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Abstract

Physicochemical and pharmacological properties of mechanochemically synthesised supramolecular sys-
tems/complexes of the guest-host type have been studied at the institutes of the Siberian Branch of the Rus-
sian Academy of Sciences in cooperation with Chinese Zhejiang University of Technology. The guest is a 
molecule of a medicinal substance, and the host is a carrier particle – a macromolecule of polysaccharide, 
saponine micelle, silicon dioxide particle, etc. The strengthening of the pharmacological effect of such struc-
tures is achieved by increasing the water-solubility and trans-membrane permeability of drug molecules. The 
most effective hosts among the studied carriers are plant metabolites – glycyrrhizic acid and its salts, as well 
as polysaccharide arabinogalactan from Larix Siberica wood. An original solid-phase mechanochemical tech-
nology has been developed to obtain water-soluble supramolecular systems from the solid dispersions of com-
ponents. In this case, supramolecular systems are formed in the process of solid-phase synthesis, or by dissolv-
ing the obtained dispersions in aqueous media. As a result of studies of a large number of widely used drugs 
of various pharmacological classes, it has been shown that the inclusion of drug molecules in these supramo-
lecular systems can significantly increase the bioavailability, effectiveness and safety of their action and re-
duce the effective therapeutic dose of drugs significantly (by a factor of 2–150), and decrease (down to com-
plete disappearance in some cases) harmful side effects. In this paper we give a brief overview of the studies 
carried out mainly over the last 10 years.

Keywords: drug delivery systems, mechanochemistry, bioavailability, solubility, intestinal absorption, solid dis-
persions
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INTRODUCTION

The Drug Delivery Systems (DDS) for biologi-
cally active molecules are widely used to improve 
the biopharmaceutical characteristics of already 
well known medicinal and other biologically ac-
tive substances. For solid dosage forms, this is an 
increase in solubility and bioavailability, reduc-
tion of side toxic effects, and increased stability 
during storage. Due to the very high price and 
the long process of discovery, testing and regis-
tration of new drug molecules [1], the develop-
ment and application of new delivery systems is 
a leading innovative direction in the global 
pharmaceutical industry.

The purpose of this mini-review is to summa-
rize the data of recent years on the innovative 
solid-phase mechanochemical way of prepara-
tion, physicochemical properties and biological 
activity of solid dispersions of biologically active 
substances (BAS) with specially selected auxilia-
ry substances that form various so-called deliv-
ery systems based on the physicochemical princi-
ple of inclusion of BAS molecules in intermolecu-
lar complexes formed by hydrophilic polymers, 
mainly of plant origin and vesicular systems 
formed also by plant saponins according to the 

type of guest-host interactions. Special attention 
will be paid to the advantages of the mechano-
chemical technology developed by the authors to 
produce water-soluble compositions of medicinal 
molecules. Increasing water solubility and intesti-
nal absorption is very important for the medicinal 
substances of groups II and IV according to the 
FDA (Food and Drug Administration) classifica-
tion [2]. At the same time, although BAS exhibit 
pharmacological/biological effects in aqueous so-
lutions/physiological media, the properties of 
such solutions are largely determined by the 
composition and structure of soluble solid disper-
sions, which are actually powdered multicompo-
nent materials.

The most frequently used auxiliary substances 
are plant polysaccharides and their derivatives, 
which are capable of forming intermolecular com-
plexes with lipophilic BAS. However, in our expe-
rience, it is more effective to use vegetable sapo-
nins based on glycyrrhizic acid (GA) and its de-
rivatives, in particular sodium salts. In this case, 
BAS molecules are incorporated into the micelles 
of these saponins formed during dissolution.

The above-mentioned issues were partially de-
scribed in our previous works [3–5].
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THE MECHANOCHEMICAL WAY  
OF OBTAINING SOLID DESPERSIONS

The subject of mechanochemistry of solids is 
the study of transformations of these substances 
under the influence of high pressure and defor-
mations. There are many designs of devices in 
which the conditions for mechanochemical trans-
formations are created. The most popular of them 
are mills for “dry” grinding of solids. However, 
mechanical processing is not limited only to ma-
terial grinding. The transformations of solids in 
mechanochemistry are very diverse. Approximate-
ly, in the case of solid organic materials, the pro-
cess can be represented in the form of the scheme 
in Fig. 1 [4, 6].

This process can be divided into several stag-
es: grinding – aggregation – mixing of compo-
nents at the molecular level. One can see that 
grinding is only the first stage, then the crushed 
particles are “knocked down” into aggregates, 
and with continued mechanical activation, a kind 
of molecular mixing of solids occurs. Depending 
on the nature of substances, chemical reactions 
may occur or solid phases may be formed, in 
which their molecules enter into various kinds of 
interactions. As a result, at the stages of aggrega-
tion and even “molecular mixing”, a composite 
material is obtained, so that each particle in its 
powder is an aggregate of ultrafine particles of 
the solid reagents and reaction products. During 
mechanochemical processing, all these stages take 
place almost simultaneously. They can be traced 
by scanning electron microphotography (SEM). 
The process of forming new particles comes to an 
equilibrium/stationary state as machining contin-

ues. Of particular interest are powder materials, 
mainly consisting of the aggregates of particles of 
starting substances. In our case, when they are 
hydrated during dissolution, the complexes and 
vesicles with the molecules of low molecular 
weight compounds – biologically active substanc-
es – are rapidly formed in solution.

In pharmaceutical chemistry, it is customary to 
describe such composite materials as pharmaceuti-
cal solid dispersions (PSD), see, for example, [7].

A number of methods for obtaining them are 
described. The authors of this article, based on 
their experience, believe that the “dry” mechan-
ochemical technology has a number of undenia-
ble advantages proven by the practice of use. 
These advantages include the absence of solvents 
and liquid phases (melts), the possibility for the 
processes to be carried out in one stage, the pos-
sibility of obtaining substances that do not have 
any areas of joint solubility in various solvents, 
and increased chemical stability of components in 
the production process. 

PHYSICOCHEMICAL METHODS OF INVESTIGATION  
OF THE OBTAINED MATERIALS OF MIXED COMPOSITION

Scanning electron microscopy

This method allows us to trace the change in 
the size of solid particles during their grinding 
and the formation of aggregates – in fact, the 
formation of PSD.

