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One of the important areas of modern science is the selection of the right forms of drug

delivery. Layered inorganic nanoparticles, such as zirconium phosphate, have proven

themselves well in this area. The study of the properties of these systems and methods of

their preparation makes it possible to determine a rational technology of their manufacture,

storage conditions as well as suggest a possible mechanism of therapeutic action. The

physical dimensions of the formed aggregates, morphology and structure are often the

most influential factors for controlling the active surface area, reactivity, bioavailability

and toxicity of nanoparticles. Aggregation properties of zirconium phosphate nanoparticles

loaded with cluster rhenium(III) compounds with propionate ligands of different structure

types (di-, tri- and tetra-carboxylates) and cisplatin were investigated by laser diffraction

method in water. It was shown that the quantity and orientation of propionate ligands

affect the aggregation properties of the investigated compounds. However, the presence of

cisplatin in the composites reduced the aggregation abilities of the nanoparticles which

indicate the formation of new complexes on their surfaces. After sonication, cisplatin-

rhenium compound composites had practically the same size-distribution curves. Our

findings showed that the formation of different complexes with ZrP occurs on the surfaces

depending from the structure of the rhenium substances.

Keywords: dirhenium(III) complex, cisplatine, zirconium phosphate; nanoparticle;

sonication; aggregation properties.
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Introduction
The selection of the right forms of drug delivery

is an important area of modern science. Layered
inorganic nanoparticles, such as zirconium
phosphate, have proven themselves well in this area.
The study of the properties of these systems and
methods of their preparation allows determining a
rational technology of their manufacture, storage
conditions and suggesting a possible mechanism of
therapeutic action. The physical dimensions of the
formed aggregates, morphology and structure are
often the most influential factors for controlling the
active surface area, reactivity, bioavailability and
toxicity of nanoparticles. In our previous publications
[1–3], the methods of preparation and investigation
of zirconium phosphate nanoparticles loaded with
dirhenium(III) compounds of different structural
types and ligands were elaborated. We have prepared

the nanoparticles containing a dirhenium(III)
compound and cisplatin in molar ratio of 4:1
according to the same procedure. Before
characterization the obtained composites by some
expensive methods, we investigated their size
distributions by laser diffraction method to compare
their aggregation properties in water. Molar ratio of
dirhenium(III) compound to cisplatin of 4:1 was
taken due to the earlier shown anticancer activity of
liposomes with the same content [4,5]. Besides, the
aggregation properties of nanoparticles in water have
additional significance to predict their fate in
environment and living organisms [6–10].

Materials and methods
The following compounds were used for

preparation of nanoparticles: trans-Re2(C2H5COO)2Cl4
(trans-tetrachlorodi--propionatodirhenium(III)),
Re2[(C2H5COO)3Cl3] (trichlorotri--propionato-
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dirhenium(III)), Re2[(C2H5COO)4Cl2] (dichlorotetra-
- propionatodirhenium(III)), cis-[Pt(NH3)2Cl2] (cis-
diamminedichloroplatinum(II), i.e. cisplatin), and
Zr(HPO4)2 (zirconium hydrophosphate, ZrP); they
were synthesized according to procedure described
elsewhere [11–15].

Encapsulation procedure was performed
according to refs. [1–3]. In short, ZrP or ZrP and
plus cisplatin were added to the 510-4 M solution of
the dirhenium(III) compound in isopropanol in
quantities according to the following molar ratios:
ZrP:rhenium compound of 5:1, or ZrP:rhenium
compound:cisplatin of 20:4:1. After boiling during 5
days with spectral control, the obtained
nanocomposites were washed by solvent and dried

on the fresh air.
Following nanocomposites were obtained

according to this procedure: ZrP/trans-Re2(C2H5COO)2Cl4
5:1 (I), ZrP/trans-Re2(C2H5COO)2Cl4/cisPt 20:4:1
(Ia), ZrP/Re2[(C2H5COO)3Cl 3] 5:1 (II),
ZrP/Re2[(C2H5COO)3Cl3]/cisPt 20:4:1 (IIa),
ZrP/Re2[(C2H 5COO)4Cl 2] 5:1 (III), and
ZrP/Re2[(C2H5COO)4Cl2]/cisPt 20:4:1 (IIIa).

To measure the sizes of particles, the laser
diffraction particle size analyzer Mastersizer Hydro
2000MU (Malvern Instruments Ltd.) was used.

Equimolar quantities of I–III, Ia–IIIa in the
range of 5–7 mg were dispersed in 50 mL of water
and rigorously mixed by magnetic stirrer during
5 min. The resulting suspension had a turbidity of 1.8 to

Size distribution of nanoparticles in I–III and Ia–IIIa nanocomposites before and after sonication
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5.1%. The suspension thus prepared was pumped by means

of a peristaltic pump to the measuring cell of the particle

size analyzer and returned to the measuring flask. After
that, the laser diffraction method with the use of
particle size analyzer was accomplished using Master
sizer HYDRO 2000MU Malvern Instruments
(Malvern Panalytical).

