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ABSTRACT

The phenomenon of biocrystallization has been recorded by researchers for over a century. At
the same time, despite the presence of numerous empirical data in this area, there is no unified
theoretical basis for the direction under consideration. On this basis, the purpose of the review
is to systematize the concepts of biocrystallomics as a new synthetic biomedical science that con-
siders in detail and integratively the processes of bio-associated crystallization occurring both
in vitro and in vivo. In this paper historical basis and current status of Russian investigations,
which associated with human and animal’s biological fluids free and initiated crystallogenesis,
are shown. Main stages of building, fundamental rules and problem aspects of biocrystallogra-
phy as a transformation it to biocrystallomics causes are demonstrated. The definition of this
science is presented, its main tasks are characterized. The main directions of biocrystallomics
are described, which include experimental biocrystallomics, crystallodiagnostics, crystallopa-
thology, crystallotropic therapy (crystallotherapy), pharmacobiocrystallomics and crystal in-
dication. The existing methods of studying biocrystallogenesis are considered in detail, which
are grouped into 3 categories: crystalloscopic, tezigraphic and experimental crystalloscopic.
Special attention is paid to the factors that determine the features of the crystallization of bio-
logical fluids, among which physical, chemical, biological and mixed are distinguished. The 5
main functions of biocrystallogenesis in biological systems are revealed: protective, nutritive-
metabolic, pathogenetic, informational and synthetic-biogenic. The holistic theory of biocrystal-
lomics and its main provisions are presented. So, biocrystallomics as a new integrative science
about biocrystals is characterized, and its general ways are given.
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INTRODUCTION

It is known that many living organisms have the A4 et al., 1999; Golovanova O, 2006], whereas en-
ability to form crystalline or pseudocrystalline dolithogenesis prevails in higher living organisms
bodies inside themselves and/or in the external en- [Rikhvanov L et al., 2004; Minsky A et al., 2002;
vironment. Thus, for representatives of the micro- Artishevskaya N, Pavilovich O, 2000]. In addition,
cosm, the latter option is predominant [Volchetsky  the interest of many researchers, primarily miner-
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alogists, is attracted by the alleged “intermediate”
role of crystals as intermediates of living and in-
animate nature. This thesis is confirmed by the
long-term research of the Academician RAS N. P.
Yushkin, devoted to the hypothesis of the origin of
life on primary organo-mineral aggregates [Yush-
kin N, 2007], as well as numerous facts of the gen-
esis of crystalline bodies by living beings [Bakulin
M et al., 2006; Gerasimenko L et al., 1996; Gol-
ubev S, 1981]. The most striking examples are the
formation of an egg shell by a chicken, the pres-
ence and nature of precipitation as a result of the
vital activity of ice-forming bacteria, the forma-
tion of a pearl by a mollusk, etc. At the same time,
attention is drawn to the fact that this information
is extremely fragmented, being the property of
various disciplines, and there are practically no at-
tempts to apply a systematic approach to the analy-
sis of general patterns of bio-associated crystal
formation. The prerequisites for generalizing ideas
about certain aspects of the problem are the theory
of “functional morphology of biological fluids”
proposed by acad. RAMS. V.N. Shabalin and Prof.
S.N. Shatokhina (2001) [Shabalin V, Shatokhina S,
2001], as well as the theory of self-organization of
the protein “Protos”, developed for about 40 years
by Prof. E.G. Rapis (2003) [Rapis E, 2003].

On the other hand, it should be noted that each
of the above theories, despite the observed trend
towards globalization (primarily with regard to the
functional morphology of biological fluids), con-
cerns only some particular patterns of the forma-
tion of biogenic crystals. So, the concept of V.N.
Shabalin and S.N. Shatokhina, based on the diag-
nostic value of individual marker structures formed
as a result of dehydration of biological media and,
according to the authors, are highly specific indi-
cators of specific pathological conditions [Shaba-
lin V, Shatokhina S, 2002], can be applied exclu-
sively to the study of its own (without the partici-
pation of any chemical modulators) structure for-
mation of the biosubstrate.