Figure 2 shows electronic micrographs of both 
the initial components and the products of mech-
anochemical processing using a number of sub-
stances as examples [8].

Fig. 1. The transformations of solids in mechanochemistry [4, 6].
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Fig. 2. Microphotographs of PZQ (a); Na
2
GA (b), mechanochemically prepared composition PZQ/Na

2
GA (1 : 10 mass relations) (c). 

Fig. 3. DSC thermograms of: a – NIM API (1), AG (2), NIM/AG (1 : 10 mass relations) physical mixture (3) and solid disper-
sion of NIM/AG (1 : 10 mass relations) treated in roll mill for 24 h (4); b – NIM API (1); Na

2
GA API (2), NIM/Na

2
GA 

(1 : 10 mass relations), physical mixture (3) and solid dispersion of NIM/Na
2
GA (1 : 10 mass relations) treated in roll mill 

for 24 h (4).

Thermal analysis –  
differential scanning calorimetry 

This method allows one to control the degree 
of the loss of crystallinity – the destruction of the 
crystal lattice of crystalline components, mani-
fested in the reduction of the endothermic peaks 
of crystalline component melting until they dis-
appear, which means amorphisation of phases or 
the formation of solid solutions [8]. Figure 3 shows 
the DSC (differential scanning calorimetry) ther-
mograms of free and mechanically treated ni-
mesulide, physical mixtures with polysaccharide 
arabinogalactan, and the formed solid dispersions.

The DSC curves of free nimesulide exhibited 
endothermic peaks at about 150 °C with melting 
heat value of 191.5 J/g, which corresponded to its 
intrinsic melting points and suggested its highly 
crystalline structure. The endothermic peak of 

mechanically treated nimesulide without excipi-
ents is practically unchanged. However, the in-
tensity of nimesulide peak decreased significantly 
in its solid dispersion obtained after milling for 2 
to 24 h, while melting heat values decreased from 
the initial value to a minimum, which is difficult 
to calculate, indicating that nimesulide had con-
verted to a mainly amorphous state and probably 
was partly dispersed in the molecular form in the 
bulk phase of organic carrier during the mecha-
nochemical process. 

X-Ray diffraction

This is a structural method that also allows one 
to determine the degree of crystal structure preser-
vation in the components.

Figure 4 shows X-ray diffraction patterns of 
free curcumin, the excipient disodium salt of gly-
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cyrrhizic acid, a physical mixture, and a solid dis-
persion with curcumin to excipient molar ratio of 
1 : 1, 1 : 2, 1 : 4 and milling time of 8 and 24 h. 
These data demonstrate a decrease in crystal size 
through mechanical transformation [9]. 

High-performance liquid chromatography 

To analyse the content of medicinal substances, 
high-performance liquid chromatography (HPLC) 
was used in the reversed-phase version. Eluents 
are buffered mixtures of organic solvents – ace-
tonitrile, isopropyl alcohol and bidistilled water in 
different ratios. The detector is spectrophotomet-
ric. Analysis methods were based on the condi-
tions given in various articles of the United States 
Pharmacopoeia for the relevant substances. Dur-
ing the mechanochemical preparation of solid dis-
persions, the conditions of mechanochemical treat-
ment were chosen in order to avoid the destruc-
tion of the starting substances, as well as their 
chemical interaction. The accuracy of the analy-
ses was not worse than 1 %.

Gel chromatographic measurements

Gel chromatographic measurements were car-
ried out to assess the molecular weight distribu-

tion and sizes of supramolecular formations of 
adjuvant solutions – the macromolecules of poly-
saccharides and micelles of saponins, as well as 
their complexes with medicinal substances. The 
detector is refractometric. Certified dextran sam-
ples were used as standards [10].

Laser scattering 

To estimate the size of supramolecular forma-
tions, laser light scattering method was also used, 
with a Photocor Complex multi-angle particle size 
analyser, which allows determining the particle 
size from 0.5 nm to 10 µm [11].

Determination of the solubility  
of medicinal substances and their complexes 

In our experiments, so-called phase solubility 
was determined, in the case when all the sub-
stances of the resulting composition, both in the 
solid phase and in solution, are in equilibrium. 
This is illustrated in Scheme 1.

Here drug is an active pharmaceutical ingre-
dient; Lg is a complex-forming supramolecular 
system, which is either a polymer macromolecule 
or saponin micelle; X is an increase in solubility of 
drug in water. In our experience, X varies from 

Fig. 4. X-Ray diffractograms of free CUR, excipient Na
2
GA, physical mixture (PM), and solid 

dispersion with CUR/Na
2
GA molar ratio of 1 : 1, 1 : 2, 1 : 4 and milling time of 8 and 24 h.
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values >1 to several thousands, depending on 
complexation affinity.

Phase diagrams of solubility

We used the method described in [12] to eval-
uate the stability constants of complexes between 
drug molecules and polymer macromolecules 
or micelles. As a rule, the resulting diagrams 
provide evidence of the formation of a stoi-
chiometric 1 : 1 complex of simvastatin (SIM) 
with disodium glycyrrhizinate (Na

2
GA). Figure 5 

shows phase solubility diagrams of SIM com-
plexes [13].

Table 1 presents the calculated stability con-
stants.

Trans-membrane permeability  
on artificial membranes (PAMPA)

The Parallel Artificial Membrane Permeability 
Assay (PAMPA) enabled fast determination of the 
trends in the ability of compounds to permeate the 
membrane by passive diffusion and thus was suit-
able for screening potential drugs [14–17].

In our case, we try to provide similar experi-
ments to choose appropriate compositions for tests 
in vivo. Simultaneously, we make experiments 
using chemical artificial membranes (hexadecane) 
as well as cells monolayers (Caco-2).

Figure 6 shows the rate of nimesulide perme-
ability from the initial pharmaceutical agent and 
its solid dispersions with different excipients. In 
this case, PAMPA enabled different trends in the 
ability of the compounds to permeate membrane 
by passive diffusion and thus may be suitable for 
screening potential drugs.

