

grafting may be performed even at low radiation dose. 

At the same time, if the synthesis is carried out in aque-

ous solutions, lower product yields are obtained: for the 

doses of 6, 12, 20, and 40 kGy, the product yield is 46, 49, 

79, and 80%, respectively. In this case, the quality of the 

product worsens; its solubility does not exceed 90%. This 

effect is probably due to the existence of associates in the 

aqueous solutions of chitosan [24], which hinders the ac-

cess of acrylamide to reaction centers. In the case of acetic 

acid solutions, the number of associates is evidently smaller 

than in aqueous solutions, and the resulting conversion is 

higher. 

It has been already shown [22] that the FTIR spectra of 

the obtained copolymer do not exhibit the С=С vibrations 

appearing in acrylamide in the region of 990–900 cm–1 as a 

doublet. This is the evidence of copolymerization proceed-

ing during irradiation. A broad band of chitosan at 3700–

3300 cm–1 shifted towards low frequencies suggests that 

ОН- and NH-groups of chitosan participate in the formation 

of bonds with acrylamide. The same changes in the FTIR 

spectra were observed in [14]. 

The results of the investigation of molecular mass char-

acteristics of chitosan and its copolymer with acrylamide 

obtained at different radiation doses are shown in Figure 3. 

The values of Mw, Mn and Mp for the observed peaks are 

shown in Table S1. 

The data presented in Figures 4, S1 and S2 show that in 

water and acetic acid solutions the number of chitosan par-

ticles with the size of 100–1000 nm increases slightly with 

time. This phenomenon may be explained by the formation 

of chitosan agglomerates due to charged groups in polymer 

chains and their mobile counterions, which leads to the for-

mation of both intra- and intermolecular reversible junc-

tions [25].  

 
Figure 2 Grafting degree (1), product yield (2), and the fraction of 

water-soluble product (3) depending on the radiation dose. 

In addition, the combined effect of the hydrophobic in-

teraction and the hydrogen bonding can too act as the driv-

ing force of aggregate formation [26]. A similar phenome-

non is observed in the solution of chitosan in acetic acid so-

lution. Due to the presence of chitosan agglomerates in the 

solution, it may be assumed that the interaction of acryla-

mide with chitosan may proceed as a heterogeneous             

reaction. 

 
Figure 3 Gel chromatograms: chitosan (1) and copolymers of chi-

tosan and acrylamide, obtained at the radiation doses 6 (2), 12 (3), 

and 20 (4) kGy. 

 
Figure 4 Distribution of particle sizes in chitosan 2 wt.% – solutions 

in water after 2 days (a); in 2 vol.% acetic acid after 2 days (b).  
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Investigation of the copolymers of chitosan with acryla-

mide obtained at the radiation dose of 20 kGy was carried 

out by means of 1H and 13C NMR-spectroscopy. Substitution 

degree at different groups of chitosan was determined from 

the ratio of intensities of changed and unchanged signals. 

An example of 13С NMR spectrum for the calculation of sub-

stitution degree is presented in Figure 5a. 

The signals from С2 (50 ppm) and С6 (54 ppm) are 

shown in the inset along with atom numbering. Chitosan 

modification with acrylamide leads to the appearance of ad-

ditional signals. In the case of С6, a shift to weaker field is 

observed, while in the case of С2, the signal is observed to 

shift to stronger field. Gaussian signal expansion gives the 

substitution degree ~40% at С2 atom and ~50% at С6 

atom. Taking into account the presence of unreacted chi-

tosan in the samples, we may state that the conversion in 

the reacted part is much higher. 

The selectivity of chitosan interaction with acrylamide 

was determined with 1H NMR (Figure 5b). The signals of 

acrylamide added directly to chitosan (7.0 ppm) and acryla-

mide forming oligoacrylamide (7.8 ppm) are shown in the 

inset. Comparing the obtained values with the grafting de-

gree (Figure 2), we may assume that the average length of 

the side chains of acrylamide is slightly more than 2 ele-

mentary units. 

The X-ray powder diffraction patterns of chitosan and 

its copolymer with acrylamide obtained at different radia-

tion doses are presented in Figure 6. Along with the diffrac-

tion pattern of initial chitosan (Figure 6, curve 1), the dif-

fraction pattern of the sample obtained by chitosan precip-

itation from acetic acid solution is shown (Figure 6, curve 

2). Thus, recrystallized chitosan is anhydrous [27, 28], and 

its crystallinity is higher than that of initial chitosan. The 

formation of chitosan with higher crystallinity may be a 

consequence of its low molecular mass, promoting a de-

crease in the energy barriers of chain mobility and diffu-

sion, thus simplifying crystallization, and a narrow molec-

ular mass distribution, promoting the formation of regular 

structures. In addition to the basic reflections of chitosan, 

broad maxima at 30, 34 and 39–40° may be distinguished, 

providing evidence of additional arrangement of the short-

range order during recrystallization. Grafting polymeriza-

tion leads to the appearance of halos with the maximum at 

2θ ~22° (Figure 6, curves 3–8). Broad maxima at 2θ ~30, 

34 and 39–40° are observed to disappear. The diffraction 

patterns of the samples obtained at the doses of 6–40 kGy 

clearly exhibit reflections that may be related to chitosan at 

2θ ~12–15°, which agrees with the data of gel permeation 

chromatography. 

Some shifts of reflection positions may be attributed to 

the effects of chitosan recrystallization from the solutions 

of acetic acid with the formation of an anhydrous form. 