The essence of the theory of E.G. Rapis is the
prerogative of protein as an organizing principle
in the processes of structure formation of drying
droplets [Rapis E, 2005]. This hypothesis is sub-
stantiated by the author and collaborators from
experimental and theoretical positions using
methods of mathematics, physics, and physical

chemistry [Shabalin V, Shatokhina S, 2002], how-
ever, the information obtained by the developers
cannot be directly extrapolated to biological ob-
jects, since the conducted surveys were mostly
carried out only on protein-water model systems
[Yakhno T et al., 2004].

An extremely important and fundamental as-
pect overlooked by the creators of the above theo-
ries is “spontaneous” crystallogenesis in real con-
ditions (in vivo), the presence of which is con-
firmed by numerous observations described in suf-
ficient detail in the literature of various profiles
(physico-chemical [Rapis E, 2003, Gilinskaya L et
al., 2003], biological [Volchetsky A et al., 1999;
Golovanova O, 2006; Rikhvanov L et al., 2004;
Minsky A et al., 2002] and medical [Volchetsky A et
al., 1999; Artishevskaya N, Paviovich O,,2000;
Shabalin V, Shatokhina S,,2001,; Shabalin V, Sha-
tokhina S, 2002; Gilinskaya L et al., 2003; Martu-
sevich A et al., 2010]).

In addition, the moment of the functional role
of biogenic crystals formed by beings of different
levels of organization in different periods of the
life cycle is unaccounted for. There are practically
no works devoted to the disclosure of the laws of
coexistence of living organisms and crystalline
bodies [Golubev S, 1987]. Even the presentation of
this incomplete list of questions suggests the need
to create a new direction that directly studies bio-
associated crystals. Considering that the problems
under consideration are interdisciplinary in nature,
because at the same time, the interests of physi-
cians, biologists, chemists, physicists, mathemati-
cians, etc. are affected, then this direction should
be synthetic.

To denote this integrative science, we propose
the term “biocrystallomics”, indicating the imme-
diate object of research and emphasizing the bio-
logical bias of the discipline [Martusevich A,
2008]. From our point of view, the direction being
formed can become a qualitatively new stage in the
development of ideas about biogenic crystals, logi-
cally continuing the previously proposed theories
interpreting the phenomenon of biocrystallization.

Biocrystallomics is the science of the structure,
properties, mechanisms and conditions of forma-
tion and degradation, as well as the functional sig-
nificance of bio-associated crystalline and pseudo-
crystalline bodies.
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The main goal of biocrystallomics as a new syn-
thetic science should be a comprehensive, multilat-
eral decoding of the nature and essence of the phe-
nomenon of crystallization associated with the vital
activity of organisms. The range of primary tasks of
the discipline may include: study of the structure
and properties of biogenic crystals themselves.

1. clarification of the mechanisms and conditions
that ensure the formation of biocrystals.

2. disclosure of the functional significance of the
phenomenon under consideration.

3. investigation of the information capacity of bio-
genic formations of crystalline and pseudocrys-
talline structure.

4. evaluation of the possibilities of using the infor-
mation contained in bicrystals.

5. consideration of the prospects and features of bio-
crystallogenesis management both in the external
environment (in vitro) and inside the body (in vivo).

6. disclosure of the general biological role of bio-
genic crystals.

The listed set of tasks requires careful selection
and classification of methodological approaches
used in biocrystallomics. Since this discipline is
synthetic in nature, it is advisable to divide the en-
tire range of methodological techniques into spe-
cific and non-specific ones.

Currently, more than 20 different specialized
methods of biocrystallomics have been proposed,
shown in Figure 1. It is important to note that in
principle they can be divided into three groups ac-
cording to the estimated properties of the dehydra-
tion structuring of biological substrates.

The first group, from our point of view, should
include methods based on the study of the crystal-
logenic properties of biological objects directly
(crystalloscopic methods). The currently proposed
approaches assigned to this group differ mainly in
the peculiarities of the mode of obtaining struc-
tures during drying of a biological substrate on a
solid substrate (using a closed cell [Antropova I,
Gabinsky Ya,, 1997], vacuuming the sample [Sav-
ina L, 1999], exposure to different temperatures
[Martusevich A, Zimin Yu,, 2008], the use of a wide
range of substrates [Barer G et al., 1998] and their
modification with different coatings [Shatokhina
S, Shabalin V, 1999] etc.).

