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Methods: An experiment was conducted using a solution of the pharmaceutical substances of
ZnS04-H20, ZnS04-6H;0, ZnS04-7H,0. The process of filtration was conducted using a submicron
filter. The biological activity of the active pharmaceutical ingredient (API) samples was
investigated using the Spirotox method, with the calculation of the activation energy °bsEa before
and after filtration. An energy dispersive X-ray fluorescence spectrometer was used. The
dispersed fraction was subjected to analysis by dynamic light scattering (DLS).
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Results: The solution of zinc sulphate monohydrate exhibited the highest biological activity and
toxicity of zinc sulphate hydrate solution using
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hexahydrate and zinc sulphate heptahydrate displayed °>sEa values of 113+5 Kk]/mol and 11945
kJ/mol, respectively, which were found to be equivalent in terms of their biological activity.

Conclusion: The findings of the study, conducted using the Spirotox method, revealed that API
zinc sulphate, when administered in different forms of hydration, exhibited disparate biological
activity despite the identical concentration. The results of the measurements demonstrated that
the method of sample preparation of zinc sulphate solutions of equivalent concentration affects
the value of the °®Ea, which in turn causes different biological activity.
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INTRODUCTION

Zinc is one of the naturally occurring essential trace
elements that is required by living organisms and is of
biological importance for the health of the population.
Zinc is essential for the normal functioning of over 300
enzymes. It plays an important role in the metabolism of
monoamine oxidase, controls DNA synthesis, and it is
involved in normal growth, brain development,
behavioural responses, bone formation, and other
physiological functions 1. Zinc has indirect antioxidant
properties by stabilising cell membrane structures, being
a structural component of the antioxidant Cu, Zn-
containing superoxide dismutase, and maintaining
metallothionein levels 2 3. Furthermore, zinc has been
demonstrated to exert a direct influence on the immune
system, stimulating the proliferation and activation of
neutrophils and natural killer cells 45.

Zinc deficiency represents the most prevalent cause of
secondary immunodeficiency in humans 6. Zinc
deficiency affects approximately two billion people
ISSN: 2250-1177 [89]

globally and is a significant contributing factor to a
multitude of diseases. In children, zinc deficiency results
in stunted growth, increased susceptibility to infection
and diarrhoea, and is responsible for approximately
800,000 child deaths globally each year. Excessive zinc
intake can result in a range of adverse effects, including
nausea, dizziness, headaches, abdominal discomfort,
vomiting, and even coma. Additionally, it can lead to
copper deficiency, altered iron metabolism, and reduced
immune function 7-.

Zinc is less toxic than the majority of other heavy metals.
The toxicity of zinc is primarily contingent upon the
anion with which it is associated. The mean zinc
concentration in adults is approximately 0.5 pmol/g,
which equates to a total body =zinc content of
approximately 2 g 10. The physiological requirement for
zinc in adult males is 1.4 mg/day, while that for females
is 1.0 mg/day 1. The maximum tolerable intake of zinc is
set at 40 mg per day 12.
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Zinc sulphate (ZnS0,) is a significant pharmaceutical
substance containing zinc that is primarily absorbed by
the human body in a dissolved state 13. Zinc sulphate
forms a number of hydrates as a result of strong
hydrogen bonds with water molecules. These include the
heptahydrate (ZnS0,4-7H,0), hexahydrate (ZnS0,-6H,0)
and monohydrate (ZnS0,4-H,0) 1415, ZnS0,4-7H,0 is also
referred to as Goslarite. It is a secondary mineral that is
found in the oxidation zone and in old sphalerite mines.
It is readily dehydrated and forms minerals.

The thermal dehydration process of ZnSO, -7H,0
comprises several stages, which are outlined in detail in
reference 16:

39°C - 60°C
ZnS04:7H20 —»  ZnS04-6H20 + H20 (1)
60°C - 100°C
ZnS04+-6H20 —— p  ZnS04-H20 + 5H20 (2)

The above two chemical equations demonstrate that the
stable hydrate in equilibrium with water within the
range of room temperature to 39°C is ZnS0,4-7H;O0.
ZnS04-6H,0 exists within the range of 39-60°C, while
ZnS04-H,0 exists within the range of 60-100°C.
Additionally, the water molecules within the hydrate are
also coordinated with the zinc ions. The arrangement of
water molecules around the zinc ions is a factor that
affects the physical and chemical properties of the zinc
ions, leading to significant differences in intermolecular
interactions in different hydrates. The three hydrated
forms of zinc exhibit distinct crystal structures. The
crystal structures of ZnS04-H,0 and ZnS04-6H,0 are
monoclinic, exhibiting distinct lattice parameters.
ZnS04-7H,0, on the other hand, is rhombic in its crystal
structure 16. The relationship between the structure and
activity of substances has also been the subject of recent
research. This relationship has been demonstrated in
numerous studies 7. Zinc sulphate is employed in the
medical field as a food additive 8. It is employed in the
treatment and prophylaxis of zinc deficiency. Despite
zinc being an essential element, it is also toxic. High
concentrations of free zinc ions in solution have been
demonstrated to be toxic to both invertebrates and
vertebrates, including fish.