In the plots (see Fig. 6), it can be seen that the 
amount of nimesulide from mechanochemically 
treated complexes permeated is higher than from 
the pure substance, as well as from its solid dis-
persion with MgCO

3
, indicating that the co-grind-

ing complexes with hydroxypropyl-β-cyclodextrin 

Drug (solid) ←→ Drug (solution)

Drug (solution) + Lg ←→ (Drug/Lg) complex (solution)

(Drug/Lg) complex (solution) ←→ (Drug/Lg) complex (solid/rest)

C
drug

 (total in solution) = C
complex

 + C
drug (solution)

Lg – complexation agent

Increasing of solubility:

X = 1 + (C
complex

/C
drug (solution)

)

Scheme 1. Scheme of solid-liquid equilibrium during dissolution of mechanochemically obtained compositions.

Fig. 5. Phase solubility diagrams of complexes simvastatin: 
SIM/AG (1 : 10, mass relations), SIM/Na

2
GA (1 : 2, mass rela-

tions) and SIM/Na
2
GA (1 : 4, mass relations) at 37 °C in aqueous 

solution [13] and calculated stability constants.
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(HP-β-CD), arabinogalactan and disodium glycyr-
rhizinate have enhanced the permeation/flux/
mass transport of nimesulide across an artificial 
membrane, compared to that of the pure drug.

Drug molecules encounter two types of resist-
ance when they permeate through artificial mem-
branes, i. e., membrane resistance in the lipophilic 
membrane and diffusion resistance in the un-
stirred water layers adjacent to surfaces of the 
lipophilic membrane. Earlier it was found that 
hydrophilic cyclodextrins could exert an improve-
ment in drug permeation, which was associated 
with the ability of HP-β-CD to transport a drug 
molecule though the unstirred water layers so 
that it was brought in close proximity to the lipo-
philic membrane.

The low permeation of nimesulide from its 
solid dispersion with MgCO

3
 through the artificial 

membrane seems slightly surprising, because it has 
the highest solubility, which is more than 10 times 
higher than from other solid dispersions. The only 
reasonable explanation is that in this case an in-
crease in solubility is reached by ionization and 
salt formation, and more hydrophilic and charged 
membrane forms of NIM molecules cannot be ac-
cepted by hydrophobic membrane [15].

Nuclear magnetic resonance spectroscopy  
in liquid state

Nuclear magnetic resonance (NMR) spectros-
copy is one of the most sensitive physical meth-
ods for the studies of weak non-covalent inter-
molecular interactions. This method can provide 
useful information on many aspects of drug de-

livery, such as monitoring drug encapsulation, 
drug release, and stability of carrier systems. 
Classical NMR spectroscopic methods such as 
NOESY (nuclear Overhauser effect spectroscopy) 
and DOSY (diffusion-ordered spectroscopy) are 
used to analyse drug localization, as well as ex-
change processes and release from the carrier in 
physiological solution [18, 19]. In our studies, we 
used the selective NOESY and NMR relaxation 
methods. The NOESY method makes it possible 
to determine the localisation and distribution of 
drug molecules in lipid membranes, as well as in 
inclusion complexes (micelles, polymer nanoparti-
cles). Intermolecular cross-peaks in the NOESY 
experiment are observed at a distance of less 
than 0.5 nm between the protons [20, 21]. The 
NMR relaxation method is sensitive to the mobil-
ity of molecules in solution and is therefore wide-
ly used to demonstrate the formation of inclusion 
complexes. The essence of the experimental ap-
proach is to significantly reduce the mobility of a 
small molecule when it is incorporated into a mi-
celle or polymer matrix. This leads to a signifi-
cant, tens of times, increase in the T

2
 relaxation 

rate [22–24]. As an example, Fig. 7 shows the re-

TABLE 1

Association constants (K) of complexes SIM  
with AG or Na

2
GA at 37 °C

Composition K, L/mol ΔG, kJ/mol

SIM/AG (1 : 10, 2 h) 1274.0±35 –18.4±0.17

SIM/Na
2
GA (1 : 4, 4 h) 437.8±93 –15.7±0.5

SIM/Na
2
GA (1 : 2, 4 h) 525.5±55 –16.1±0.3

Fig. 6. Permeation profile of NIM (1) and complexes: NIM/
MgCO

3
 (5 : 1) (2), NIM/AG (1 : 10) (3), NIM/Na

2
GA (1 : 1) (4), 

NIM/HP-β-CD (1 : 1, mol) (5), NIM/HP-β-CD (1 : 2, mol) (6).

Fig. 7. Time dependences (in logarithmic scale) of NMR inten-
sity (CPMG experiment) of 1-CH

3
 protons of ibuprofen in phos-

phate buffer in free form and in the complex with AG (1 : 10, 
10 g/L) at T = 25 °C. Adopted from [25].



704	 Q. ZHANG et al.

Fig. 8. X-Ray diffractograms of ceftazidime (1) and ceftazi-
dime/polysorb (1 : 1) after mechanical treatment (2).

TABLE 2

Survival of mice after infection

Investigational antibiotics 
and compositions

Survival in a group of 30 mice on the 7th day after infection, %

S. аureus E. coli P. aeruginosa

Saline solution (control) 0 0 0 

Polysorb (control) 0 0 0 

Cefotaxime 40.0  43.3 –

Cefotaxime/polysorb 86.7 83.3 –

Ceftriaxone 46.7 41.9 –

Ceftriaxone/polysorb 90.0 87.5 –

Ceftazidime – 38.7 43.3 

Ceftazidime/polysorb – 84.8 86.7

sults of measuring the T
2
 relaxation time of ibu-

profen in an aqueous solution and in a mechano-
chemically prepared complex with the polysac-
charide arabinogalactan [25].

Molecular dynamics

Molecular dynamic (MD) simulations are widely 
used in silico to study drug delivery systems. The 
first way of MD application to drug delivery sys-
tems is the study of dissolution and solvation pro-
cesses [26–29]. The second task which can be 
solved by the MD approach is the study of drug 
molecule complexation with delivery systems, 
characterisation of complex structures and dy-
namics including micelles, cyclodextrins and lipo-
somal drug carriers [23, 30–33]. The third way of 
the application of MD simulations is to study the 
interaction of drug delivery system with lipid 
membranes, see for example [34, 35].