The second group combines methods of bio-
crystalloscopic research (topographic methods),

which allow analyzing the initiating properties of
biosubstrates. The general principle embedded in
this group of approaches is the dehydration of the
studied liquid biological object and modulator, a
priori having high crystallogenic activity (basic
substance) [Kidalov V et al., 2004; Martusevich A,
Kamakin N, 2007]. 0.9% aqueous solution of so-
dium chloride can act as the simplest and most af-
fordable basic substance. It is interesting to em-
phasize that a simple or composite dye (chromo-
crystalloscopy method) can act as a basic sub-
stance, which, acting as an initiator of structure
formation, is capable of selectively staining com-
ponents of a dehydrating biomaterial [Martusevich
Aetal, 2010].

As the most general parameter characterizing
the initiating properties of a biological substrate or
organism in relation to the whole set of potential
basic substances, we propose the term “initiatory
potential” [Martusevich A, 2008]. Its implementa-
tion for a specific basic substance (or their system)
is an “initiator profile”. The introduction of these
concepts seems significant to us due to the fact
that, as shown by some authors [Kidalov V et al.,
2004] and in our works [Martusevich A, 2008,
Martusevich A, Zimin Yu, 2008; Martusevich A,
2008] the initiativeness of biological objects varies
significantly depending on the basic compound
used. This is due to the fact that the introduction of
various substances into the biological medium dif-
ferentially changes its microenvironment, chang-
ing the conditions for the course of dehydration
structuring [Martusevich A, Zimin Yu, 2008].
Therefore, the completeness of the extraction of
the information capacity of the biomaterial is de-
termined by the correctness of the selection of the
complex of basic substances (the initiated series)
[Martusevich A, Zimin Yu, 2008; Martusevich A,
Kamakin N, 2007; Martusevich A et al., 2008].

Finally, the last group includes a small number
of methods that allow manipulations of varying
complexity to be carried out with a drying biosys-
tem. Thus, the methods of substrate congruence
[Korotko G.G., 2000] and model composites [Sav-
ina L.V. et al., 2003] have in their essence isolated
crystallization of individual components of bio-
logical media (proteins, lipids, carbohydrates, in-
organic and organic salts) in individual form and in
various combinations [Savina L et al., 2003].
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FIGURE 1. Structure of biocrystallomics methods

The approaches of experimental biocrystallo-
mics, initially being exclusively research, are de-
signed to solve one of the most fundamental tasks
of the discipline — the development of ways to
create controllability of biocrystallogenesis [Mar-
tusevich A, 2008; Martusevich A, Zimin Yu, 2008].
In our opinion, such modeling and study of the
influence of a wide range of modulators (physi-
cal, chemical, biological and mixed) of this pro-
cess will allow us to form experimental and theo-
retical foundations for the directed qualitative
and quantitative modification of bio-associated
crystallization (Fig. 2).

Regarding the next component of the newly
formed science, the object of research, it is neces-
sary to emphasize that at present the main atten-
tion of specialists is drawn to biological fluids
[Volchetsky A et al., 1999; Shabalin V, Shatokhina
S, 2001; Shabalin V, Shatokhina S, 2003; Martu-
sevich A, 2008; Antropova I, Gabinsky Ya, 1997;
Savina L,1999; Martusevich A, Zimin Yu,,2008;
Barer G et al., 1998; Shatokhina S, Shabalin V,

1999, Kidalov V et al., 2004; Martusevich A, Ka-
makin N, 2007; Martusevich A. et al., 2010; Mar-
tusevich A, 2008; Martusevich A, 2008, Savina L
et al., 2003]. Only a few works are aimed at
studying the products of spontaneous crystallo-
genesis associated with the vital activity of or-
ganisms, and these publications in most cases
represent structural studies of the resulting bio-
crystals [Golovanova O, 2006; Rikhvanov L et
al.,2004; Gilinskaya L et al.,2003], while their
functional significance remains undisclosed
[Martusevich A, 2008, Martusevich A, 2010].
Therefore, the subject of further research should
be a comprehensive assessment of biocrystals
from the standpoint of natural science as a whole
[Minsky A et al., 2002; Martusevich A, 2010].

