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Abstract 
Introduction. In the public domain there is enough literature on methods of treating the musculoskeletal system. The 
possibilities of eliminating bone defects using patients' own (autologous) bones are described. The authors of theoretical 
and applied studies also suggest using synthetic bioinert materials made of polymers, calcium phosphates, plastics, and 
metals. The creation of three-dimensional matrices based on scaffolds for the formation of systems that are as close as 
possible to bone tissue in structure has been studied. It is known that the active substances of the scaffold matrix can be 
hydroxyapatite, tricalcium phosphate, as well as silicates, carbonates of magnesium, calcium, copper, zinc, and 
manganese. The issue requires detailed study. In light of the stated problem, the features of the listed materials should be 
considered separately. There are no such publications. The presented work is intended to fill this gap. Its objective is to 
create a synthesis method and study the properties of nanoscale magnesium carbonate. 
Materials and Methods. The materials for the research were samples of magnesium carbonate nanoparticles obtained by 
chemical precipitation in water. They were studied using X-ray diffractometry, scanning electron microscopy, infrared 
spectroscopy, and dynamic light scattering. Quantum chemical modeling was performed using the QChem program and 
the IQmol molecular editor. 
Results. It has been established that magnesium carbonate particles are rod-shaped, 2 to 10 μm in length. They consist of 
nanoparticles from 30 to 60 nm. The quantum chemical modeling educed the energy features of the interaction of the 
basic magnesium carbonate, firstly, with chitosan with carbonate, and secondly, with a separate chitosan molecule. In the 
first case, the energy value was lower, in the second, it was higher. That indicated the chemical and energetic advantage 
of forming such complexes. The corresponding indices for the optimal coordination of magnesium carbonate with 
chitosan were determined. In this case, the interaction was provided by the hydroxyl group of chitosan attached to the C6 
residue of glucosamine. For this process, the lowest energy ∆E=462.387 kcal/mol and chemical hardness η=0.062 eV 
were noted. Magnesium carbonate nanoparticles had optimal radius and zeta potential with the following parameters of 
the initial reagents: 0.018 mol of ammonium carbonate, 0.03 mol of magnesium acetate, 0.15 g of chitosan. 
Discussion and Conclusion. The obtained data indicate that nanoscale basic magnesium carbonate is a promising material 
with a wide range of possibilities of practical application. From this point of view, its role in metabolic processes, namely 
in the assimilation of macronutrients, is of particular interest. Nanoscale osteotropic magnesium micronutrient 
synthesized in a biopolymer environment can be used as a biologically active filler for three-dimensional scaffold 
matrices. Implementation of this solution in medical practice will improve the efficiency of bone tissue restoration. 

Keywords: musculoskeletal injuries, bone defect repair, bone tissue analogue, nanoscale magnesium carbonate, 
osteotropic magnesium micronutrient, scaffold matrix 
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Оригинальное эмпирическое исследование 

Разработка метода получения наноразмерного карбоната магния, стабилизированного 
хитозаном, как основы скаффолд-матриксов для регенеративной медицины 
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 zafrehman1027@gmail.com 