Protozoa play a pivotal role in the functioning of aquatic
ecosystems, facilitating the decomposition of organic
matter and the conversion of energy to higher trophic
levels 19 20 From the perspective of microbial
ecotoxicology, infusoria lack a cell wall but possess a thin
membrane that enables them to absorb chemicals,
resulting in alterations to membrane structure.
Consequently, infusoria may exhibit altered responses
when exposed to metals 21,

Spirostomum ambiguum is an active component of water
and wastewater filtration systems. It is 2-3 mm in size
and can be observed without the use of a microscope. S.
ambiguum exhibits considerable resilience to a range of
environmental factors, particularly fluctuations in pH
levels and dissolved oxygen. Consequently, protozoa are
frequently employed as biological indicators of chemical
pollution, particularly in aquatic ecosystems 22 23, The
aim of the study is to evaluate the biological activity of
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zinc sulphate API solutions with different degrees of
wetting at the sample preparation stage using the
Spirotox method, in order to see the relationship
between the structure and activity of APIs.

MATERIALS AND METHODS
Substances and solutions

In this study, we employed a range of pharmaceutical
substances, including ZnS04-H,0 (produced by Acros
Organics, Barcelona, Spain), ZnS0,-6H,0 (produced by
Fluka, Steinheim, Germany), and ZnS0,-7H,0 (produced
by Sigma-Aldrich, USA). All solutions were prepared at a
concentration of 0.01M and 0.001M. The prepared
solutions were filtered using a submicron filter with a
pore size of 0.22 pm (Merck Millipore, USA). The
pharmaceutical substance sodium chloride (NacCl,
manufactured by Sigma-Aldrich, USA) was dissolved in
water to a solution concentration of 0.01M.

The pH of the solution was calibrated through the
utilisation of a solution of dilute sulphuric acid (H,SO,4)
and potassium hydroxide (KOH).

The deionised water was purified in a Milli-Q unitat 25 °C
(Merck Millipore, USA) to a [D/H] ratio of 140 ppm.

pH measurement

In order to ascertain the pH value of the solution, a basic
laboratory pH meter (PB-11, Sartorius, Germany) is
utilised.

Spirotox test

A study was conducted to investigate the biological
activity of zinc sulphate under different irrigation
regimes. The cell biosensor Spirostomum ambigua, which
is highly sensitive to heavy metals, was employed in this
study. The temperature was maintained at a constant
level using a 5-well thermoregulated plate, which
enabled the temperature to be controlled from 22°C to
28°C in 2°C increments (Lauda Alpha 6, Germany). The
behaviour of the infusoria was observed using a
binocular microscope, and low-power lamps (10 W)
were used.

The introduction of a S. ambiguum infusoria into the
thermostatically controlled cell of the analysed sample,
followed by each of the wells, resulted in the occurrence
of cell death at varying time intervals. The period of
cellular viability was determined by measuring the time
elapsed between the commencement of incubation and
the occurrence of cell death. The determination of cell
death was conducted through the disruption of cell wall
integrity, which resulted in the release of cell contents, or
through the immobilisation of cells that exhibited an
absence of a contractile response to mechanical
stimulation. This methodology is founded upon the
principles of the dose-response diagram, as outlined in
reference 24 The activation energy is calculated using the
Arrhenius thermodynamic equation 25.

X-ray Fluorescence (XRF)

X-ray fluorescence spectroscopy (energy dispersive X-
ray fluorescence spectrometer EDX-7000 (Shimadzu,
Japan)) was employed to evaluate the concentration of
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impurities present in the native pharmaceutical
substances under investigation. The range of elements
analysed spanned from 11Na to 92U. The X-ray generator
comprised a tube with a Rh-anode, with a current of 1-
1000 pA. The method employed was based on the
irradiation of the sample under study with X-rays, which
resulted in the excitation of the atom. This caused
electrons to move to a higher energy level, and upon the
reverse transition, the emission of light quanta
(fluorescence) was observed. The energy of the radiation
emitted (in keV) is a characteristic value for each
element.