As part of the implementation of the task, based
on the generalization of extensive factual material
of the literature and the results of many years of
his own research [Martusevich A.K. et al., 1998-
2020], the cornerstone is the clarification of the
general biological functions of biocrystallogene-
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FIGURE 2. Classification of biocrystallogenesis modulators by the nature of the acting agent.

sis, which at this stage include 5 main:

A) protective — crystals act as structural ele-
ments of the protective system of the whole organ-
ism (mainly in agents of the microcosm) and/or its
parts (organs, tissues, cells, subcellular structures).
To date, this function has been studied most fully,
on the basis of which it is possible to identify sev-
eral options for its implementation:

\ the protective function itself, when crystal
formation directly allows the microorganism to
maintain its structure in an inviolable state. An ex-
ample of such a phenomenon is the formation of
protein capsules from a specific RecA protein
around the genetic material of Pseudomonas aeru-
ginosa, which allows the bacteria to prevent UV
radiation and other damaging effects [Namsaraev
E et al., 1998]. The need for this is due to the ab-
sence of karyolemma in bacteria and the diffuse
distribution of nucleic acid in the intracellular
space, which significantly reduces its tolerance to
external and internal negative factors. Similar in-
formation is presented regarding the Dps protein in
other microorganisms (Listeria innocua, Agrobac-
terium tumefaciens) [Bozzi M et al., 1997, Ceci P
et al., 2003]. It is important to emphasize that both

compounds are synthesized specifically to perform
a protective function [Nair S, Finkel S, 2004].

In addition, crystal formation can provide pro-
tection for individual bacterial cell organelles. Thus,
there is evidence of the ability of ribosomes to crys-
tallize, which is also included in the concept of the
projective function of MAC [Shirokov V, 1991].

Crystallization at the next, higher level of orga-
nization of living matter makes it possible to form
a protective crystalline “framework” for the entire
bacterial cell [Minsky A et al., 2002; Lanzov V,
2002], and complex multi-element biosystems
containing a significant number of microorgan-
isms connected exclusively by a structure resem-
bling a crystal lattice can be recreated in this way.

protective-cumulative function, which con-
sists in the accumulation of certain compounds by
a microorganism. This is a fairly general function
associated with the formation in the cell of a bac-
terium or hyphae of a fungus of an accumulation
(deposit) of a substance in crystalline form. The
prevailing localization of these inclusions is the
primembrane region. An example is the formation
of magnetosomes in magnetotactic bacteria
[Schiiler D, 2008]. This function is heterogeneous
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and may be a summation of several. In addition to
detoxification, inclusions foreign to the microor-
ganism can be used to ensure their metabolism
(nutritional and metabolic function), act as struc-
tural or signaling elements of a bacterium, virus or
fungus, etc. [Chubukov V, 1982].

V detoxification function, which is a special
but physiologically significant case of cumulative
function, and provides neutralization of toxic sub-
stances coming from outside. The special alloca-
tion of this function is determined by the fact that
bacteria are capable of paradoxical (at first glance)
phenomena — the accumulation of heavy metals,
which were supposed to suppress their growth and
reproduction. The study of the nature of the inclu-
sions of microorganisms demonstrates the pres-
ence of metal atoms in a cell-neutral reduced form
[Chernyh N et al., 2007]. Thus, microorganisms
not only have detoxification systems for heavy
metals, but also accumulate them, preventing their
re-entry into the external environment and oxida-
tion before the formation of a toxic ion. This fea-
ture of the physiology of bacteria of individual
ecological groups has already found application,
in particular, in wastewater treatment technolo-
gies [Chernyh N et al., 2007].

