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 In the study, both uncomplexed and calcium-containing complex liposomes made of DPPA 
and DPPC phospholipids were studied calorimetrically and spectrophotometrically. Liposomes 
with a diameter of 200 nm were produced by new nanotechnology. As calcium molecules,  
CaCO3 was used, which is used in medicine as a calcium supplement or antacid, which is used 
to relieve heartburn, stomach acidity. Complex liposomes were prepared in both water and 20 % 
glycerol solvent. As calorimetric and spectrophotometric experiments show, CaCO3 molecules 
made by new technology are incorporated into the structure of liposomes, which allows them to 
be used for treatment. In addition, calcium is placed in large quantities in such complex lipo-
somes, although their entry into the blood does not cause side effects. The structure and thermal 
stability of complex liposomes were determined in the paper. 

In particular, according to the obtained experimental results, we believe that the structure of 
calcium-containing nanoparticles can be both unilaminar and multilaminar, in particular, the struc-
ture of uncomplexed and calcium-containing DPPC liposomes prepared in water and glycerol are 
multilaminar. The structure of uncomplexed DPPA liposomes prepared in water is unilaminar, 
while calcium-containing DPPA liposomes prepared in water form a multilayer structure. As for 
the structure of both pure and calcium-containing DPPA liposomes prepared in glycerolare mul-
tilamellar. With some preliminary considerations, calcium-containing liposomes can be tested in 
experimental animals, and after obtaining positive results, they can be recommended for the 
treatment of hypocalcemia in humans. 
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Introduction 
 

Bone-related diseases are nowadays a very big social 

and economic problem, especially these problems are often 

related to human age. It is known that elderly people often 

suffer from osteoporosis and osteopenia [9]. If we take into 

account that the number of elderly people on earth is in-

creasing, the number of such diseases is also increasing. 

Due to the lack of effective treatment for the diseases men-

tioned above, the treatment period is very long, which af-

fects both the patient's quality of life and the costs of the 

healthcare system [2, 4, 18, 21, 22]. 

In addition, there are frequent cases of bone fractures, 

which are also associated with long-term treatment, so it is 

important to develop such drugs that will purposefully and 

quickly fill the calcium deficiency. At the same time, it 

should be noted that taking a large amount of calcium is not 

allowed for humans, because an increase in the concentra-

tion of calcium in the blood causes a number of diseases 

such as pancreatitis, high blood pressure, kidney stones. 

Severe hypercalcemia impairs neuromuscular and myocar-

dial depolarization, leading to muscle weakness and ar-
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rhythmias. Also, the increased concentration of calcium in 

the blood leads to a decrease in the volume of erythrocytes, 

which causes anemia [7, 15, 20]. Another adverse event 

associated with hypercalcemia is the fact that red blood 

cells actively promote blood coagulation and clot formation, 

which is initiated by calcium [6, 21]. As a result, it is im-

portant to create a calcium drug, which on the one hand will 

fill the calcium deficiency in the body and on the other hand 

will not cause life-threatening secondary effects [3, 8]. This 

can be achieved by using liposomes, in which the amount of 

calcium is significantly increased, and its penetration into 

the body will not cause secondary effects that are dangerous 

to human life. Liposomes mainly consist of lipid bilayers, 

the composition of which is similar to the cell membrane, 

which is why they have good biocompatibility, and without 

increasing the concentration of calcium in the blood, they 

bring it to the tissue and increase the concentration of calci-

um [22, 23]. That is why our research is focused on the cre-

ation of such complex nanoparticles that can deliver the 

required concentration of calcium to the site of bone dam-

age without causing side effects [14, 28–30]. The most 

common liposomes are made of phospholipids, the compo-

sition of which is represented by phosphatidylcholine am-

phiphilic molecules. Its structure is characterized by two 

pairs of hydrophobic acyl hydrocarbon chains connected to 

a polar, hydrophilic head by a glycerol bridge [12, 27, 31, 

40, 41]. 

In our studies, 1,2-Dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) and 1,2-Dipalmitoyl-sn-glycero-3-

phosphatidic acid (DPPA) phospholipids were used as drug 

deliverysystems.It should be noted that in the case of 

hydrophobic drugs, by incorporating them into liposomes, 

the final product becomes soluble in water, which is also 

important.We have taken CaCO3 as a calcium compound, 

which is a white, odorless, water-insoluble substance.It is 

used in medicine to improve low calcium levels in the 

blood. 