Аннотация 
Введение. В открытом доступе достаточно литературы о методах лечения опорно-двигательного аппарата. Опи-
саны возможности устранения дефектов кости с использованием собственных (аутологичных) костей пациентов. 
Авторы теоретических и прикладных исследований предлагают применять также синтетические биоинертные 
материалы из полимеров, фосфатов кальция, пластмасс, металлов. Изучено создание на основе скаффолдов трех-
мерных матриц для формирования систем, по структуре максимально близких костной ткани. Известно, что дей-
ствующими веществами скаффолд-матрицы могут быть гидроксиапатит, трикальций фосфат, а также силикаты, 
карбонаты магния, кальция, меди, цинка и марганца. Вопрос нуждается в детальной проработке. В свете заявлен-
ной проблемы особенности перечисленных материалов следует изучать по отдельности. Таких публикаций нет. 
Представленная работа призвана восполнить данный пробел. Ее цель — создание метода синтеза и исследование 
свойств наноразмерного карбоната магния. 
Материалы и методы. Материалами для исследования послужили образцы наночастиц карбоната магния, по-
лученные химическим осаждением в воде. Их изучали методами рентгеновской дифрактометрии, сканирующей 
электронной микроскопии, инфракрасной спектроскопии и динамического рассеяния света. Квантово-химиче-
ское моделирование проводили при помощи программы QChem и молекулярного редактора IQmol. 
Результаты исследования. Установлено, что частицы карбоната магния — стержнеобразные, длиной от 2 до 
10 мкм. Они состоят из наночастиц от 30 до 60 нм. Благодаря квантово-химическому моделированию выявлены 
энергетические особенности взаимодействия основного карбоната магния, во-первых, с хитозаном с карбонатом, 
а во-вторых, с отдельной молекулой хитозана. В первом случае значение энергии ниже, во втором — выше. Это 
указывает на химическую и энергетическую выгоду образования таких комплексов. Определены соответствую-
щие показатели для оптимального варианта координирования карбоната магния с хитозаном. В этом случае вза-
имодействие обеспечивает гидроксильная группа хитозана, присоединенная к C6 остатку глюкозамина. Для дан-
ного процесса отмечена самая низкая энергия ∆E = 462,387 ккал/моль и химическая жесткость η = 0,062 эВ. На-
ночастицы карбоната магния обладают оптимальными радиусом и дзета-потенциалом при следующих парамет-
рах исходных реагентов: 0,018 моль карбоната аммония, 0,03 моль ацетата магния, 0,15 г хитозана. 
Обсуждение и заключение. Полученные данные свидетельствуют о том, что наноразмерный основной карбонат 
магния — это перспективный материал с широкими возможностями практического применения. С этой точки 
зрения особый интерес представляет его роль в процессах обмена, а именно в усвоении макронутриентов. Син-
тезированный в среде биополимера наноразмерный остеотропный микронутриент магния можно использовать 
как биологически активный наполнитель трехмерных скаффолд-матриксов. Реализация данного решения в ме-
дицинской практике позволит повысить эффективность восстановления костной ткани. 

Ключевые слова: травмы опорно-двигательного аппарата, устранение дефектов кости, аналог костной ткани, 
наноразмерный карбонат магния, остеотропный микронутриент магния, скаффолд-матрикс 
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Introduction. Regenerative medicine constantly requires materials that help accelerate osteogenesis [1]. Even with 
the emergence of new solutions, the problem remains urgent, since fractures are a very common type of injury [2]. It 
should be noted that patients fully recover in only 16% of cases. According to the World Health Organization, there are 
about 50 million severe injuries worldwide that cause the loss of labor capacity and invalidity. Therefore, the treatment 
of bone tissue defects is a pressing medical and social problem [3]. To help the patient, three-dimensional biopolymer 
matrices based on scaffolds are used. They contain elements that are close in structure to connective bone tissue. One of 
such materials for regenerative medicine is nanoscale forms of magnesium carbonate [4]. Magnesium is an essential 
microelement [5]. It is responsible for the strength of bones [6] and participates in their formation [7]. Orthopedic implants 
are created on its basis [8]. In nanoscale form, magnesium carbonate has the following properties: 

− low toxicity; 
− good biocompatibility; 
− permeability for drugs [9]. 
In biological interactions, the roughness and chemical composition of the surface of the elements play an important 

role [10]. Future materials based on compounds in the nanometer range may eventually change the nature of the tissues 
around the implant and increase the clinical success of this approach [11]. Biopolymers are used to improve the above 
properties. One of them is chitosan [12]. It is an important biocompatible component of connective tissue. It dissolves 
and decomposes well [13]. 

The main objective of this study is to create a method for synthesizing chitosan-stabilized nanoscale magnesium carbonate 
and to study its properties. The material is considered as the basis for scaffold matrices for regenerative medicine.  

Materials and Methods. Using chemical precipitation, magnesium carbonate nanoparticles were synthesized from a 
magnesium-containing precursor, magnesium acetate. The precipitant was ammonium carbonate, and the stabilizer was 
the polysaccharide chitosan. At the first stage, the required volume of 1% chitosan solution was added to the magnesium 
acetate solution. Then, using a dropping funnel, the precipitant solution was introduced into the precursor solution at a 
rate of 60 drops per minute with constant stirring. After the entire precipitant solution had been added, the resulting sol 
was stirred for another 10 minutes. The synthesized sol was centrifuged and then dried in a drying chamber. This is how 
magnesium carbonate powder samples were obtained. Their phase composition was studied using powder diffractometry 
on an Empyrean device (PANalytical, the Netherlands) with the following measurement parameters: 