The second measurement of nanoparticles sizes
was accomplished after 2 minutes of ultra-sonication.
Each measurement was repeated 10–12 times and
the average curves of nanoparticles sizes distribution
were plotted.

In addition to the particle size distribution, such
values as d10, d50, and d90 were calculated and the
largest and smallest particles observed during the
measurement were determined. The characteristic
values (d10, d50, and d90) are defined as follows:
d10 – particles of this and smaller diameters
constituting 10% of the total volume of all particles
in the sample, d50 (average particle size) – particles
of this and smaller diameters constituting 50% of
the total volume of all particles in the sample, and
d90 – particles of this and smaller diameters
constituting 90% of the total volume of all particles
in the sample.

Any time when the term «dimension» or «size»
of the particles is mentioned in this study, it means
the equivalent diameter of the particles, which value
is the average of the measurement interval within
the range of approximately ±7% of a given value.

Results and discussion
Figure and Table show the size distribution

curves of I–III, Ia–IIIa nanocomposites.
It is well-known that a high ratio of surface

area to volume of nanoparticles leads to highly
reactive and instable colloid as compared with bulk
substrates. Thus, there is no surprise that simple
procedure of mixing of I–III and Ia–IIIa in water led
to the formation of aggregates with sizes of 1000 m
and larger (dashed and solid lines in Figure,
accordingly).

Size-distribution curves before sonication (dash
lines) have no strict relation to the structure of the
investigated substances that may be an effect of

nanocomposites storing and water molecules
entrapping.

The sonication procedure breaks aggregates and

shifts the size distribution curves to smaller particles,
however of different distribution. In the preparations
without cisplatin, this shift led to the formation of
smaller particles.

The smallest particles were achieved for the
composite II (~0.5 m) while the largest ones were
observed for the composite I (~5 m). It is likely
that the aggregation abilities depend on the structure
of the dirhenium(III) compounds, in particular on
hydrophobic interactions of the propionate ligands,
abundant in Re2[(C2H5COO)4Cl2], where there are
4 hydrophobic ligands, and on the quantity of
chlorine atoms in the molecule, that is the largest
for trans-Re2(C2H5COO)4Cl2 amounting to four
atoms of chlorine. The chlorine atoms are the most
electronegative atoms in the molecules of the
investigated dirhenium(III) compounds and may be
responsible for electrostatic interactions between
nanoparticles, while hydrophobic interactions may
be more responsible for aggregation of the III
composite. The symmetry of the molecules structure
may also impact on the aggregation abilities of the
complexes. In any case, the structure of the
encapsulated substances influences the aggregation
properties of the composites.

Encapsulation of cisplatin changed the size
distribution of the composites in a large extend after
sonication procedures. It is interesting that these
cisplatin-rhenium composites after sonication
exhibited practically the same size-distribution curves.
Most particles were in the range of about 0.1–0.5 m and

the average particle size (d50) was about 0.2–0.25 m

(Table).

According to colloid science and aggregation
theory, the aggregation of nanoparticles occurs when
physical processes bring particle surfaces in contact
with each other [7]. When contact occurs, it can
result in attachment or repulsion depending on the
surface properties (charge, moieties, etc.). The
obtained results allow us to conclude that the
formation of different complexes with ZrP took place

Characteristic values of nanoparticles size (I–III, Ia–IIIa) before and after sonication

before sonication (m) after sonication (m) 
Composite 

min max d10 d50 d90 min max d10 d50 d90 

I 0.275 778.1 4.69 26.4 226.2 0.182 24.6 0.60 4.10 12.4 

Ia 0.209 677.7 0.57 5.79 119.8 0.120 28.2 0.14 0.22 1.2 

II 0.724 2046.6 20.56 135.6 809.8 0.120 21.4 0.15 0.25 5.5 

IIa 0.316 42.8 1.63 5.7 20.1 0.105 6.18 0.13 0.2 1.6 

III 0.55 677.7 10.81 43.8 105.6 0.182 170.2 0.42 4.7 37.1 

IIIa 0.158 513.1 0.37 61.0 213.9 0.105 0.590 0.13 0.2 0.3 
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on the surfaces of I–III, depending on the structure
of the rhenium substrates. However, the formation
of the complexes similar in polarity or even structure
may occur in the case of Ia–IIIa.