Calcium carbonate is an ionic compound used as a 

calcium supplement or an antacid used to relieve heartburn, 

stomach acid [1, 4, 19]. Therefore, it is important to study 

complex nanoparticles containing calcium.It is appropriate 

to study the structure and stability of complex liposomes 

containing drugs using differential scanning calorimeter 

(DSC) [11, 24, 34]. 

 

Preparation method of DPPA and DPPC 

liposomes 

 

In the experiments, we used liposomes, which were 

produced using a new, simple technology [35].Two types of 

phospholipids were used to make liposomes:  

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 

1,2-Dipalmitoyl-sn-glycero-3-phosphatidic acid (DPPA). 

DPPA and DPPC lipids were purchased from Lipoid 

(Newark, New Jersey).In the case of both lipids, the 

liposome production  technology was similar [39].Since 

nanoparticles with a diameter of 200 nm are effective for 

targeted delivery of drugs, we made liposomes with a 

thickness of 5 nm and a diameter of 200 nm.As a result of 

mathematical calculation, we determined that  

3.3×104 lipids are needed to make one liposome with a 

thickness of 5 nm and a diameter of 200 nm.In order to 

determine the thermal stability of liposomes as drug- deliv-

ery nanoparticles, we used the calorimetric method in the 

case of pure and complex calcium-containing DPPA and 

DPPC liposomes. DASM-4 micro calorimeter (Pushchino, 

Russian Federation) is used in the presented work, which 

belongs to highly sensitive micro calorimeters. 

 

Experimental part 

 
Calorimetric experiments were performed in water and 

20 % glycerol solvent on both pure liposomes made of 

DPPC and DPPA lipids, as well as complex liposomes 

containing calcium ions.In order to determine the thermal 

stability, the temperature interval from 0 to 1000C and the 

speed of temperature scanning – 20oC/min were selected. 

Calorimetric measurements were performed on DPPA 

liposomes prepared both in water (see Fig. 1) and in 20 % 

glycerol solvent (Fig. 2). 

Based on the calorimetric measurements, we calculated 

the amount of heat released during melting of DPPA lipo-

somes. It was found that the amount of heat released during 

melting of DPPA liposomes prepared in water is 21.2 MJ, 

and the amount of heat released during melting of DPPA 

liposomes prepared in glycerol solvent is 25.3 MJ. 

We also conducted experiments on calcium-containing 

complex DPPA liposomes prepared both in water and in 

glycerol solvent (Figs. 3 and 4). The temperature 

dependence curves of the heat capacity of liposomes allow 

us to talk about the structure of the liposome. A calorimetric 

study of both pure and calcium-containing liposomes 

prepared from DPPA lipids in 20 % glycerol solvent is so 

interesting. As can be seen from the calorimetric records, 

the structure of pure liposomes prepared in glycerin solvent 

is multi-layered, multilamellar, which is indicated by the 

presence of two peaks on the calorimetric record. In contrast 

to the pure liposome, the small peak disappears in the calci-

um-containing complex liposomes that indicates that  

the calcium ions have indeed bound to the DPPA lipids  

(see Fig. 4). 

Based on calorimetric measurements, we calculated the 

amount of heat released as a result of melting of calcium-

containing DPPA liposomes prepared in both water and  

20 % glycerol. In this case, a different amount of heat was 

released as a result of melting. It was found that the amount 

of heat released during melting of complex calcium-

containing liposomes prepared in water is 18.6 MJ, and the 

amount of heat released as a result of melting of complex  

calcium-containing liposomes prepared in glycerol solvent 

is  13.5 MJ. We also performed experiments on DPPC lipids 

prepared   in   water   and   in  20 %   glycerol   solvent,  and 
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Fig. 1. Temperature dependence of heat capacity of DPPA 

liposomes prepared in water. Temperature scanning  

speed V = 2°C/min 

 
 

Fig. 2. Temperature dependence of heat capacity of DPPA 

liposomes prepared in 20 % glycerol. Temperature scanning 

speed V = 2°C/min 

 

 

  

Fig. 3. Temperature dependence of heat capacity of calcium-

containing DPPA liposomes prepared in water.  

Temperature scanning speed V = 2°C/min 

 

 

Fig. 4. Temperature dependence of heat capacity of calcium-

containing DPPA liposome prepared in 20 % glycerol.  