Dynamic Light Scattering (DLS)

In order to ascertain the dimensions of the nanoparticles
present in the aqueous medium, a series of Dynamic
Light Scattering (DLS) experiments were conducted on a
Zetasizer Nano ZSP instrument, Malvern, UK. The
instrument is capable of measuring particle sizes ranging
from 0.1 to 1000 nm. Upon irradiation with a laser beam,
the particles within the sample scatter the incident light.
The movement of particles in a liquid is characterised by
a high degree of chaotic scattering in all directions. The

[cps/ud) Zn-AsPb
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particles are in a state of constant motion and collision
within the solution, according to the principles of
Brownian motion. This results in fluctuations in the
intensity of the light scattered.

Statistics

The results of the analyses are presented as mean *
standard deviation (n=5). All calculations and statistical
processing were conducted using OriginPro 9.1 software
(OriginLab, USA).

RESULTS

Determination of the purity and the absence of
impurities

The results of the X-ray fluorescence analysis
demonstrated that the APIs were chemically pure, as no
other measurable impurities were present. The presence
of zinc in the samples tested was demonstrated by the
presence of a characteristic peak in the XRF spectra at the
Ka and K@ lines of zinc (8.63 and 9.57 keV, respectively).
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Figure 1: XRF spectrum at characteristic fluorescence energy of zinc (Ka=8.63 and Kpf=9.57 keV)

Determination of the Biological Activity of Solutions
ZnS04-H20 with different concentrations by Spirotox
test

The interaction of S. ambiguum with the studied solution
was found to include the rapid formation of an
intermediate state, which then underwent a slow

transition to a stationary state. It has been demonstrated
that the mortality of S. ambiguum exhibits an Arrhenius-
type temperature dependence. The mortality rate of
Spirostomum ambiguum exhibits variation at different
zinc concentrations. At a concentration of 0.01 M zinc
sulphate monohydrate solution, the mortality rate of the
infusoria was higher than at a concentration of 0.001 M.

Table 1: The Biological Activity of Solutions ZnS04-Hz20 with different concentrations by Spirotox test.

Temperature (K) 295 297 299 301
Concentration (mol/1) Lifetime (s) of S.ambiuum (n=5, mean+SD)
0.01M 185+3 120+8 106+7 84+4
0.001 M 246+4 18545 147+3 107+2

ISSN: 2250-1177
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It was observed that the lifespan of the infusoria
exhibited a difference depending on the concentration of
the sample under study. The exposure of infusoria to zinc
ions results in their death through the transition state, in
accordance with the Michaelis-Menten model of
enzymatic Kinetics 26, At each equivalent concentration of
zing, the toxicity of zinc sulfate API solutions with varying
degrees of dilution was evaluated in terms of its impact
on infusoria.

Measurement of pH value of three zinc sulphate
solutions of different forms of watering at different
concentrations

The pH of prepared solutions of ZnS0,4-H,0, ZnS0,-6H,0
and ZnS0,-7H,0 was measured under room conditions
(n=3). In accordance with the European Pharmacopoeia,
the pH value of a ZnS0,-H,0 solution is within the range
of 4.0 to 5.6 (C=0.28 mol/1), while that of a ZnS0,4-6H,0
and ZnSO-7H,0 solution is within the range of 4.4 to 5.6
(C=0.18 mol/1). It can be observed that at a concentration
of 0.01 M, the pH value attains its maximum value. In
conjunction with Table 1, solutions at a concentration of
0.01 M were selected for further optimisation studies.

Determination of biological activity of ZnS0,-H,O0,
ZnS0,4'6H,0 and ZnS0,-7H,0 solutions before and
after filtration using the Spirotox test

Figure 3 illustrates the activation energy value of ligand-
induced death of Spirostomum ambiguum in solutions
comprising ZnS04-H,0, ZnS04-6H,0, and ZnS0,-7H,0
substances at a concentration of 0.001 M, both prior to
and following filtration.
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The data illustrated in the figure demonstrate that prior
to filtration, the lowest activation energy is exhibited by
the ZnS0,4-H,0 solution (68 * 7 k]/mol, n = 5), whereas
the remaining ZnS04-6H,0 and ZnS04-7H,0 solutions
display equivalent biological activity with corresponding
Eaof 113 £ 5 kJ/mol (n = 5) and 119 % 5 k]/mol (n = 5),
respectively. The results obtained permit a comparison
of the biological activity and toxicity of the hydrated
forms of zinc sulphate. The lower value of the activation
energy and the shorter lifetime of S. ambigua (twofold) in
the same temperature range indicate that the ZnS04-H20
solution exhibits a higher biological activity than the
other two solutions.
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Figure 2: pH value of zinc sulphate solutions of
different forms of watering at different

concentrations
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Figure 3: Activation energy of death of S. Ambiguum in 0.01M zinc sulphate hydrate solutions as a function of
filtration. A - the solutions are prepared immediately prior to the filtration process; B - the solutions were

subjected to filtration through a submicron filter.