− copper cathode (radiation wavelength — 1.54 Å); 
− measurement range — 10–90о 2θ; 
− sampling rate — 0.01о 2θ. 
The microstructure of magnesium carbonate samples was studied using a MIRA3-LMH scanning electron microscope 

(Tescan, Czech Republic). 
To prepare the samples, carbon double-sided conductive tape was placed on the instrument table (12 mm), powder of 

the material under study and a carbon layer 10 nm thick were applied. Measurement parameters: 
− accelerating voltage — 10 kV; 
− focal length value — 4.9 mm; 
− In-Beam SE detector. 
For the computer quantum chemical modeling of magnesium carbonate in the interaction with chitosan, QChem 

software was used. The Hartree-Fock method and the basis set 6–31G1 were selected for the research. The molecular 
editor IQmol [14] was used to configure the molecules. The samples were examined by infrared (IR) spectroscopy. For 
this purpose, an IR spectrometer with Fourier transform was used, FSM 1201 model (Russia).  

 
1 Here, 6–31G is the basis set used in this research. STO-nG is a family of Slater-type orbital basis sets. 
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Powders MgCO3 and KBr were thoroughly mixed in a ratio of 1:300 and pressed into a tablet in a special press mold 
under a pressure of 500–1000 MPa. The resulting samples were placed in a spectrometer, and measurements were taken 
within the range of 400–4400 cm–1. 

The average hydrodynamic radius of chitosan-stabilized magnesium carbonate nanoparticles was studied using the 
dynamic light scattering method on a Photocor complex device (Russia). Their ζ-potential was estimated by the acoustic 
and electroacoustic spectroscopy method on a DT–1202 spectrometer (Dispersion Technology Inc., USA). 

The method for obtaining magnesium carbonate nanoparticles was optimized through a multifactorial experiment. 
The following parameters were used: 

− three variables (content of magnesium acetate, ammonium carbonate, and chitosan); 
− two outputs (average hydrodynamic radius and zeta potential) [15]. 
The data were processed using the Statistica 10.0 program. The levels of variation are presented in Table 1. 

Table 1 
Levels of Variation of Variables 

Name of parameters, designations Levels of variation of variables 

Magnesium acetate content, mol 0.012 0.024 0.030 

Ammonium carbonate content, mol 0.012 0.024 0.030 

Mass of chitosan, g 0.150 0.300 0.450 

Next, an experimental planning matrix was constructed (Table 2). 

Table 2 
Experimental Planning Matrix 

No  Volume of 0.8 M acetate 
   

Volume of 0.8 M carbonate solution 
  

Volume of chitosan solution, ml 
1 15 15 15 
2 15 30 30 
3 15 45 45 
4 30 15 30 
5 30 30 45 
6 30 45 15 
7 45 15 45 
8 45 30 15 
9 45 45 30 

Research Results. At the first stage, the phase composition of the obtained samples was studied. The results are 
presented in Figure 1. 

 
Fig. 1. Diffraction pattern of a sample of nanoscale magnesium carbonate stabilized with chitosan. Here, ● — MgCO3,  

◊ — Mg2(CO3)(OH)2 ·3H2O, ∆ — MgCO3 · 5H2O,* — MgO  
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Next, the microstructure of the obtained samples of magnesium carbonate nanoparticles stabilized with chitosan was 
examined using a scanning electron microscope (SEM) (Fig. 2). 

  
a) b) 

Fig. 2. SEM micrographs of a sample of magnesium carbonate nanoparticles stabilized with chitosan:  
a — magnification 20,000 times; b — magnification 160,000 times 

To study the method of coordination of magnesium carbonate nanoparticles with chitosan, the quantum chemical modeling of 
the molecular structures of magnesium carbonate with chitosan was performed. The results are shown in Table 3 and Figures 3, 4. 
Here, HOMO is the highest occupied molecular orbit, LUMO is the lowest unoccupied molecular orbital. 