Temperature scanning speed V = 2°C/min 

 

 

  

Fig. 5. Temperature dependence of heat capacity of DPPC 

liposome suspensions prepared in water. Temperature  

scanning speed V = 2°C/min 

 

Fig. 6. Temperature dependence of heat capacity of DPPC 

liposome suspension prepared in 20 % glycerol. Temperature 

scanning speed V = 2°C/min 
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prepared both pure and CaCO3 containing complex 

liposomes. 

Calorimetric measurements were performed on DPPC 

liposomes prepared both in water (see Fig. 5) and in 20 % 

glycerol solvent (Fig. 6). Based on calorimetric measure-

ments, we calculated the amount of heat released during 

melting of liposomes prepared from DPPC lipids. 

It was found that the amount of heat released during 

melting of DPPC liposomes prepared in water is 23.6 MJ, 

and the amount of heat released during melting of DPPC 

liposomes prepared in glycerol solvent is 25.4 MJ. 

We also conducted experiments on calcium-containing 

complex DPPA liposomes prepared both in water and in 

glycerol solvent (Figs. 7 and 8). The temperature 

dependence curves of the heat capacity of liposomes allow 

us to talk about the structure of the liposome. Calorimetric 

studies showed that DPPC liposomes prepared in water and 

in glycerol solvent, both pure and calcium-containing com-

plex liposomes maintain a multilamellar structure  

(Figs. 7 and 8). 

Based on calorimetric measurements, we calculated the 

amount of heat released during melting of DPPC liposomes 

and calcium-complex liposomes. It was found that the 

amount of heat released during melting of calcium-

containing liposomes prepared in water is 15 MJ, and the 

amount of heat released during melting of calcium-

containing liposomes prepared in glycerin solvent is equal 

to 18 MJ. The fact that calcium ions really bind to the struc-

ture of liposomes prepared from DPPA and DPPC lipids, 

both in water and in glycerol solvent, was also demonstrated 

by spectrophotometric studies. Fig. 9 shows the absorption 

wavelength dependence curves of both pure DPPA lipo-

somes and calcium-containing DPPA liposomes prepared in 

water. We also performed spectrophotometric measure-

ments on DPPC liposomes prepared in water. Fig. 10 shows 

the absorption wavelength dependence curves of both pure 

DPPC liposomes and calcium -containing DPPC liposomes 

prepared in water. 

On the spectrophotometric curve, in the case of pure 

liposomes, a small absorption peak will appear at a wave-

length of 235 nm, which disappears in the case of calcium-

containing complex liposome, which also indicates that cal-

cium ions bind to both DPPA and DPPC lipids in complex 

liposomes. 

 

Discussion 

 

It should be noted that the recording of calorimetric 

peaks occurs as a result of the breaking of hydrogen bonds, 

which are formed between the hydrophilic heads of phos-

pholipids. namely, between the O=P–OH group of one 

phospholipid and the С=O group of another phospholipid. 

From our studies, it can be seen that the breakdown temper-

ature of the ordered structure of DPPA liposome is 240C 

higher (66oC) than that of pure liposome prepared from 

DPPC lipids (420C) (see Figs. 1, 2, 5, 6). Considering that 

DPPC and DPPA phospholipids have the same tail length 

and composition, it is clear that the difference in transition 

temperatures must be due to the different interaction forces 

between the lipid heads. The energy of hydrogen bonds be-

tween the heads of DPPA lipids is greater than the energy  

of hydrogen bonds between the heads of DPPC lipids. Be-

cause the DPPA lipid heads are smaller in size than the 

DPPC lipid heads, this allows the hydrophilic DPPA lipid 

heads to come closer together and therefore fit more tightly. 

This is due to the fact that the length of the hydrogen bonds 

between the DPPA lipid heads is shorter and therefore 

stronger than the hydrogen bonds between the hydrophilic 

heads of DPPC lipids. At the same time, strong hydrogen 

bonds are the reason that the structure of pure DPPA lipo-

somes will be single-layer, i.e.  unilaminar, which is con-

firmed by the calorimetric record of pure DPPA liposome 

prepared in water, which is narrow and cooperative (Fig. 1). 

As for DPPC liposomes, its structure can be multi-layered, 

i.e. multi-laminar, where it becomes possible to form new 

hydrogen bonds between the layers in the inner volume of 

the liposome. This is confirmed by the shape of the calori-

metric peak of heat absorption, which in the case of DPPC 

liposome is not cooperative and contains so-called pre-

peaks before the main transfer peak, which in our opinion is 

due to the presence of a multilamellar structure of the lipo-

some (see Fig. 5).  