Figure 3A illustrates the activation energy value of
ligand-induced death of Spirostomum ambiguum in
unfiltered solutions comprising ZnS04-H,0, ZnS0,-6H,0,
and ZnS047H,0 substances. A comparison of the
activation energy of the solution prior to and following
filtration is presented in Fig. 3a and 3b. It can be observed
that the unfiltered monohydrate solution exhibits a
distinct activation energy value when compared to the

ISSN: 2250-1177 [92]

zinc sulfate hexa- and heptahydrate solutions. Following
filtration (Fig. 3b), however, all solutions display an
identical activation energy value. The discrepancy in the
activation energy of the unfiltered solution indicates that
the toxicity of the solution is influenced by the size of the
clusters and their heterogeneous distribution within the
solution. Submicron filtration has been demonstrated to
destroy these density inhomogeneities 27.
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Determination of cluster size in the studied solutions

profiles. Consequently, we conducted a dynamic light
by Dynamic Light Scattering (DLS) method

scattering (DLS) analysis to ascertain the dimensions of

Despite comparable concentrations, the three solutions
of hydrated zinc sulfate exhibited disparate toxicity

the nanoparticles in an aqueous solution.
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Figure 4: Results obtained by the DLS method, showing the intensity distribution of fractions of the dispersed
phase. A, B, C: solutions before the filtering process; D, E, F: solutions filtered through a submicron filter.

Figure 4 illustrates that there is a discernible discrepancy
in particle size among zinc sulphate solutions of varying
forms of watering. Prior to filtration, the particle sizes of
the ZnS04'H20 solution were observed to be 295 nm,
while the ZnS04-6H:0 solution exhibited a particle size of
615 nm and the ZnS04-7H20 solution demonstrated a
particle size of 531 nm. Following filtration, no particles
ISSN: 2250-1177 [93]

were observed within the particle size measurement
range of 0.1 to 1000 nm. The formation of hydrogen
bonds between water molecules and ions is a
consequence of the dissolution of zinc sulphate in water.
From this, it can be observed that there is a difference in
particle size within the solution.
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Determination of the pH value dependence of the
solution toxicity

Experiments were conducted on a solution of ZnS0,-H,0
ata concentration of 0.01 M, at two pH levels: 5.2 and 6.5.

140
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A control solution of NaCl at the same concentration of
0.01 M was tested at pH values of 5.0, 5.8 and 6.5. As
illustrated in Figure 5, an increase in pH from 5.2 to 6.5
was observed to result in a reduction in the lifespan of S.
ambigua (from 118 £+ 9sto 67 + 6 s at 297 K).
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Figure 5: Dependence of Spirostomum ambiguum lifetime on temperature at different pH values in ZnS04-Hz0

0.01M solution (n=5)

The control solution of NaCl 0.01M was observed for 30 minutes, during which no mortality of infusoria was noted (Tab.
2). It is established that S. ambiguum is stable within a pH range of 5.0 to 6.5.

Table 2: Effect of pH value on the lifetime of S.ambigua on 0.01M NaCl background solution

NaCl 0.01M

pH 5.0

5.8 6.5

t, min > 30 min

> 30 min > 30 min

The investigation of the toxicity of zinc sulphate
monohydrate solution at two different pH levels revealed
a correlation between the pH values and the toxicity of
the solution. This hypothesis has been corroborated by
numerous studies 28 29, As illustrated in Figure 4, the
toxicity of the zinc sulphate hydrate solution towards the
S. ambiguum organism exhibited a gradual increase with
rising pH levels and approaching neutrality. The
influence of the initial pharmaceutical substance's
watering on the preparation of solutions was
demonstrated.