APPLICATION OF DIFFERENT SUPRAMOLECULAR CARRIERS

Amorphous silicium dioxide 

Amorphous silicon dioxide (silica, polysorb) is 
a very popular inorganic material widely applica-
ble in medicine, for example in enteric sorbents. 
It consists of particles 1–30 µm in size in water 
suspension, with a maximum at ~10 µm. In the 
dry state, we see that the observed large particles 
appear as aggregated with a size of 30–100 nm. 
The specific surface area is close to 300 m2/g. Our 
idea was to obtain compositions with several 
cephalosporin antibiotics for taking medication 
by infusion. We used cephalosporin antibiotics: 
cefotaxim, ceftazidin, cefuroxime, cefoperazone, 
cefoxitin, cefepim, ceftriaxone and phosphomy-
cin. In all cases we executed dry mechanochemi-
cal treatment of a mixture of a drug with poly-
sorb in different ratios. The solid phases of anti-
biotics have a loose crystal structure. Figure 8 
shows X-ray diffraction patterns of ceftazidime 
and ceftazidime/polysorb (1 : 1) after mechanical 
treatment.

Simultaneously, the absorption of antibiotics 
into the nanostructure of polysorb takes place, as 
well as a sufficient increase of the fraction of 
small-size <10 µm particles. Preparations were 
tested in vivo using laboratory mice infected pre-
liminarily with different bacteria. Table 2 shows 
the survival of mice after infection.

One can see that the application of our prepa-
rations causes approximately 2-fold increase in the 
survival of animals. The possible mechanism is 
blood platelet-assisted transport of antibiotics/poly
sorb particles to the inflammation site in an animal. 
The results were published in patents [36–48], as 
well as in journal articles [49–55].
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Supramolecular micelle structures  
for lipophilic molecules  
of active pharmaceutical ingredient

There are many natural saponins that can be 
used in medicine. From our point of view, glycyr-
rhizic acid its derivatives (salts) are of special in-
terest as auxiliary compounds possessing low tox-
icity and forming supramolecular auto-associates. 
It has been proposed that glycyrrhizic acid mol-
ecules can form dimer structures possessing a hy-
drophobic cavity [56, 57]. Micelle formation was 
assumed in [58]. Nevertheless, the first direct 
detection of glycyrrhizic acid micelles was dem-
onstrated in [59] by the size-exclusion high per-
formance liquid chromatography (SE-HPLC) 
technique. It was shown that molecular weight 
distribution was relatively narrow, with low 
polydispersion degree, expressed as the weight-
average to number-average molecular weight 
(M

w
/M

n
 = 1.08–1.06), but could change depend-

ing on the concentration of glycyrrhizic acid in 
solution within the range of 50–70 kDa, which 
corresponds to about 40–70 molecules of glycyr-
rhizic acid per micelle. Figure 9 shows SE-HPLC 
in water solution for different concentrations of 
glycyrrhizic acid.

It should be stressed that micelles are supra-
molecular structures that can incorporate hydro-
philic molecules by host-guest type interaction. 
During mechanochemical preparation of solid dis-
persed systems, small molecules of pharmaceuti-
cal agents can be distributed in an excessive vol-
ume of adjuvant, losing their crystallinity and 
possibly forming a solid solution of isolated mol-
ecules. This is confirmed in our experiments on 
electron spin resonance (ESR) studying stable ni-
troxides. Figure 10 shows the results of the ESR 
study.

We see the starting solid phase of radicals, when 
there are neighbouring paramagnetic centres. So, 
electron spin-spin exchange interaction diminished 
the fine structures of ESR spectra [60, 61]. After 
mechanical treatment of solid substances, it is pos-
sible to form a homogeneous solid phase in which 
the molecules from different/micro crystal states 
can be distributed homogeneously. 

There is a transformation from the condensed 
solid state of radicals to the spatially isolated 
state. This is actually a solid solution of radicals, 
obtained by solid mechanochemical technology. 
The radicals are only modelling systems. We 
propose that similar transformations be ac-
crued with other active pharmaceutical ingredi-

ents (API) of organic nature and the low lattice 
energy.

It is important that during dissolution in wa-
ter, auxiliary substances (saponins) simultane-
ously formed micelles with the incorporated mol-
ecules of pharmaceutical substances. So, this ex-
cludes consequent stages of dissolution of slowly 
soluble API and its transport/mixing and inclu-
sion to earlier solvated saponin micelles.

We propose this process as a much more ef-
fective one than the liquid phase technology of 
components mixing [62].

Composition with polysaccharides 

During the mechanochemical production of the 
solid dispersions of pharmaceutical substances, 
the processes similar in their nature to those de-
scribed in the previous section occur. These pro-
cesses include the loss of crystallinity, deprecia-
tion or formation of solid solutions, the formation 
of particle aggregates (see Fig. 1). However, the 
water-soluble polysaccharides studied by us have 
a branched structure and, in our opinion, are ca-
pable of forming intermolecular complexes in 
cavities formed by lateral branches. Figure 11 shows 
the proposed structure of arabinogalactan (AG) 
macromolecules isolated from Larix sibirica wood.

Another feature of such branched macro-
molecules is the molecular mobility of the side 
chains, probably due to rotation around the C–O–C 
bonds connecting individual monosaccharides into 
a macromolecular structure. This phenomenon 
manifests itself when measuring the transverse T

2
 

Fig. 9. SE-HPLC in water solution of GA in different concen-
trations, wt%: 0.001 (1), 0.01 (2), 0.1 (3), 0.5 (4).
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Fig. 10. Structure of nitroxyl radicals TEMPO (a), Ph-N
2
O (b), electron spin resonance spectra of TEMPO (c), TEMPO mechani-

cally treated with arabinogalactane (AG) and glycyrrhizic acid (GA) (d), Ph-N
2
O mechanically treated with AG and GA (e).

relaxation times of protons in aqueous solutions, 
as well as in the solid state, when a relatively 
narrow spectrum component is observed even in 
the dried state. Figures 12 and 13 show the re-
sults of 1H NMR study of arabinogalactan. 