An important aspect of studying the protective
function of the MAC is the study of ways to imple-
ment it. Thus, by using the intracellular type of
microorganism-associated crystallogenesis, the
previously considered DNA protection in pseudo-
monads is provided [Namsaraev E et al., 1998;
Nair S, Finkel S, 2004], as well as the crystalliza-
tion of ribosomes and other bacterial cell organ-
elles [Schiiler D, 2008]. The involvement of the
extracellular type of MAC is required if it is neces-
sary to protect the entire microorganism, also with
prolonged forced presence of microagents in unfa-
vorable conditions. The primembrane type is di-
rectly related to the cumulative and detoxification
functions of MAC, since most intracellular inclu-
sions have a similar localization, which is ex-
plained by the presence there of most enzyme
complexes that form the formation of the crystal-
line state of the accumulated substances. A sepa-
rate aspect of the problem is the special forms of
MAUC, for example, the transformation of viral par-
ticles into a crystal structure. In this case, crystal-
lization takes on the character of one of the stages

of the life cycle of the virus in a negative environ-
ment for it, resembling the process of capsule for-
mation and sporulation in bacterial cells. These
facts indicate the manifestation of the protective
function of the MAC [Martusevich A et al., 2012].

B) nutritive-metabolic — first of all, it mani-
fests itself at the cellular level in the form of ac-
cumulation of nutrients and metabolites, and at the
tissue and organism level — in the form of partici-
pation in biochemical processes). It is directly re-
lated to the projective-cumulative, since perimem-
branous deposits of a crystalline structure can con-
tain both products of the detoxification function
and metabolites in their composition. We assume
that the protective and cumulative function can in
some cases be performed simultaneously by the
same crystalline elements serving as the depot of
individual crystallizing metabolites and the “sup-
porting framework” of the microbial cell, which
may occur in magnetotactic bacteria [Schiiler D,
2008; Schiiler D, 2004].

C) pathogenetic — associated with the possibil-
ity of direct or indirect participation of crystal for-
mation in the development and/or progression of
pathological processes (at the level of inter-organi-
zational connections [Minsky A et al., 2002; Mar-
tusevich A, 2010; Namsaraev E et al., 1998], as
well as at the organizational level — in the form of
urinary and cholelithiasis [Shabalin V., Shatokhina
S, 2010, Gilinskaya L et al., 2003]). Depending on
the evolutionary level of each of the interacting or-
ganisms, there will be significant features of the
implementation of this function. Thus, for micro-
organisms, the most preferable is the use of bio-
crystallization for antagonism purposes [Martuse-
vich A, Zhdanova O, 2013], whereas in the process
of interaction of micro- and macroorganism, crys-
tallization can act as a mechanism for occupying a
certain ecological (including pathological) niche
[Martusevich A, Zhdanova O, 2013].

At the same time, from the standpoint of assess-
ing the functional significance of the resulting bio-
crystals, from our point of view, it is reasonable to
divide them into groups according to the degree of
activity of participation in the development of the
pathological process:

direct (crystal formation acts as a direct
agent of the process development). In particular,
this type includes the destruction of the helico-
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bacter-associated microflora of the gastrointesti-

nal mucosa by initiating the formation of rosette-

shaped crystals on the surface of microorganisms

[Martusevich A, 2007; Martusevich A et al., 2008],
as well as the destruction of plant leaf tissue under
the influence of ice formation from intracellular
and extracellular water with the participation of
bacteria [Trunova T, 2006].

N mediated (crystal formation does not directly
lead to the appearance of pathology, but only is its
trigger mechanism). The most illustrative example
of such a variant can be all types of lithogenesis in
the mammalian body (the formation of stones in the
gallbladder and bladder, salivary and pancreatic
glands and their ductal system, etc.).

\ mixed — involves a combination of both of
the above options.

D) informational — is determined by the possi-
bility of accumulation and translation of biologi-
cally significant information [Martusevich A, 2008,
Martusevich A, Zhdanova O, 2008]. At the same
time, crystals can play the role of “accumulators”,
“archives” or “transporting substances” in the infor-
mation cycle. This makes it possible to consider
crystals as a new natural element of recording, stor-
ing and transmitting various information.