DISCUSSION

The investigation of the bioactivity of zinc sulphate in
three different hydrate forms at a constant concentration
revealed that the hexa- and heptahydrate exhibited
comparable biological activity. The solution obtained
from the pharmaceutical substance ZnS04-H20
demonstrated the most pronounced biological activity. In
the case of the heptahydrate, six molecules of
crystallisation water combine with the zinc ion in a
coordination complex. However, the remaining water
molecule is weakly bonded to the sulfate ion.
Consequently, the water molecule can be readily
removed by drying at a constant temperature (at what
specific temperature) to form hexahydrate. This may be
the reason for the similar energy of the two solutions.
Zinc is capable of forming complexes with small

ISSN: 2250-1177 [94]

molecules, exhibiting coordination numbers 4, 5 and 6:
[Zn(H,0)6]?*, [Zn(H,0)5]H,0, [Zn(H;0),]**;H,0 30, It is
hypothesised that the number of water molecules in the
first and second hydrate shells forms molecular clusters
of varying sizes, a conclusion supported by the DLS
results.

The results obtained lead us to the assumption that
crystals of zinc sulfate hydrate of different watering
forms will form different giant clusters with water
molecules. The formation of giant heterophase water
clusters is facilitated by the formation of aquacomplexes
comprising metal cations and various anions, which act
as 'centres'. The formation of hydrogen bonds between
water molecules and ZnS0O,, as well as with zinc ions,
results in alterations to the bonding grid space, the
molecular arrangement of ZnSO,, and the intermolecular
forces. These changes give rise to notable distinctions in
the intermolecular interactions observed in the different
hydrates. The dimensions of molecular clusters and their
distribution within a solution are factors that influence
their biological activity. The particle size, as determined
by the DLS method, indicates that the particles in the zinc
sulphate monohydrate solution are the smallest. This
enables them to be evenly distributed and to exhibit the
greatest toxicity to infusoria when compared to zinc
sulphate hexa- and heptahydrate solutions. The
formation of clusters of water molecules, comprising a
minimum of six molecules, is a consequence of hydrogen
CODEN (USA): JDDTAO
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bonding. A substantial body of literature exists on the
formation of water clusters in solution 31. These clusters
are in a constant state of creation and destruction 32 33,
The size spectrum of these clusters is contingent upon
not only the chemical composition but also the history of
sample preparation 34. Submicron filtration represents a
means of obviating the necessity for the sample
preparation history to be committed to memory, with the
consequence that the structures will cease to exist.
Following filtration, no particles in the size range of 0.1
to 1000 nm were observed in the solutions under study.
It is postulated that clusters may form below 0.1 nm in
size or that homogeneous giant clusters may be re-
established during the infusoria experiment, resulting in
comparable toxicity outcomes.

In water clusters, the interaction between covalent and
hydrogen bonds between oxygen atoms and hydrogen
atoms enables the migration of protons (H*) by relay
mechanism, thereby stabilising the latter. As the size of
the clusters increases, their stability also increases up to
a certain critical size. Additionally, giant water clusters
have been observed to exhibit biological activity 3.

The objective of this study was to further substantiate the
correlation between pH and the toxicity of zinc solutions,
with a particular focus on drug substances in general.
This contributes to the expansion of the research map for
infusoria, as there have been numerous studies on the
relationship between metal toxicity and environmental
pH for vertebrates and microalgae 36 37, but no such
studies have been conducted for infusoria. As illustrated
in the Pourbaix diagram of zinc ion properties in water
38, the majority of free zinc ions are present at pH values
below 4, with a gradual decline observed from pH 5 to 8.
In slightly alkaline conditions, the appearance of Zn(OH)2
and ZnO is observed at pH values between 8 and 10.5. At
pH values exceeding 11, the formation of Zn(OH)%™ ions
is noted. Obviously, as the pH is gradually increased to
neutral, the amount of free zinc ions gradually decreases.
However, for some species of fish and infusoria, an
increase in pH will lead to an increase in the toxicity of
the solution 3°. Therefore, the toxic impact on infusoria is
not attributable to a modification in the acidity index of
the medium. Rather, it is a consequence of xenobiotics
affecting their cell walls, a factor of considerable
significance in the context of Ea and its correlation with
LD50 49, both of which can serve as useful metrics in the
initial phase of preclinical toxicity studies of inorganic
pharmaceutical substances.