Figure 7 and 8 shows the results of electron microscopic 

studies of the films obtained from the copolymer (radiation 

dose 20 kGy) and initial chitosan along with the light scat-

tering curves for their 1 wt.% solutions in water. The co-

polymers of chitosan with acrylamide obtained under irra-

diation with high-energy electrons are amorphous to a high 

extent, unlike those obtained in solution, where crystallin-

ity degree decreased only from 44 to 19% [15]. Moreover, 

the crystallinity of the copolymer decreases with an in-

crease of the radiation dose.  

The film obtained from the copolymer solution is com-

posed of rounded particles up to 5 µm in size. On the con-

trary, the film obtained from initial chitosan consists of 

submicron particles with clearly pronounced faces and has 

porous structure.  

 
Figure 5 NMR spectra of the sample obtained at the radiation dose 

of 20 kGy for 13С (a) and 1H (b). 

 
Figure 6 X-ray powder diffraction patterns of initial (1), recrystal-

lized (2) chitosan, copolymers of chitosan with acrylamide, ob-

tained at the radiation dose 6 (3), 12 (4), 20 (5), 40 (6), 80 (7), and 

160 (8) kGy. 
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Figure 7 Microphotographs of the films (a) and light scattering 

curves (b) 2 h after dissolution for the solutions of chitosan copol-

ymer obtained at radiation dose of 20 kGy. 

 
Figure 8 Microphotographs of the films (a) and light scattering 

curves (b) 2 h after dissolution for the solutions of initial chitosan.  

The film structure is likely to be determined by the pres-

ence of supramolecular structures in the solution. The de-

pendences of the intensity of dynamic light scattering on 

particle size are presented in Figures 7b and 8b. In the case 

of chitosan, the maximum light scattering relates to the re-

gion corresponding to particle size 400–600 nm. In the case 

of copolymer, the maximum light scattering corresponds to 

particle size 200–300 nm. Substantial light scattering is 

also observed for small particles, 1–10 nm in size, corre-

sponding to the sole polymer molecules. It can be assumed 

that the presence of a wider size distribution of inhomoge-

neities in the solution makes it possible to obtain a more 

uniform film. The properties of such films are of interest 

for future research, for instance, for obtaining the com-

plexes of triterpenoids similar to the complex of betulin di-

acetate with arabinogalactan [29]. 

3.2. The effect of mechanical treatment on the 

properties of copolymer of chitosan with 

acrylamide 

GPC analysis of chitosan copolymer with acrylamide (ra-

diation dose of 20 kGy) after mechanical treatment for dif-

ferent time intervals (Figure 9, Table S2) shows that un-

reacted chitosan is almost insensitive to mechanical ac-

tion.  

This is consistent with the results of other authors, who 

showed that low molecular mass chitosan does not signifi-

cantly change its molecular mass during mechanical pro-

cessing [30]. At the same time, the high-molecular compo-

nent is subjected to noticeable mechanocracking, which is 

observed as a sequential shift of the maximum (Mp) from 

~40000 to 15000 Da. (Table S3)  

Moreover, mechanical treatment causes an increase in 

solubility for copolymer samples obtained at the doses of 

80 and 160 kGy, up to 56% and 58%, respectively. This may 

also be due to the breaking of bonds between elementary 

units of chitosan in the copolymer and the formation of 

lower molecular mass products. 

 
Figure 9 Gel chromatograms: copolymer obtained at the dose of 

20 kGy: initial (1) and subjected to mechanical treatment for 5 (2), 

15 (2), and 30 (4) min. 
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The possibility of formation of such products, including 

acrylamide itself, under mechanical milling was studied us-

ing HPLC method. For this, the extracts were obtained using 

acetone-water mixture 60:40 (vol.%) or pure acetone. The 

reference samples were extracts from copolymer samples 

that were not subjected to mechanochemical treatment. 

The analysis of the extracts of copolymers after mechanical 

milling revealed the absence of new components in the 

samples, compared to the reference samples. This is a con-

vincing proof of the absence or a very insignificant for-

mation of substances with low molecular weight during 

mechanochemical treatment of the samples of chitosan co-

polymer with acrylamide.   

4. Limitations 

Chitosan solutions were instigated. In the future, we plan 

to investigate the size of chitosan particles in solutions with 

different temperature, the solutions with different chitosan 

concentration, and the toxicity of the product in the future. 

5. Conclusions 

Grafted copolymers of chitosan with acrylamide were ob-

tained using the electron-beam processing. It was shown 

that synthesis efficiency and grafting degree depend on the 

dose of ionizing radiation, passing through a maximum 

with an increase in the dose. The solubility of the obtained 

products in water is almost perfect for the radiation doses 

up to 20 kGy. Above this dose, cross-linking occurs at first, 

leading to gel formation (40, 80 kGy), followed by product 

destruction (160 kGy). NMR investigation of the water-sol-

uble part of the product obtained at the doses of 6, 12, and 

20 kGy shows that the length of the side chains of grafted 

acrylamide is ~2 elementary units. Based on the obtained 

results, we assume that -NH2(C2) and -OH(C6) groups both 

participate in the reaction. It is shown that the obtained 

product contains residual chitosan. Investigation of chi-

tosan solutions by means of dynamic light scattering re-

vealed the presence of agglomerates. These agglomerates 

and the presence of unreacted chitosan in the product may 

indicate a heterogeneous reaction route. The possibility for 

the product to form dense films was demonstrated. 

Investigation of the transformation of product under 

ball-milling detected an increase of solubility, also occur-

ring at high radiation doses (40, 80, 160 kGy). Mechano-

chemical cracking of the product was observed to be non-

uniform: the residual chitosan did not undergo cracking. It 

was determined by means of HPLC analysis that there were 

no products with low molecular weight in the ball-milled 

copolymer. 
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