The hydrogen bond energy of DPPA and DPPC lipo-

somes prepared in the presence of glycerol is greater than 

the hydrogen bond energy of DPPA and DPPC liposomes 

prepared in water because glycerol can form additional hy-

drogen bonds with the heads and tails of DPPA and DPPC 

lipids, because of this bonds, they can form a multi-layered, 

multi-laminal structure and establish bonds between 

neighboring layers.  

The calorimetric curve of DPPA liposomes prepared in 

glycerol becomes non-cooperative instead of cooperative 

and additionally a small peak appears in the region of 75 °C 

(see Fig. 2). This may be due to the additional hydrogen 

bonds that glycerol forms with DPPA lipids. These formed 

bonds are stronger than the hydrogen bonds between lipids. 

It is also known from the literature that upon addition of 

glycerol, the tilt angle of the DPPC lipid tails changes so 

that they become parallel to each other [16, 32],which 

allows them to, come closer to each other and therefore 

form stronger hydrogen bonds than DPPC lipids prepared in 

water,which also determines the amount of heat released 

during melting. 

It is known from the literature that the calcium ion 

binds to the phosphate group of all types of phospholipids 

and forms a bond with them [5, 18, 25, 26, 36, 37]. which 

competes with the hydrogen bonds between phospholipids, 

so  not all phospholipids are able to form hydrogen bonds 

with each other [13, 17]. As a result, the amount of heat 

released during melting of calcium-containing liposomes is 

smaller than the amount of heat released as a result of melt-

ing of pure liposomes. 
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Fig. 7. Temperature dependence of the heat capacity  

of calcium-containing DPPC liposomes prepared  

in water. Temperature scanning speed V = 2°C/min 

 

Fig. 8. Temperature dependence of heat capacity  

of calcium-containing DPPC liposome prepared in 20 %  

glycerol. Temperature scanning speed V = 2°C/min 

 

  

Fig. 9. Absorption dependence curves on wavelength of:  

a – pure DPPA liposomes; b – calcium-containing complex 

DPPA liposomes in water 

Fig. 10. Absorption dependence curves on wavelength of:  

a – pure DPPC liposomes; b – calcium-containing complex 

DPPC liposomes in water 

 

The structure of calcium-containing complex liposomes 

prepared in glycerin is changed compared to pure liposomes 

prepared in glycerin, because calcium competes with the 

additional hydrogen bonds that glycerol forms with DPPA 

and DPPC lipids, and the resulting structure has a reduced 

number of phospholipid layers for both DPPA lipids and 

DPPC lipids, as confirmed by calorimetric experiments (see 

Figs. 4 and 8). According to the calorimetric experiments, 

we can see 1 peak on the calorimetric curve of the complex  

calcium-containing DPPA liposomes prepared in glycerin, 

in contrast to the pure DPPA liposomes prepared in glycerin 

(Fig. 2). As a result, we can conclude that unlike pure 

DPPA lipids prepared in glycerol solvent, complex calcium-

containing liposomes  form a unilamellar structure (Fig. 4). 

As for the calcium-containing complex  DPPC liposomes 

prepared in glycerol solvent (Fig. 8), in contrast to pure, 

uncomplexed DPPC liposomes prepared in glycerol (Fig. 

7), we have only one additional pre-peak in the calorimetric 

record, as a result, we can assume that the number of layers, 

decreased in the case of complex liposome. 

In addition to calorimetric experiments, the formation 

of a complex between liposomes and calcium ions is also 

confirmed by spectrophotometric experiments. On the spec-

trophotometric curve, in the case of pure liposomes, a small 

absorption peak will appear at a wavelength of 235 nm, 

which disappears in the case of calcium-containing complex 

liposome, which also indicates that calcium ions bind to 

both DPPA and DPPC lipids in complex liposomes. 