CONCLUSION

The method for determining the toxicity of water-soluble
drug solutions on the protozoan Spirostomum ambiguum
as an alternative to animal testing is an efficient method
with ethical value. This method meets the requirements
of pharmaceutical research and development under the
3Rs (Refine, Reduce, Replace) strategy, which is oriented
towards sustainable ecosystems. The results of the study
demonstrate that the =zinc sulphate monohydrate
solution exhibits the highest toxicity among the three
hydrators with observed activity energy (68+7 kj/mol).
The present study demonstrated that the biological
activity of the Spirotox test is dependent on the pH of
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solutions comprising different hydrated forms of zinc
sulphate. The Spirotox test can be employed to monitor
the toxicity of pharmaceutical substances and to
prescribe the less toxic form of zinc sulphate at
equivalent dosages in medical practice.

Conflicts of Interest: The authors declare that they have
no conflicts of interest.

Contributors: All authors have read and approved the
final manuscript.

Acknowledgment: The authors would like to express
their deepest gratitude to the staff of the Department of
Pharmaceutical and Toxicological Chemistry RUDN
University.

Source of Support: This paper has been supported by
the RUDN University Strategic Academic Leadership
program.

Funding: This publication has been supported by the
RUDN University Scientific Projects Grant System,
project Ne 033323-2-000

Data Availability Statement: The data presented in this
study are available on request from the corresponding
author.

REFERENCES

1. Tapiero H, Tew KD. Trace elements in human physiology and
pathology: zinc and metallothioneins. Biomed Pharmacother.
2003 Nov;57(9):399-411. https://doi.org/10.1016,/S0753-
3322(03)00081-7 PMid:14652165

2. Bray TM, Bettger WJ. The physiological role of zinc as an
antioxidant. Free Radic Biol Med. 1990;8(3):281-91.
https://doi.org/10.1016/0891-5849(90)90076-U PMid:2187766

3. Sakanashi TM, et al. Zinc deficiency associated alterations in the
chemotactic and respiratory burst responses of rat peripheral
blood neutrophils. FASEB J. 1993;7: A723.

4. Wellinghausen N, Rink L. The significance of zinc for leukocyte
biology. ] Leukoc Biol. 1998 Nov;64(5):571-7.
https://doi.org/10.1002/jlb.64.5.571 PMid:9823760

5. Shankar AH, Prasad AS. Zinc and immune function: the biological
basis of altered resistance to infection. Am ] Clin Nutr. 1998
Aug;68(2 Suppl):4475-463S.
https://doi.org/10.1093/ajcn/68.2.447S PMid:9701160

6. Keen CL, Gershwin ME. Zinc deficiency and immune function. Annu
Rev Nutr. 1990;10:415-31.
https://doi.org/10.1146 /annurev.nu.10.070190.002215
PMid:2200472

7. Yokokawa H, Morita Y, Hamada I, Ohta Y, Fukui N, Makino N, Ohata
E, Naito T. Demographic and clinical characteristics of patients
with zinc deficiency: analysis of a nationwide Japanese medical
claims database. Sci Rep. 2024 Feb 2;14(1):2791.
https://doi.org/10.1038/s41598-024-53202-0 PMid:38307882
PMCid:PMC10837122

8. Hambidge KM, Krebs NF. Zinc deficiency: a special challenge. ] Nutr.
2007 Apr;137(4):1101-5. https://doi.org/10.1093/jn/137.4.1101
PMid:17374687

9. Rohe DMM, Battersby RV, Wolf HU. Zinc Compounds. In: Bohne M,
editors. Ullmann's Encyclopedia of Industrial Chemistry;
Weinheim: John Wiley & Sons; 2014. p. 1-8.
https://doi.org/10.1002/14356007.a28_537

10. Freake HC, Sankavaram K. Zinc: Physiology, dietary sources, and
requirements. In: Caballero B, editors. Encyclopedia of Human
Nutrition (Fourth Edition); Oxford; 2013. p. 584-592.
https://doi.org/10.1016/B978-0-12-375083-9.00286-5

CODEN (USA): JDDTAO


https://doi.org/10.1016/S0753-3322(03)00081-7
https://doi.org/10.1016/S0753-3322(03)00081-7
https://doi.org/10.1016/0891-5849(90)90076-U
https://doi.org/10.1002/jlb.64.5.571
https://doi.org/10.1093/ajcn/68.2.447S
https://doi.org/10.1146/annurev.nu.10.070190.002215
https://doi.org/10.1038/s41598-024-53202-0
https://doi.org/10.1093/jn/137.4.1101
https://doi.org/10.1002/14356007.a28_537
https://doi.org/10.1016/B978-0-12-375083-9.00286-5

Kuzmenko et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

ISSN: 2250-1177

WHO. Zinc. In: Trace elements in human nutrition and health.
World Health Organization, Geneva; 1996. p.343.