The nonlinear form of the dependence of the 
logarithm of intensity (ln I) on time indicates the 
presence of arabinogalactan fragments that differ 
significantly from each other in mobility (rotation 
correlation time), and, consequently, in spin-spin 
relaxation times. The decay kinetics of the NMR 
signal in a relaxation experiment is not described 
by one or two exponentials (see the inset in 
Fig. 12). Therefore, the analysis was carried out 
with a 3-exponential approximation. The solid curve 
in Fig. 12 is the result of fitting using a 3-expo-
nential function: I = A

1
exp(–t/T

1
) + A

2
exp(–t/T

2
) + 

+ A
3
exp(–t/T

3
). The measured spin-spin relaxa-

tion times of protons in arabinogalactan are pre-
sented in Table 3.

It can be seen that various AG fragments are 
very heterogeneous in their mobility; both very 
mobile fragments with relaxation times of 200–
300 ms and fragments with restricted mobility 

with relaxation times of 2–3 ms are present in 
approximately equal quantities.

The NMR spectrum of arabinogalactan pow-
der has a typical appearance characteristic of the 
solid samples of polysaccharides and consists of a 
broad line related to the less mobile skeleton of 
the arabinogalactan molecule and water mole-
cules tightly bound to it, as well as a narrow peak 
related to the mobile side chains of the polymer 
and weakly bound water molecules. An increase 
in temperature leads to narrowing of the broad 
line, which indicates an increase in the mobility 
of the carbon skeleton of AG macromolecule, 
as well as a narrowing and increase in the inten-
sity of the narrow line, which may be a conse-
quence of the transition of strongly bound water 
to a weakly bound state, as well as an increase in 
the proportion of mobile side groups with in-
creasing temperature. At the same time, with a 
further increase in temperature in the range of 
100–120 °C, a reverse broadening process occurs, 
associated with the evaporation of water. The loss 
of water leads to a significant decrease in the 
mobility of the side chains of arabinogalactan mac-
romolecule.
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The data obtained indicate the possibility of 
introducing pharmaceutical molecules into the 
cavities between the side chains even in the solid 
state under the conditions of severe mechanical 
deformation. Thus, it can be assumed that the 

intermolecular complexes of drugs with arabi-
nogalactan macromolecules are formed during 
the direct mechanochemical treatment of their 
mixtures. An increase in water solubility of phar-
maceutical substances from such complexes oc-

Fig. 11. Proposal structure of arabinogalactane (AG) macromolecules, isolated from wood Larix sibirica.

Fig. 12. Experimental measurement of spin-spin T
2
 relaxation 

times of a 1 % aqueous solution of arabinogalactan (manufac-
tured in Irkutsk) by 1H NMR using a CPMG pulse sequence. 
In the insert – on a logarithmic scale. I – intensity.

Fig. 13. 1H NMR spectra of arabinogalactan in the solid phase 
at various temperatures.
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TABLE 3

Spin-spin relaxation times (T
i
) and relative intensities  

of contributions (A
i
) of AG protons in a 1 % aqueous solution

A
1
, % T

1
, ms A

2
, % T

2
, ms A

3
, % T

3
, ms

37±2 2.7±0.2 46±1.5 25±2 17±1.5 217±20

curs according to Scheme 1. At the same time, 
various water-soluble polysaccharides are capa-
ble of forming complexes with different stability, 
which is reflected in the degree of an increase in 
drug solubility. In our experience, the most con-
venient polysaccharide is arabinogalactan isolated 
from Larix Sibirica wood. It is readily available 
and relatively cheap. Due to its relatively low 
molecular weight (14–16 kDa), it is little suscep-
tible to mechanical destruction and does not form 
oligomers – undesirable impurities.

Molecular dynamic modelling

Molecular dynamic (MD) calculations are wide-
ly used in silico to study intermolecular struc-
tures. The simplest way of the application of MD 
to drug delivery systems is to study the processes 
of dissolution and solvation. Thus, the MD ap-
proach was applied to study the dissolution of 
drug molecules in complexes with solid disper-
sions [26–29]. The simulated annealing method 
was used to prepare the solid dispersions in simu-
lations. The computational results revealed mole-
cule-related differences in dissolution behaviour 
in different solid dispersions [26, 27].

Another task which can be solved by the MD 
approach is the study of complex formation of 
drug molecule with delivery system and charac-
terisation of complex structure and dynamics. 
Thus, it was shown that glycyrrhizic acid (GA) 
could form complexes with nifedipine molecules 
in water. Complexes could be formed in different 
protonation states of GA (fully protonated neu-
tral GA molecule, GA–, GA2–

,
 GA3–) [23]. This 

approach was also used to study inclusion com-
plexes of cyclodextrins with different drug mol-
ecules [30, 31]. The MD simulations provided a 
better understanding of molecular interaction be-
tween molecules in complexes. For example, for the 
lutein molecule it was found that it exists in host-
guest complexes with β-cyclodextrin, γ-cyclodextrin, 
hydroxypropyl-β-cyclodextrin, but for α-cyclo
dextrin the complex stability is very low [31].

The MD simulations are also used to model the 
structure and dynamics of liposomal drug car-
riers [32, 33]. 

Another way of application of MD simulations 
is the study of interaction of a drug delivery sys-
tem with the lipid membrane. Thus, the interac-
tion of GA with lipid membrane was studied by 
means of molecular dynamics simulation in com-
bination with different experimental techniques. 
It was demonstrated that GA molecule can pen-
etrate into the lipid membrane and form self-as-
sociates within it [34, 35]. It was found that the 
ability of GA to penetrate through lipid bilayer 
depends on GA protonation state. In the fully 
protonated neutral state, it is able to penetrate 
into lipid bilayer, but in the charged states it is 
located on the bilayer surface [63]. It was re-
vealed that GA-nifedipine complexes are able to 
penetrate through lipid bilayer without prelimi-
nary dissociation. Free energy calculation demon-
strated that the permeability of lipid bilayer for 
drug molecules increases in the presence of GA 
[64, 65]. The obtained computational results are 
in good agreement with experimental data.

DRUGS BASED ON MIXED NANO-SCALE SYSTEMS

Currently, in the field of DDS, there is a ten-
dency to use mixed delivery systems, so-called in-
telligent nano-delivery systems of bioactive com-
pounds, which allow achieving maximum (optimal) 
effect in terms of increasing solubility, stability at 
different pH levels, controlled release, passage 
through cellular barriers and reaching a specific 
target [66, 67]. Below are a few examples of the 
application of such mixing DDS performed by 
our research groups.