 

Conclusion 

 

The calorimetric method is not a structural method, 

however it is possible to talk about the ordered structure of 

macromolecules by the shape of the heat absorption peak 

obtained during melting of macromolecules. In particular, 

the cooperative and narrow phase transition peak of melting 

of the liposome indicates that one type of bonds are broken 

in the structure. Whereas, several peaks and/or an increase 

in the width of the temperature transition at half the height 

of the heat absorption peak indicate that we are dealing with 

a non-cooperative process. Unlike uncomplexed, pure 

DPPA liposomes in experiments, whose temperature 

breakdown is cooperative (transition width at half height of 

the peak is 1.8 degrees), the peak shape of calcium-

Cp, J/(g°C) 
Cp, J/(g°C) 

T, °C 
T, °C 

a 

b 

A
b

so
rp

ti
o

n
 

A
b

so
rp

ti
o

n
 

                                   
Wavelength, mm 

                               
Wavelength, mm 

a 

b 



Mdzinarashvili T.J. et al. / Russian Journal of Biomechanics 2 (2024) 114-120 

 

 119 

containing DPPA liposomes during the temperature 

transition process is multi-peaked, therefore we have a non-

cooperative process. All this allows us to conclude that 

uncomplexed DPPA liposomes should be simple, single 

bilayer, unilaminar nanoparticles. Accordingly, the structure 

of calcium-containing DPPA liposomes should be multi-

layered, as evidenced by thefact that the number of heat 

absorption peaks is already two instead of one. Accordingly, 

we can conclude that the structure of calcium-containing 

DPPA liposomes is multi-layered, multi-laminar. Mul-

tilaminar structure of liposomes allows to incorporate a 

large amount of calcium into it. Therefore, the therapeutic 

use of such nanoparticles should be effective without any 

side effects. 

 

References 
 

1. Al Omari M.M., Rashid I.S., Qinna N.A., Jaber A.M.,  

Badwan A.A. Calcium Carbonate. Profiles Drug Subst. Excip. 

Relat. Methodol., 2016, no. 41, pp. 31-13. 

2. Balmayor E.R., van Griensven M. Gene therapy for bone en-

gineering. Front. Bioeng. Biotechnol., 2015, vol. 2, no. 3,  

article no. 9. DOI: 10.3389/fbioe.2015.00009  
3. Bilezikian J.P. Primary hyperparathyroidism. J. Clin. Endo-

crinol. Metab., 2018, vol. 103, no. 11, pp. 3993-4004. 

4. Bilezikian J.P., Brandi M.L., Cusano N.E., Mannstadt M., 

Rejnmark L., Rizzoli R., Rubin M.R., Winer K.K.,  

Liberman U.A., Potts J.T. Management of hypoparathyroid-

ism: present and future. J. Clin. Endocrinol. Metab., 2016,  

no. 101, pp. 13-24. 

5. Boettcher J.M., Davis-Harrison R.L., Clay M.C.,  

Nieuwkoop A.J., Ohkubo Y.Z., Tajkhorshid E.,  

Morrissey J.H., Rienstra C.M. Atomic view of calcium-

induced clustering of phosphatidylserine in mixed lipid bi-

layers. Biochemistry, 2011, vol. 29, no. 50, pp. 2264-2273. 

6. Bose S., Tarafder S. Calcium phosphate ceramic systems in 

growth factor and drug delivery for bone tissue engineering. 

Acta Biomater., 2012, no. 8, pp. 1401-1421. 

7. Carbone E.J., Rajpura K., Allen B.N., Cheng E., Ulery B.D., 

Lo K.W.H. Osteotropic nanoscale drug delivery systems based 

on small molecule bone-targeting moieties. Nanomedicine: 

Nanotechnology, Biology and Medicine, 2017, no. 13, pp. 37-

47.  

8. Carrick A.I., Costner H.B. Rapid fire: hypercalcemia. Emerg. 

Med. Clin. North. Am., 2018, no. 36, pp. 549-555. 

9. Cheng H., Chawla A., Yang Y., Li Y., Zhang J., Jang H.L., 

Khademhosseini A. Development of nanomaterials for bone-

targeted drug delivery. Drug Discovery Today, 2017, no. 22, 

pp. 1336-1350.  

10. Chindamo G., Sapino S., Peira E., Chirio D., Gonzalez M.C., 

Gallarate M. Bone diseases: current approach and future per-

spectives in drug delivery systems for bone targeted therapeu-

tics. Nanomaterials, 2020, vol. 10, no. 5, article no. 875.  

11. Chiu M.H., Prenner E.J. Differential scanning calorimetry: an 

invaluable tool for a detailed thermodynamic characterization 

of macromolecules and their interactions. Journal of Pharmacy 

and Bioallied Sciences, 2011, no. 3, pp. 39-59. 