Uwitonze AM, Ojeh N, Murererehe ], Atfi A, Razzaque MS. Zinc
Adequacy Is Essential for the Maintenance of Optimal Oral Health.
Nutrients. 2020 Mar 30;12(4):949.
https://doi.org/10.3390/nu12040949 PMid:32235426
PMCid:PMC7230687

Tran CD, Miller LV, Krebs NF, Lei S, Hambidge KM. Zinc absorption
as a function of the dose of zinc sulfate in aqueous solution. Am J
Clin Nutr. 2004 Dec;80(6):1570-3.
https://doi.org/10.1093/ajcn/80.6.1570 PMid:15585770

Straszko ], Olszak-Humienik M, Mozejko . Kinetics of thermal
decomposition of ZnS04-7H20. Thermochim Acta. 1997; 292(1-
2):145-150. https://doi.org/10.1016/S0040-6031(96)03114-0

Hoffler F, Miiller I, Steiger M. Thermodynamic properties of
ZnS04(aq) andphase equilibria in the ZnS04-H:0 system from 268
Kto 373 K. ] Chem Thermodyn. 2018;116:279-288.
https://doi.org/10.1016/j.jct.2017.09.012

Liu H, Chen G-M, Ma ], et al. Zinc sulfate hydrates characterization
by terahertz time domain spectroscopy. Optik. March 2022;
253:168594. https://doi.org/10.1016/].ijle0.2022.168594

Liu R, Zhang HY, Ji ZX, Rallo R, Xia T, Chang CH, et al. Development
of structure-activity relationship for metal oxide nanoparticles.
Nanoscale. 2013 Jun 21;5(12):5644-53.
https://doi.org/10.1039/c3nr01533e PMid:23689214

British national formulary: BNF (69 ed.). British Medical
Association; 2015. p.700.

Vilas-Boas JA, Cardoso SJ], Senra MVX, Rico A, Dias RJP. Ciliates as
model organisms for the ecotoxicological risk assessment of heavy
metals: A meta-analysis. Ecotoxicol Environ Saf. 2020
Aug;199:110669. https://doi.org/10.1016/j.ecoenv.2020.110669
PMid:32450358

Pomeroy LR, et al. The microbial loop. Oceanography. 2007;
20(2):28-33. https://doi.org/10.5670/0oceanog.2007.45

Nalecz-Jawecki G. Spirotox-Spirostomum ambiguum acute toxicity
test-10 years of experience. Environ.Toxicol. 2004;19(4):35.
https://doi.org/10.1002 /tox.20023 PMid:15269908

Xiaoli Tan et al. An approach to analyzing taxonomic patterns of
protozoan communities for monitoring water quality in Songhua
River, northeast China. Hydrobiologia. 2010; 638:193-201.
https://doi.org/10.1007/s10750-009-0040-2

Apostol S. A bioassay of toxicity using protozoa in the study of
aquatic environment pollution and its prevention. Environ Res.
1973; 6:365-372. https://doi.org/10.1016/0013-9351(73)90051-
0 PMid:4772328

Bykanova SN, et al. Using the Spirostomum ambigua cell biosensor
to characterize the biological activity of pharmaceutical
components. Researched in Russia. 2003; 6:1114-1129. Russian.

Levitskaya OV, Syroeshkin AV, Pleteneva TV. Arrhenius Kinetics As
a bioactivity assessment criterion for drug substances and
excipients. Pharmaceitical chemistry journal. 2016; 49(11): 779-
781. https://doi.org/10.1007/s11094-016-1370-9

Patiha, Heraldy E, Hidayat Y, Firdaus M. The langmuir isotherm
adsorption equation: The monolayer approach. IOP Conf Ser
Mater Sci Eng. 2016 Feb 5;107:012067.
https://doi.org/10.1088/1757-899X/107/1/012067

[96]

27.

28.

29

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Journal of Drug Delivery & Therapeutics. 2025; 15(3):89-96

Goncharuk VV, Syroeshkin AV, Pleteneva TV, Tverdislov VA. On the
possibility of chiral structure-density submillimeter
inhomogeneities existing in water. Journal of Water Chemistry
and Technology. 2017; 39:319-324.
https://doi.org/10.3103/S1063455X17060029

Nalecz-Jawecki G, et al. Influence of Selected Antidepressants on
the Ciliated Protozoan Spirostomum ambiguum: Toxicity,
Bioaccumulation, and Biotransformation Products. Molecules.
2020 Apr; 25(7):1476.
https://doi.org/10.3390/molecules25071476 PMid:32218111
PMCid:PMC7180767