Table 3 
Results of Quantum Chemical Calculations of Molecular Structures of Magnesium Carbonate  

and Basic Magnesium Carbonate with Chitosan 

Interaction  
Type of 

magnesium 
compound 

E, 
kcal/mol 

∆E, 
kcal/mol 

EHOMO, 
eV 

ELUMO, 
eV η, eV 

Monomeric unit of chitosan – –1258.049 – –0.225 0.030 0.128 
Through hydroxyl group that is attached to 
C6 residue of glucosamine 

MgCO3 –1720.436 462.387 –0.161 –0.037 0.062 
Mg(OH)2CO3 –1994.103 736.054 –0.179 –0.111 0.034 

Through hydroxyl group that is attached to 
C3 residue of glucosamine 

MgCO3 –1720.366 462.317 –0.167 –0.042 0.063 
Mg(OH)2CO3 –1994.273 736.224 –0.182 –0.064 0.059 

Through amino group which is attached to 
C2 residue of glucosamine 

MgCO3 –1720.418 462.369 –0.124 –0.019 0.053 
Mg(OH)2CO3 –1994.104 736.055 –0.156 –0.048 0.054 

 

  

 

a) b) c) 

  

 

d) e) f) 

Fig. 3. Results of modeling the interaction of chitosan with magnesium carbonate through hydroxyl group attached to C6 
residue of glucosamine in chitosan: a — model of the complex; b — electron density distribution;  

c — gradient of electron density distribution; d— HOMO; e — LUMO; f — decoding of atoms 
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Blinov AV, et al. Development of a Method for Obtaining Nanoscale Magnesium Carbonate Stabilized with Chitosan … 

 

 

M
ac

hi
ne

 B
ui

ld
in

g 
an

d 
M

ac
hi

ne
 S

ci
en

ce
 

397 

  

 

a) b) c) 

  
 

d) e) f) 

Fig. 4. Results of modeling the interaction of chitosan with basic magnesium carbonate through hydroxyl group attached to C3 
residue of glucosamine in chitosan: a — model of the complex; b — electron density distribution;  

c — gradient of electron density distribution; d— HOMO; e — LUMO; f — decoding of atoms  

To validate the quantum chemical modeling data, the samples were examined using infrared spectroscopy. The results 
are shown in Figure 5. 

 
Fig. 5. IR spectrum of magnesium carbonate nanoparticles stabilized with chitosan  

To study the influence of input parameters on the synthesis of nanoscale magnesium carbonate, ternary dependences 
were formed. Figure 6 shows the dependence of the average hydrodynamic radius of nanoparticles on the content of the 
initial reagents. 

 

a) 

500 1,000 1,500 2,000 2,500 3,000 3,500 ν, cm–1 
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b) 

Fig. 6. Dependences of the change in average hydrodynamic radius and electrokinetic potential on concentrations of initial 
reagents: a — ternary surface describing the effect of initial reagents on particle size of magnesium carbonate; b — ternary surface 

describing the effect of initial reagents on electrokinetic potential of magnesium carbonate particles 

Analysis of the phase composition of the samples has shown that there are phases of anhydrous magnesium carbonate 
(MgCO3), two configurations of magnesium carbonate in the form of crystal hydrate (MgCO3 · 5H2O), 
Mg2(CO3)(OH)2·3H2O and magnesium oxide (MgO). 

When analyzing the surface microstructure of magnesium carbonate nanoparticles, it is found that the sample has an 
anisotropic shape. Magnesium carbonate is represented by rod-shaped particles from 2 to 10 μm in length, which consist 
of nanoparticles from 30 to 60 nm in size. 

The computer quantum chemical modeling allowed us to compare the energy of interaction with the basic magnesium 
carbonate: 

− chitosan with carbonate; 
− a separate chitosan molecule. 
In the first case, the energy value was lower than in the second. This indicates the chemical and energetic benefit of 

forming such complexes (for magnesium carbonate, the interaction energy is more than 462.00 kcal/mol, and for the basic 
carbonate — more than 736.00 kcal/mol). 

In the optimal variant of coordination of magnesium carbonate with chitosan, the interaction occurred through the hydroxyl 
group of chitosan attached to C6 residue of glucosamine. This interaction had the lowest energy ∆E = 462.387 kcal/mol and 
chemical hardness η = 0.062 eV. 