Bearing in mind the long-term development of 
the mechanochemical synthesis of supramolecu-
lar systems – carriers of pharmaceutical sub-
stances, it is of practical and theoretical interest 
to create and study multicomponent supramo-
lecular systems, which may have expanded the 
possibilities of the approach under study, due to 
a further increase in the basic biopharmaceuti-
cal parameters of the drugs obtained, as well as 
a decrease in the cost characteristics of auxiliary 
devices. It seems that the latter path is particu-
larly relevant when creating feed additives for 
farm animals, and the interest has shown an ex-
tremely wide range of possibilities for increasing 
the solubility and bioavailability of veterinary 
drugs and feed additives. In addition, the same 
applies to the creation of chemical plant protec-
tion products, where the cost of drug components 
is an important factor. Anyway, the procedure 
that has been proved to be effective in improving 
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the solubility and stability of unstable drugs, es-
pecially suitable for volatile and oily drugs, is liq-
uification at room temperature. Through mecha-
nochemical techniques, such kinds of pharmaceu-
tical substances could be prepared directly in 
mixed nano-delivery systems under low temper-
ature. For example, Zheng et al. developed an ino-
sitol hexanicotinate (IHN) self-micelle solid dis-
persion (IHN/GA/ArG SDs) [68] with glycyrrhizic 
acid (GA) and arabic gum (ArG) prepared by 
mechanical ball milling process. Pharmacokinetic 
study of this formulation in rats showed a signifi-
cant 3.3-fold increase in bioavailability compared 
to pure IHN. Moreover, biomarkers in serum and 
liver of non-alcoholic fatty liver disease (NAFLD) 
mice were significantly ameliorated after oral ad-
ministration of IHN/GA/ArG SDs for 15 days. Al-
together, these results showed that IHN/GA/ArG 
SDs was an efficacious formulation for the treat-
ment of hyperlipidemia and NAFLD. Aimed to 
overcome the problems [69] in the application of 
nature carotenoids astaxanthin (AST), Su et al. [70] 
developed a mechanochemical method to prepare a 
micellar self-assembled inclusion complex (AST-IC). 
The based on related analysis AST, hydroxypropyl-
β-cyclodextrin and glyceryl monostearate in AST-
IC fully formed self-assembled micellar systems 
and maintained good stability in aqueous solution. 
Related experiments showed that AST-IC in-
creased the free radical scavenging activity of 
AST and increased the bioavailability of AST to 
4-folds, while AST-IC could also target the liver 
to exert its antioxidant effects. Xu et al. [71] use 
mechanochemical method to prepare celery seed 
oil/methyl-β-cyclodextrin nano capsule (CsNIs) 
as a mix nano delivery system. Results showed 
that CsNIs had high encapsulation efficiency 
(98.39 %), and had more stable antioxidant activ-
ity under sunlight exposure. The water solubility 
was improved by 30-fold. Celery seed oil/methyl-
β-cyclodextrin nano capsule will self-assemble 
into nano-spheres in aqueous solution and be 
slowly released to 77.2 % in 48 h. Pharmacoki-
netic study also showed that after treating with 
CsNIs, the uric acid levels and the degree of re-
nal injury were significantly lower in hyperurice-
mia (HUA) mice. Figure 14 shows drugs based on 
mixed nano-scale systems.

Mechanochemically prepared mixed nano-de-
livery systems have also been shown to improve 
the solubility and bioavailability of insoluble drugs 
and even realize the effect of targeted delivery, 
thereby reducing drug toxicity, e. g., Lu et al. [72] 
exploited an aqueous-soluble formulation 4,4′-di-

nitrocarbanilide/glycyrrhizic acid/polyvinylpyrroli
done K30 solid dispersion (DNC/GA/PVP K30 SD) 
possessing anticoccidial activity due to DNC (the 
active component of nicarbazin), prepared mech-
anochemically. An increase in the oral bioavaila-
bility (4.64-fold), tissue distribution, and anticoc-
cidial activity of this solid dispersion was compared 
with the characteristics of the free drug. The dis-
persion will provide a good opportunity for treat-
ing coccidiosis. Wei et al. developed a protamine-
hyaluronic acid coated core-shell decoquinate (DQ) 
nanoparticles (DQ-SD) [73] by using mechano-
chemical technology. Results showed that DQ-SD 
is easily generated via self-assembly in the aque-
ous phase to form nano-micelles consisting of diso-
dium glycyrrhizinate nanoparticles with a prota-
mine and anionic hyaluronic acid (HA) layers. 
The bioavailability of DQ-SD was approximately 
6.3 times higher than that of pure DQ, and DQ-SD 
provided a significantly higher concentration in 
the blood and preferential liver tissue accumula-
tion than that of pure DQ.

For the treatment of ulcerative colitis, Xu et 
al. [74] developed a non-covalent polymer hydro-
gel of chitosan (CS) and sodium alginate (SA), 
and loaded 5-amino salicylic acid (5-ASA) syn-
chronously by using the mechanochemical meth-
od, from the thermodynamics study, particle size 
analysis, and electron microscopy show that CS 
and SA form a pH-sensitive hydrogel under the 
mechanochemical force and also maintain good 
stability in aqueous solution. Fluorescent tracers 
study showed that the pH-sensitive hydrogel 
could achieve the targeted drug release in the 
colon and the retention time was over 12 h. Next, 
in vivo efficacy studies, change in mice body 
weight, DAI (disease activity index) score, thy-
mus, and spleen index, and the diseased state of 
the mice colon revealed that the pH-sensitive hy-
drogel is an improved drug delivery system over 
5-ASA API commercial preparations as observed 
in the efficacy and toxicological studies. Xu et al. [75] 
prepared ibuprofen–Polygonatum sibiricum poly-
saccharide (IBU-PSP) drug delivery system via 
mechanochemical method. Due to drug delivery 
and renal protection effect of Polygonatum sibiri-
cum polysaccharide (PSP), the solubility of IBU-
PSP was increased by a factor of 8.22, and the 
bioavailability was 2.52 times higher compared 
with IBU, carrageenin-induced rat paw edema 
test also increased. Meanwhile, short-term and 
long-term renal injuries induced by IBU de-
creased notably. In conclusion, IBU-PSP was a 
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multifunctional drug delivery system with superi-
or anti-inflammatory and renal protection effects.