12. Cullis Pt., Kruijff B.De. Lipid polymorphism and the function-

al roles of lipids in biological membranes. Biochim. Biophys. 

Acta, 1979, vol. 559, no. 4, pp. 399-420. 

13. David A., Pink A., Stew M.A., Bonnie Quinn A., Martin J., 

Zuckermann B. A model of hydrogen bond formation in phos-

phatidylethanolamine bilayers. Biochimica et Biophysica Acta 

– Biomembranes, 1998, vol. 1368, no. 2, pp. 289-305. 

14. Fischer V., Haffner-Luntzer M., Prystaz K., von Scheidt A., 

Busse B., Schinke T., Amling M., Ignatius A. Calcium and 

vitamin-D deficiency marginally impairs fracture healing but 

aggravates posttraumatic bone loss in osteoporotic mice. Sci. 

Rep., 2017, no. 7, article no. 7223. 

15. Grigore M.E. Drug delivery systems in hard tissue engineer-

ing. J. Biotechnol. Biomed. Eng., 2018, vol. 1, pp. 1001-1006. 
16. Haghi M., Bebawy M., Colombo P., Forbes B., Lewis D.A., 

Salama R., Traini D., Young P.M. Towards the bioequivalence 

of pressurised metered dose inhalers 2. Aerodynamically 

equivalent particles (with and without Glycerol) exhibit differ-

ent biopharmaceutical profiles in vitro. Eur. J. Pharm. Bio-

pharm., 2014, vol. 86, pp. 38-45. 

17. Hartkamp R., Moore T.C., Iacovella C.R., Thompson M.A., 

Bulsara P., Moore D.J., Mccabe C. Investigating the structure 

of multicomponent gel-phase lipid bilayers. Biophysical Jour-

nal, 2016, vol. 111, no. 4, pp. 813-823.  

18. Huster D., Arnold K., Gawrisch K. Strength of Ca (2+) bind-

ing to retinal lipid membranes: consequences for lipid organi-

zation. J. Biophys., 2000, vol. 78, pp. 3011-3018. 

19. Jorde R., Szumlas K., Haug E., Sundsfjord J. The effects of 

calcium supplementation to patients with primary hyperpara-

thyroidism and a low calcium intake. Eur. J. Nutr., 2002,  

vol. 41, no. 6, pp. 258-263. 

20. Ke Ren A.D. Drug delivery strategies for treating osteoporosis. 

Orthop. Muscular. Syst., 2014, vol. S2, pp. 8-11.  

21. Kuck L., Peart J.N., Simmonds M.J. Calcium dynamically 

alters erythrocyte mechanical response to shear. Biochimica et 

Biophysica, 2020, vol. 1867, article no. 11.  

22. Liu B., Krieger M. Highly purified scavenger receptor class B, 

type I reconstituted into phosphatidylcholine/cholesterol lipo-

somes mediates high affinity high density lipoprotein binding 

and selective lipid uptake. J. Biol. Chem., 2002, vol. 277,  

no. 37, pp. 34125-34135.  

23. Liu W.L., Zou M.Z., Qin S.Y., Cheng Y.J., Ma Y.H., Sun Y.X. 

Recent advances of cell membrane‐coated nanomaterials for 

biomedical applications. Adv. Funct. Mater., 2020, vol. 30,  

no. 39, article no. 2003559.  

24. Mabrey S., Sturtevant J.M. Investigation of phase transitions 

of lipids and lipid mixtures by sensitivity differential scanning 

calorimetry. Proceedings of the National Academy of Sciences. 

1976, vol. 73, pp. 3862-3866. 

25. Martín-Molina A., Rodríguez-Beas C., Faraudo J. Effect of 

calcium and magnesium on phosphatidylserine membranes: 

experiments and all-atomic simulations. Biophysical Journal, 

2012, vol. 102, pp. 2095-2103. 

26. Mason L.V., Alfredo E.C., Ron E., Carlos R.B. Calcium-lipid 

interactions observed with isotope-edited infrared spectrosco-

py. Biophys. J., 2020, vol. 118, no. 11, pp. 2694-2702. 

27. Nakhaei P., Margiana R., Bokov D.O., Kamal Abdelbasset W., 

Amin Jadidi Kouhbanani M., Varma R.S., Marofi F.,  

Jarahian M., Beheshtkhoo N. Liposomes: structure, biomedical 

applications, and stability parameters with emphasis on choles-

terol. Front. Bioeng. Biotechnol., 2021, vol. 9, article no. 