The position of the functional groups was determined by IR spectroscopy of chitosan-stabilized magnesium carbonate 
nanoparticles. Additionally, the spectra of pure chitosan and magnesium carbonate were recorded. The analysis of the IR 
spectrum of magnesium carbonate showed that in the region from 2200 to 3000 cm–1 there were the stretch vibrations of 
the groups NH3

+, NH2
+, NH+ and CH2, –CH3. The bands at 988 cm–1, 1102 cm–1, 1414 cm–1 and 1529 cm–1 were associated 

with vibrations of C–O and C=O in group CO3
2 [16]. The band at 620 cm–1 corresponded to vibrations of the hydroxyl 

group, and the bands at 698 and 852 cm–1 were specified by vibrations of the bond Mg–O [17]. 
The analysis of the IR spectra of chitosan showed that the region from 2500 to 3400 cm–1 was responsible for the stretching 

vibrations of the following functional groups: –OH, –CH3, CH2 [18]. The region from 1000 to 1900 cm–1 characterized the 
vibrations of bonds C–O, C–O–C, –CH2, –CH3, C–N, NH2

+ [19]. The region of bands from 500 to 900 cm–1 referred to 
deformation vibrations: at 898 cm–1 – bonds C–H [20], at 581, 652, 704 and 768 cm–1 — bonds –CH and –CH2. 

As the analysis of the sample of magnesium carbonate nanoparticles stabilized with chitosan has shown, the range 
from 2100 to 3000 cm–1 contains stretching vibrations of the groups NH3

+, NH2
+, NH+, –CH3, CH2, O–H. This is typical 

for the chitosan molecule. There are also bands at 1414 cm–1 and 1529 cm–1, which correspond to vibrations C–O and 
C=O in group CO3

2, which confirms the presence of magnesium carbonate functional groups in the system [21]. The 
binding of magnesium is confirmed by the presence of deformation vibrations C–O and C=O in group CO3

2– and bond 
vibrations Mg–O and CO3

2– in the range from 700 to 1100 cm–1 [22]. 
A decrease in the intensity of the peaks at 620 cm–1 and 1078 cm–1, which correspond to the vibrations of groups  

O–H and C–O, is noted. This indicates the interaction of magnesium carbonate and chitosan through hydroxyl groups and 
is consistent with the results of quantum chemical modeling. 
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The study on the ternary surfaces obtained suggests that the change in the ratio between magnesium acetate and 
ammonium carbonate affects significantly the size and zeta potential of magnesium carbonate particles [23]. The average 
hydrodynamic radius of the particles does not depend on the chitosan content. However, the change in zeta potential is 
related to the stabilizer content and precipitant concentration, which is important for assessing the stability of nanoscale 
systems. As a result, the parameters of the initial reagents are selected, at which the sample of magnesium carbonate 
nanoparticles has an optimal radius and zeta potential: 

− 0.018 mol ammonium carbonate; 
− 0.03 mol magnesium acetate; 
− 0.15 g chitosan. 
Discussion and Conclusion. Magnesium in magnesium carbonate is needed for the normal functioning of the body. 

In metabolic processes, it maintains the effective absorption of macronutrients. This allows us to talk about the urgency 
and potential demand for the method of obtaining nanoscale magnesium carbonate stabilized with chitosan. This approach 
is developed and optimized within the framework of the presented research. It has been established that magnesium 
carbonate nanoparticles are rod-shaped agglomerates with a length of 2 to 10 μm. These clusters consist of nanoparticles 
with a size of 30 to 60 nm. The optimal way of coordinating molecules is the interaction of magnesium carbonate through 
the hydroxyl group in C6 residue of glucosamine in the chitosan molecule. The advantage is provided by significant 
indicators of energy and chemical rigidity. 

IR spectroscopy of samples of magnesium carbonate nanoparticles stabilized with chitosan revealed a decrease in the 
intensity of the bands that characterize the vibrations of group O–H (for magnesium carbonate) and the vibrations of 
group C–O (for chitosan). It follows from this that the interaction occurs through the hydroxyl groups of chitosan. 

The optimization of the method for synthesizing magnesium carbonate nanoparticles stabilized with chitosan, 
performed within the framework of the presented research, allows us to make a number of statements. 

1. With increasing magnesium acetate content, the particle size and electrokinetic potential of nanoscale magnesium 
carbonate decrease. 

2. With the growth of concentration of ammonium carbonate, the average hydrodynamic radius and surface charge of 
magnesium carbonate nanoparticles increase. 

3. The concentration of chitosan has a slight effect on the radius of the particles, but as its content increases, the surface 
charge decreases. 
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