Curcumin (CUR) loaded micelles self-assem-
bled from Na

2
GA were coated with pectin and 

tannic acid to construct a core-shell solid disper-
sion (SD-CUR). The assembly mechanism of the 
core-shell nanoparticle was clarified by molecular 
dynamics simulation. Improved solubility and in 
vitro release characteristics of SD-CUR were 
achieved. The PAMPA test confirmed that the 
permeability of curcumin in SD-CUR was signifi-
cantly improved compared with pure curcumin. 
Pharmacokinetic studies showed that the bioa-
vailability increased by a factor of 10 [76]. Fig-
ure 15 shows the configuration diagram of CUR 
loaded micelle system, the number of hydrogen 
bonds between each component, density distribu-
tion and hydrogen bond microstructure.

Ternary solid dispersion of olmesartan me-
doxomil (OM) was prepared with HP-b-CD and 
N-methyl-D-glucamine by mechanochemistry. It 
showed enhanced solubility and dissolution rate 
in vitro. Pharmacokinetic study demonstrated an 
improved oral bioavailability in vivo [77]. Fur-
thermore, to improve the release property of OM, 
a ternary solid dispersion consisting of HP-b-CD 

and hydroxypropyl methylcellulose (HPMC-E5) 
was prepared by mechanochemical method. The 
solubility of the solid dispersion could be increased 
by a factor of 12 as compared with pure OM, and 
had sustained release performance, affording sig-
nificantly improved bioavailability of ~ 3-fold in 
comparison with pure drug [78].

Disodium glycyrrhizinate (Na
2
GA), tannic acid 

(TA) and camptothecin (CPT) were used to pre-
pare the camptothecin solid dispersion (CPT SD). 
When dissolved in a solution medium, Na

2
GA 

self-assembled to form micelles and CPT was en-
capsulated in micelles, meanwhile, TA connected 
with Na

2
GA through hydrogen bonds to form a 

contract shell. The average diameter of the CPT-
loaded micelles is 80 nm with the zeta potential of 
–33 mV, and the polydispersity index is 0.25. In 
vitro experiments confirmed that the drug-load-
ed micelles exhibited excellent stability and per-
meability in the intestinal environment [79]. An 
amphiphilic conjugate of carboxymethyl xylan 
and nonanoic acid (CX-NA) was synthesised with 
the molecular weight of 38.35 kDa and hydro-
philic-lipophilic balance (HLB) value of 13.5. This 
conjugate could efficiently encapsulate the model 
drug of 10-hydroxycamptothecin (HCPT), with 

Fig. 14. Drugs based on mixed nano-scale systems.
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Fig. 15. Configuration diagram of CUR (a) loaded micelle system; the number of hydrogen bonds between each compo-
nent (b); density distribution (c); hydrogen bond microstructure (d). 
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TABLE 4

Main results of studies of supramolecular systems

Medicinal/biologically active 
substances

The main advantages compared  
to the drugs available on the market

Release form References

Pesticide preparations for  
the protection of cereals based 
on tebuconazole

Reducing the loading  
of the synthetic fungicide 
tebuconazole up to 5.5 times, 
increasing the yield up to 13–20 %

Pesticide preparation  
for the protection of cereals  
in the form of suspended powder

[81, 82, 85–87]

Tranquilizers diazepines – 
sibazone, measepam, azaleptin

Reducing the effective doses  
of drugs by 2–4 times while 
maintaining the basic activity

Medicinal product (capsules, granules 
packed in the form of “sachets”)

[59, 88]

Nonsteroidal anti–inflammatory 
drugs - acetylsalicylic acid, 
indomethacin, analgin, 
phenylbutadione, naproxen, 
ibuprofen

Reducing the effective doses  
of drugs by 2–4 times while 
maintaining the basic activity

Medicinal product (capsules, granules 
packed in the form of “sachets”)

[25, 59, 89–92] 

Anti-hypertensive and 
antiarrhythmic – nifedipine, 
warfarin, amiodarone

Reduction of active doses  
by 10–100 times

Medicinal product (capsules, granules 
packed in the form of “sachets”)

[93–98]

Polyphenolic and other natural 
substances of plant origin – 
quercetin, dihydroquercetin, 
jenipine, puerarin, curcumin, 
rutin, carotenoids

An increase in antioxidant  
and capillary-protective anti-
inflammatory action by 3–10 times, 
antitumor activity

Nutrient product (capsules, granules 
packed in the form of “sachets”)

[99–108]

Anthelmintics – albendazole, 
fenbendazole, niclosamide, 
praziquantel

Reduction of active doses of active 
anthelmintic substances  
up to 10 times compared  
to the available drugs

Medicinal and veterinary remedies 
against the most common human  
and animal helminthiasis, including 
opisthorchiasis (capsules, granules 
packed in the form of “sachets”)

[8, 109–118]

Statins – simvastatin, 
atorvastatin

Increase of lipid-lowering activity 
and bioavailability up to 3–5 times

Medicinal product (capsules, granules 
packed in the form of “sachets”)

[13, 119, 120]

an average diameter of 110 nm, zeta potential of 
–42.88 mV, and drug encapsulation efficiency of 
79.8 %. Intestinal in situ absorption study further 
confirmed CX-NA could enhance HPCT to trans-
port across intestinal epithelial cells in colonic tis-
sues. Furthermore, this formulation had improved 
bioavailability by a factor of 3.4 in vivo as com-
pared with free HCPT [80].

Finally, we can describe a good example of 
complex preparation for plant (grain) protection 
based on the mechanochemically prepared com-
posite of tebucunazole fungicide, polysaccharide 
and dry extract of licorice roots. Its application al-
lows a 5–6-fold decrease in the necessary amount 
of tebuconazole and an increase in grain yield in 
field [81, 82].