705886.  

28. Nishi M., Rakesh K.T., Neelesh K.M., Prashant C.,  

Narendra K.J. Dendrimer, liposomes, carbon nanotubes and 

PLGA nanoparticles: one platform assessment of drug delivery 

potential. American Association of Pharmaceutical Scientists, 

2014, vol. 15, no. 2, pp. 388-399. 

29. Nordin B.E. Calcium and osteoporosis. Nutrition, 1997,  

no. 13, pp. 664-686. 

30. Nordin B.E., Morris H.A. The calcium deficiency model for 

osteoporosis. Nutr. Rev., 1989, no. 47, pp. 65-72.  

31. Nsairat H., Khater D., Sayed U., Odeh F., Al Bawab A.,  

Alshaer W. Liposomes: structure, composition, types, and clin-

ical applications. Heliyon, 2022, vol. 8, no. 5, article  

no. 09394.  

https://www.sciencedirect.com/journal/biochimica-et-biophysica-acta-bba-molecular-cell-research
https://www.sciencedirect.com/journal/biochimica-et-biophysica-acta-bba-molecular-cell-research


Mdzinarashvili T.J. et al. / Russian Journal of Biomechanics 2 (2024) 114-120 

 

 120 

32. Pocivavsek L., Gavrilov K., Cao K.D., Chi E.Y., Li D., Lin B., 

Meron M., Majewski J., Lee K.Y.C. Glycerol-induced mem-

brane stiffening: the role of viscous fluid adlayers. Biophys. J., 

2011, vol. 101, no. 1, pp. 118-127. 

33. Salgado A.J., Coutinho O.P., Reis R.L. Bone tissue engineer-

ing: State of the art and future trends. Macromol. Biosci., 

2004, no. 4, pp. 743-765. 

34. Shaheen S.M., Shakil A.R., Hossen M.N., Ahmed M.,  

Amran M.S., Ul-Islam A. Liposome as a carrier for advanced 

drug delivery. Pak. J. Biol. Sci., 2006, vol. 9, no. 6, pp. 1181-

1191. 

35. Shekiladze E., Mdzinarashvili T., Khvedelidze M. Calorimer-

tic study the stability of DPPC liposomes and C and E vita-

mins complexes. Experimental and Clinical Medicine, 2017, 

vol. 2, pp. 71-73. 

36. Tadross M.R., Tsien R.W., Yue D.T. Ca2+ channel 

nanodomains boost local Ca2+ amplitude. Proceedings of the 

National Academy of Sciences, 2013, vol. 110, pp. 15794-

15799. 

37. Uhrikova D., Kucerka N., Teixeira J., Gordeliy V., Balgavy P. 

Structural changes in dipalmitoylphosphatidylcholine bilayer 

promoted by Ca (2+) ions: a small-angle neutron scattering 

study. Chemistry and Physics of Lipids, 2008, vol. 155, pp. 80-

89. 

38. Vo T.T.N., Kasper F.K., Mikos A.G.A. Strategies for con-

trolled delivery of growth factors and cells for bone regenera-

tion. Adv. Drug Deliv., 2012, no. 64, pp. 1292-1309. 

39. Walmsley G.G., McArdle A., Tevlin R., Momeni A.,  

Atashroo D., Hu M.S., Feroze A.H., Wong V.W., Lorenz P.H., 

Longaker M.T. Nanotechnology in bone tissue engineering. 

Nanomed. Nanotechnol. Biol. Med., 2015, no. 11, pp. 1253-

1263. 

40. Xin L., Guihua H. Formation strategies, mechanism of intra-

cellular delivery and potential clinical applications of pH-

sensitive liposomes. Asian Journal of Pharmaceutical Scienc-

es, 2013, vol. 8, Iss. 6, pp. 319-328. 

41. Yang R., Zhang X., Li F. Role of phospholipids and 

copolymers in enhancing stability and controlling degradation 

of intravenous lipid emulsions. Colloid. Surf. A Physicochem. 

Eng. Asp., 2013, vol. 436, pp. 434-442. 

 

 

Funding. The work is funded by the Shota Rustaveli Scientific Foundation of Georgia within the framework of a fundamental  

grant FR-21-19898 
Conflict of interest. The authors declare no conflict of interest. 