E) synthetic-biogenic — is considered as the
property of biogenic crystals to form separate tis-
sues and organs (otolith apparatus, bones, tooth
enamel, etc. [Golovanova O, 2006, Rikhvanov L et
al., 2004; Golubev S, 1981; Golubev S, 1987;
Martusevich A, 2010, Babenko O et al., 2007]). It
should be noted that this function is found in living
organisms at all levels of the organization. At the
same time, it is less important for microorganisms
compared to their role for animals and humans.

All of the above general experimental and theoreti-
cal information and factual material have been inte-
grated by us in the form of a holistic theory of biocrys-
tallomics, which includes three main provisions:

1. The phenomenon of bio-associated crystalliza-
tion is a general biological phenomenon and is
inherent in living matter at all levels of its orga-
nization.

2. The shape, composition and functional signifi-
cance of the biogenic crystals formed depend
on the mechanical properties and metabolic ac-
tivity of living beings and are determined by
their function.

3. Biocrystallogenesis is a complex cascade of
physicochemical processes regulated by a sys-
tem of biogenic and xenogenic modulators,
which makes it possible to control it.

For biocrystallomics as a discipline of natural
sciences, a fundamentally important aspect is the
possibility and scope of practical application of
previously developed methodology and method-
ological apparatus. Currently, the broadest pros-
pects for the use of this information are viewed for
biocrystallomics in relation to medicine and biol-
ogy, and the medical and veterinary aspects of bio-
crystallomics are based on the following provi-
sions [Martusevich A, 2008]:

A) The nature of the dehydration structure forma-
tion of the biological fluid is determined by its
physico-chemical properties, reflecting the
functional state of the patient’s body.

B) The features of dehydration structure formation
of biological fluid specific to specific physio-
logical and pathological conditions can be dis-
tinguished.

C) The established features of the structure forma-
tion of liquid biological substrates have diag-
nostic significance.

Currently, it seems possible to identify several
of the most significant and promising areas of bio-
crystallomics:

1. Experimental biocrystallomics is a field of bio-
crystallomics that deals with deciphering the
mechanisms of biocrystallogenesis and its mod-
eling.

2. Crystallodiagnostics — studies the diagnostic
prospects for assessing the own and initiated
structure formation of the biological environ-
ment of humans and animals.

3. Crystallopathology is a field that studies patho-
logical processes, the course of which is di-
rectly or indirectly related to crystal formation.

4. Crystallotherapy is a branch of biocrystallo-
mics, the main purpose of which is to study and
apply methods of controlling biocrystallogene-
sis in vitro and in vivo for the development of
fundamentally new technologies for the treat-
ment of human and animal diseases, in the
pathogenesis of which crystal formation plays
an essential role, by means of modulation (to-
wards inhibition or activation) of the biocrys-
tallization process.
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5. Pharmacobiocrystallomics is a branch of bio-
crystallomics that studies the possibilities of
biocrystalloscopic methods in the study of
pharmacodynamics, pharmacokinetics, individ-
ualized selection, as well as current and final
monitoring of the effectiveness of drugs.

6. Crystal indication is a direction of biocrystalo-
mics that studies the ability of biogenic crystals
to act as markers of individual states of the or-
ganism (in particular, intoxication, sensitivity of
a microorganism to antibiotics) or an object (for
example, contamination by microorganisms).

It is important to emphasize that all of the above
directions and areas of practical use of the disci-
pline in question are based on the thesis about the

information function of biocrystals [Martusevich
A, Zhdanova O, 2008].

In our opinion, attention should be paid sepa-
rately to the fact that the biotechnology of crystal-
logenesis is essentially a natural nanotechnology,
since it allows manipulations at the level of struc-
tures having dimensions of 10-10-10-7 m (0.1-100
nm) [Rapis E, 2005], which is of considerable in-
terest for various fields of modern science and
technology [Martusevich A, 2007; Martusevich A,
Kamakin N, 2007].

Thus, by now the foundation for the birth of a
new synthetic discipline — biocrystallomics - has
been fully formed.

This study was supported by Russian Science Foundation (grant Ne22-25-00652).
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