Conclusions
Taking into account the formation of the

complex between a rhenium compound and cisplatin
inside in liposome [6] that had been confirmed by
spectral methods, the following structure of a new
complex on the surface of Ia–IIIa is proposed:
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ÀÃÐÅÃÀÖ²ÉÍ² ÂËÀÑÒÈÂÎÑÒ² ÄÅßÊÈÕ ÔÎÑÔÀÒ²Â
ÖÈÐÊÎÍ²Þ, ÍÀÂÀÍÒÀÆÅÍÈÕ ÊÎÌÏËÅÊÑÀÌÈ
ÄÈÐÅÍ²Þ(III)

À.Â. Ñë³ïêàíü, Í.². Øòåìåíêî, Ð. Áðåé, Õ. Îáàðñêà-
Ïåìïêîâàê, Î.Â. Øòåìåíêî

Îäí³ºþ ç âàæëèâèõ ãàëóçåé ñó÷àñíî¿ íàóêè ñòàâ âèá³ð
ïðàâèëüíèõ ôîðì äîñòàâêè ë³ê³â. Øàðóâàò³ íåîðãàí³÷í³ íàíî-
÷àñòèíêè, òàê³ ÿê ôîñôàò öèðêîí³þ, äîáðå çàðåêîìåíäóâàëè
ñåáå â ö³é ãàëóç³. Âèâ÷åííÿ âëàñòèâîñòåé öèõ ñèñòåì ³ ìåòîä³â
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¿õ ï³äãîòîâêè äîçâîëÿº âèçíà÷èòè ðàö³îíàëüíó òåõíîëîã³þ ¿õ
âèðîáíèöòâà, óìîâ çáåð³ãàííÿ, à òàêîæ çàïðîïîíóâàòè ìîæ-
ëèâèé ìåõàí³çì òåðàïåâòè÷íî¿ ä³¿. Ô³çè÷í³ ðîçì³ðè ñôîðìîâà-
íèõ àãðåãàò³â, ìîðôîëîã³ÿ ³ ñòðóêòóðà ÷àñòî º íàéá³ëüø âïëè-
âîâèìè ôàêòîðàìè äëÿ êîíòðîëþ àêòèâíî¿ ïëîù³ ïîâåðõí³,
ðåàêö³éíî¿ çäàòíîñò³, á³îäîñòóïíîñò³ ³ òîêñè÷íîñò³ íàíî÷àñ-
òèíîê. Àãðåãàö³éí³ âëàñòèâîñò³ íàíî÷àñòèíîê öèðêîí³é ôîñ-
ôàòó, íàâàíòàæåí³ êëàñòåðíèìè ñïîëóêàìè ðåí³þ(III) ç ïðî-
ï³îíàòíèìè ë³ãàíäàìè ð³çíèõ ñòðóêòóðíèõ òèï³â (äè-, òðè- ³
òåòðàêàðáîêñèëàòè) ³ öèñïëàòèíîì, áóëè äîñë³äæåí³ ìåòî-
äîì ñâ³òëîðîçñ³þâàííÿ â âîä³. Ïîêàçàíî, ùî ê³ëüê³ñòü ³ îð³ºí-
òàö³ÿ ïðîï³îíàòíèõ ë³ãàíä³â âïëèâàþòü íà àãðåãàö³éí³ âëàñòè-
âîñò³ äîñë³äæóâàíèõ ñïîëóê. Àëå íàÿâí³ñòü öèñïëàòèíó â êîì-
ïîçèòàõ çìåíøóâàëî àãðåãàö³éí³ çäàòíîñò³ íàíî÷àñòîê, ÿê³
ñâ³ä÷àòü ïðî ôîðìóâàííÿ íîâèõ êîìïëåêñ³â íà ¿õ ïîâåðõíÿõ. Ï³ñëÿ
îáðîáëåííÿ óëüòðàçâóêîì êîìïîçèò³â öèñïëàòèí-ðåí³ºâà ñïî-
ëóêà ìàëè ïðàêòè÷íî îäíàêîâ³ êðèâ³ ðîçïîä³ëó çà ðîçì³ðàìè.
Îòðèìàí³ íàìè ðåçóëüòàòè äîçâîëÿþòü çðîáèòè âèñíîâîê ïðî
òå, ùî â çàëåæíîñò³ â³ä ñòðóêòóðè ðåí³ºâî¿ ñïîëóêè íà ïî-
âåðõí³ â³äáóâàºòüñÿ óòâîðåííÿ ð³çíèõ êîìïëåêñ³â ç ZrP.

Êëþ÷îâ³ ñëîâà: êîìïëåêñè äèðåí³þ(III), öèñïëàòèí,
ôîñôàò öèðêîí³þ, íàíî÷àñòèíêè, óëüòðàçâóê, àãðåãàö³éí³
âëàñòèâîñò³.
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formed aggregates, morphology and structure are often the most
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of zirconium phosphate nanoparticles loaded with cluster rhenium(III)
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tri- and tetra-carboxylates) and cisplatin were investigated by laser

diffraction method in water. It was shown that the quantity and

orientation of propionate ligands affect the aggregation properties of
the investigated compounds. However, the presence of cisplatin in
the composites reduced the aggregation abilities of the nanoparticles
which indicate the formation of new complexes on their surfaces.
After sonication, cisplatin-rhenium compound composites had
practically the same size-distribution curves. Our findings showed
that the formation of different complexes with ZrP occurs on the
surfaces depending from the structure of the rhenium substances.
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