POSSIBLE MECHANISMS OF AN INCREASE  
IN THE BIOLOGICAL ACTION OF THE OBTAINED  
SUPRAMOLECULAR DRUG DELIVERY SYSTEMS

The improvement of the bioavailability of drugs 
from complexes with arabinogalactan is primarily 
facilitated by an increase in their solubility in wa-
ter and the adhesion of arabinogalactan molecules 

to enterocytes. At the same time, it has been 
shown that macromolecules of arabinogalactan 
do not penetrate through enterocytes and cannot 
serve as a means of delivery directly in the blood-
stream [62]. The ability of AG to adhere to en-
terocytes was established in vitro on the Caco-2 
cell line [83], which is a standard model for evalu-
ating the permeability of a medicinal substance 
through the gastrointestinal wall in vivo. In these 
experiments, a 2.5 % arabinogalactan solution in-
creased the level of transepithelial electrical re-
sistance by 20 %, reflecting the adhesion of arabi-
nogalactan molecules. This polysaccharide concen-
tration is similar to the applied dose of the complex 
when administered orally to animals. The guest 
molecules in the structure of complexes with AG 
are usually lipophilic substances and, due to the 
fact that AG creates a high concentration of guest 
molecules directly on the surface of the intestinal 
epithelium, their passive diffusion through the 
lipid bilayer of enterocytes increases. By a similar 
mechanism, the bioavailability of drug molecules 
from complexes with cyclodextrins increases.

Also, a more than twofold increase in the ab-
sorption of atorvastatin molecules through the 
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cell monolayer was found on the Caco-2 cell line, 
which may be due to inhibition of P-glycoprotein, 
since atorvastatin is its substrate [84]. This fact 
indicates an additional mechanism for increasing 
bioavailability for molecules from complexes with 
AG, which are a substrate for P-glycoprotein.

Glycyrrhizic acid can also increase the water 
solubility of lipophilic molecules and increasing 
their permeability through the lipid bilayer of 
enterocytes [4, 64, 84]. However, unlike arabi-
nogalactan, glycyrrhizic acid can integrate into 
the cell membrane and change its properties, for 
example, to halve the energy barrier of the lipid 
bilayer, which, as shown by the example of the 
complex with nifedipine, significantly increases 
the permeability of the guest molecule during in 
vitro experiments on an artificial membrane [64].

Table 4 shows the main results of the studies 
of supramolecular systems.

PROSPECTS FOR FURTHER DEVELOPMENT

In recent years, the list of drugs for which the 
formation of supramolecular complexes with de-
livery means has been proven has significantly 
expanded, and significant progress has been made 
in understanding the molecular mechanisms of 
enhancing the biological activity of drugs in such 
complexes. Thus, the works of the school of Acad-
emician G. A. Tolstikov on the design and phar-
macological research of systems of “carriers” of 
medicinal compounds based on plant metabolites, 
combined with the development of a unique 
mechanochemical technology for obtaining their 
supramolecular complexes with API, open up the 
prospects for creating a wide range of domestic 
inexpensive medicines for various purposes based 
on innovative Drug Delivery technologies. Devel-
oped by Russian and Chinese scientists, the ap-
proach to increasing the effectiveness and safety 
of medicinal compounds is promising for the crea-
tion of anthelmintic drugs of increased efficacy for 
the treatment of animals and humans [110–112], 
as well as innovative plant protection products [81, 
82, 85–87, 121, 122]. The latter direction is just 
beginning to develop in the world of agricultural 
chemistry, preparations using nanoscale delivery 
means have been called nanopesticides [123, 124]. 
Studies conducted at the Institute of Solid State 
Chemistry and Mechanochemistry and the In-
stitute of Cytology and Genetics of the Siberian 
Branch of the Russian Academy of Sciences to-
gether with the Siberian Federal Research Centre 
of Agro-BioTechnology of the Russian Academy 

of Sciences and other institutes of the Russian 
Academy of Sciences have shown the prospects of 
this direction in the Russian Federation [48, 59–62]. 
In particular, using various physicochemical re-
search methods, an increase in the permeability of 
pesticides in complexes with GA and AG through 
the shells of corn, barley, rapeseed, wheat grains 
during pre-sowing seed treatment was demon-
strated [48, 59, 60]. At the same time, a significant 
reduction in plant damage by diseases and pests 
was achieved. A positive effect of the use of nan-
opesticides was also obtained during vegetative 
treatment of plants [63, 64].
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ABBREVIATIONS

5-ASA – 5-amino salicylic acid
AG – arabinogalactan
API – active pharmaceutical ingredient
ArG – arabic gum
AST – astaxanthin
BAS – biologically active substance
CPT – camptothecin
CS – chitosan
CsNIs – celery seed oil/methyl-β-cyclodextrin 

nanocapsule
CUR – curcumin 
CX-NA – carboxymethyl xylan–nonanoic acid
DAI – disease activity index
DDS – Drug Delivery Systems
DNC – 4,4′-dinitrocarbanilide
DOSY – diffusion-ordered spectroscopy
DQ – decoquinate
DSC – differential scanning calorimetry
ESR – electron spin resonance
FDA – Food and Drug Administration

GA – glycyrrhizic acid
HA – hyaluronic acid
HCPT – 10-hydroxycamptothecin
HLB – hydrophilic-lipophilic balance
HPLC – high-performance liquid chromatog-

raphy
HPMC-E5 – hydroxypropyl methylcellulose
HP-β-CD – hydroxypropyl-β-cyclodextrin
HUA – hyperuricemia
IBU – ibuprofen
IC – inclusion complex
IHN – hexanicotinate
Lg – complexation agent
MD – molecular dynamics
Na

2
GA – disodium glycyrrhizinate

NAFLD – non-alcoholic fatty liver disease
NIM – nimesulide
NMR – nuclear magnetic resonance
NOESY – nuclear Overhauser effect spectros-

copy
OM – olmesartan medoxomil
PAMPA – the parallel artificial membrane per-

meability assay
PEG – polyethylene glycol
PM – physical mixture
PRM – protamine
PSD – pharmaceutical solid dispersion
PSP – Polygonatum sibiricum polysaccharide
PVP – polyvinylpyrrolidone
PZQ – praziquantel
SA – sodium alginate
SD – solid dispersion
SE-HPLC – size-exclusion high-performance 

liquid chromatography
SEM – scanning electron microphotography
SIM – simvastatin
TA – tannic acid