. Natecz-Jawecki G, et al. Influence of pH on the toxicity of

nitrophenols to Microtox® and Spirotox tests. Chemosphere.
2003; 52(1):249-252. https://doi.org/10.1016/S0045-
6535(02)00865-2 PMid:12729708

Bock CW, Katz AK, Jenny P. Glusker. Hydration of Zinc lons: A
Comparison with Magnesium and Beryllium Ions. American
Chemical Society. 1995; 117(13):3754-3765.
https://doi.org/10.1021/ja00118a012

Goncharuk VV, Smirnov VN, Syroeshkin AV, et al. Clusters and
gigantic heterophase water clusters. Water Chem. Technol. 2007;
29:1-8. https://doi.org/10.3103/S1063455X07010018

Smirnov VN, Syroeshkin AV. Supranadmolecular complexes of
water. Russian Chemical Journal2004; 48(2):125-135. Russian.

Ho M-W. Large Supramolecular Water Clusters Caught on Camera -
A Review. Water. 2013; 6:1-12.

Uspenskaya EV, Syroeshkin AV, Smirnov VN, el al. The structure of
water and laser express methods for determining authenticity.
Pharmacy. 2007; 5: 21-3.

Goncharuk VV, Syroeshkin AV, Zlatskiy 1A, Uspenskaya EV, et al.
Quasichemical description of the cell death kinetics of cellular
biosensor Spirostomum ambigua for testing the biological activity
of aqueous solutions. Journal of Water Chemistry and Technology.
2017; 39(2):97-102.
https://doi.org/10.3103/51063455X17020072

Starodub ME, Wong PTS, Mayfield CI, Chau YK. Influence of
Complexation and pH on Individual and Combined Heavy Metal
Toxicity to a Freshwater Green Alga. Canadian Journal of Fisheries
and Aquatic Sciences. 1987 Jun 1;44(6):1173-80.
https://doi.org/10.1139/f87-140

De Schamphelaere KAC, Vasconcelos FM, Heijerick DG, Tack FMG,
Delbeke K, Allen HE, et al. Development and field validation of a
predictive copper toxicity model for the green alga
Pseudokirchneriella subcapitata. Environ Toxicol Chem. 2003 Oct
4;22(10):2454-65. https://doi.org/10.1897/02-499
PMid:14552011

Guo X, He G. Opportunities and challenges of zinc anodes in
rechargeable aqueous batteries. J. Mater. Chem. A. 2023;
11:11987-12001. https://doi.org/10.1039/D3TA01904G

Bradley, RW, Sprague, ]B. The influence of Ph, water hardness and
alkalinity on the acute lethality of zinc on rainbow trout (Salmo
gairdneri). Canadian Journal of Fisheries and Aquatic Science.
1985 Apr; 42(985):731-736. https://doi.org/10.1139/f85-094

Bykanova SN, Kin'ko TY, Voloshina TA, Syroeshkin AB, Komissarova

IA. New drug MP-33 technology and composition choice.
Supplement to the European Journal of Pharmaceutical Sciences.
2003;19(1):41.

CODEN (USA): JDDTAO


https://doi.org/10.3390/nu12040949
https://doi.org/10.1093/ajcn/80.6.1570
https://doi.org/10.1016/S0040-6031(96)03114-0
https://doi.org/10.1016/j.jct.2017.09.012
https://doi.org/10.1016/j.ijleo.2022.168594
https://doi.org/10.1039/c3nr01533e
https://doi.org/10.1016/j.ecoenv.2020.110669
https://doi.org/10.5670/oceanog.2007.45
https://doi.org/10.1002/tox.20023
https://doi.org/10.1007/s10750-009-0040-2
https://doi.org/10.1016/0013-9351(73)90051-0
https://doi.org/10.1016/0013-9351(73)90051-0
https://doi.org/10.1007/s11094-016-1370-9
https://doi.org/10.1088/1757-899X/107/1/012067
https://doi.org/10.3103/S1063455X17060029
https://doi.org/10.3390/molecules25071476
https://doi.org/10.1016/S0045-6535(02)00865-2
https://doi.org/10.1016/S0045-6535(02)00865-2
https://doi.org/10.1021/ja00118a012
https://doi.org/10.3103/S1063455X07010018
https://doi.org/10.3103/S1063455X17020072
https://doi.org/10.1139/f87-140
https://doi.org/10.1897/02-499
https://doi.org/10.1039/D3TA01904G
https://doi.org/10.1139/f85-094

