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Abstract: Specific molecular recognition of γ-cyclodextrin (γ-CD) 
toward cationic hexanuclear niobium [Nb6Cl12(H2O)6]2+ cluster 
complex in aqueous solutions results in a 1:1 supramolecular 
assembly {[Nb6Cl12(H2O)6]@γ-CD}2+. NMR, ITC and ESI-MS 
techniques were used to study the interaction between the inorganic 
cluster and the organic macrocycle in water. Such molecular 
association affects the biological activity of [Nb6Cl12(H2O)6]2+, 
decreasing its cytotoxicity despite enhanced cellular uptake. The 1:1 
stoichiometry is maintained in solution over a large window of 
composition, but crystallization by slow evaporation in air produces a 
1:2 host-guest complex [Nb6Cl12(H2O)6@(γ-CD)2]Cl2·20H2O showing 
a cluster unit encapsulated between two molecules of γ-CD. The 1:2 
complex was isolated and characterized by XRD, EA, IR and TGA. 
Quantum chemical calculations were performed to model host-guest 
interaction. 

Introduction 

Specific molecular recognition occurs in a wide range of 
biological processes playing a key role at different levels of 
supramolecular interactions. One of the main types of molecular 
recognition results in formation of host-guest complexes. The 
most widely studied class of host molecules are cyclodextrins 

(CDs), cyclic oligosaccharides consisting of six, seven or eight 
glucopyranose units, respectively shorthanded as α-CD, β-CD 
and γ-CD. This ability to form host-guest complexes has led to 
the use of CDs as material in a number of industries.[1][2] For 
example, CDs are used in pharmaceutical industry,[3][4][5][6] in 
analytical applications[7][8][9][10] and in the chemical technology as 
catalysts or catalyst additives,  phase-transfer agents and 
stabilizer of functional species such as azo dyes.[11][12][13][14] 
Medicinal use of CDs, focusing on the complexation of 
problematic drugs, such as poorly soluble, unstable, irritating, or 
difficult to formulate substances,[15] resulted in improved 
wettability, dissolution, and solubility. Other positive features 
include improved stability, reduced side effects, and alleviation 
of undesired properties, e.g., bitter taste or repelling odor. 
Cyclodextrins can be used practically in any drug forms - oral, 
rectal, pulmonary, external, ocular, etc.[16][17] 
There is a variety of important interactions involved in the 
complexation with CDs.[1][18][19][20][21] Bender with co-workers, as 
well as Saenger, assume that water molecules captured inside 
the cavity of CD torus are highly energetic, i.e., enthalpically 
frustrated: these molecules are unable to undergo the favorable 
four-fold hydrogen bindings characteristic in bulk water.[22][23][24] 
This concept of enthalpically frustrated water molecules has 
found support in recent theoretical studies, which also revealed 
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the role of the concave geometry of the apolar binding pocket 
with respect to the nature and shape of the guest.[25][26][27][28][29] 
Evaluation of metal-cluster complexes, including M6-based 
clusters in terms of anticancer therapy is one of the promising 
areas of research. Currently, luminescent octahedral 
molybdenum, tungsten, or rhenium clusters are actively studied 
as promising photosensitizers for photodynamic therapy.[30][31][32] 
On the other hand, Echeverría with co-workers recently 
demonstrated selective cytotoxicity of the Re6-cluster complex 
[Re6Se8I6]3– toward different cell lines.[33] They have shown that 
this cluster induces selective tumor cell death without affecting 
normal cells, which turns it into promising anticancer and 
cytostatic agent. The authors explain this behavior by the ability 
of [Re6Se8I6]3– to penetrate through the cell membrane until 
ssDNA bonding in the nucleus. 
Recently we have discovered the formation of a new type of 
host-guest supramolecular complexes based on the specific 
recognition between γ-CD and cationic [Ta6Br12(H2O)6]2+ cluster, 
used in the design of soft nanomaterials.[34] The key role in the 
step-by-step formation of such kind of assemblies lies in the 
specific recognition of building units at the molecular level 
supported by solvent effect arising from chaotropic behavior of 
the cluster ion (water structure breaking). Moreover, formation of 
the host-guest complexes based on anionic octahedral rhenium 
chalcogenide clusters [Re6Q8(CN)6]4– (Q = S, Se, Te) has been 
demonstrated.[35][36] Hence occurrence of such adducts shows 
the ability of the CD to form energetically stable supramolecular 
complexes with both cationic or anionic clusters. 
In this research we focus on the complexation behavior and 
biological activity of hexanuclear niobium complex 
[Nb6Cl12(H2O)6]2+ in the presence of γ-CD. Herein we report the 
synthesis and crystal structure of a new host-guest compound 
{[Nb6Cl12(H2O)6]@(γ-CD)2}Cl2. Since the biological properties of 
group 5 hexanuclear clusters {M6X12}n+ (M = Nb, Ta; X = Cl, Br, 
I) have never been studied, we evaluated the cytotoxicity, 
genotoxicity, cellular uptake and localization of free hexaniobium 
cluster complex [Nb6Cl12(H2O)6]Cl2 and influence of γ-CD acting 
as a properties tuning agent e.g. changes in cytotoxicity, 
penetration or intracellular localization, on larynx carcinoma 
(Hep-2) and normal fibroblastic (DK-4) cell lines. Additionally, we 
demonstrated overproducing of reactive oxygen species (ROS) 
in cells that contributes to the cluster cytotoxicity. 

Results and Discussion 

Synthesis and structure 
Starting Nb6Cl14·6H2O material is a brown solid synthesized from 
NbCl5[37] which solubilizes slowly after reflux producing green 
aqueous solutions of a [Nb6Cl12(H2O)6]2+ aqua complex (1). 
Typically, after dissolution a small amount of insoluble materials 
remains. Due to this fact we determined the effective 
concentration of niobium cluster solution using thermogravimetry 
technique to calculate correct molar absorption coefficients ε 
(Fig. S1). Aqueous solutions of [Nb6Cl12(H2O)6]2+ are air stable 
and were used for further investigations as stock solutions. 
Addition of two or more equivalents of γ-CD to hot solution leads 
to the formation of green cubic crystals of {[Nb6Cl12(H2O)6]@(γ-
CD)2}Cl2·20H2O (2) upon cooling. 
The complex crystallizes in a tetragonal (I422) space group 
(Table S1). The main building block of the crystal structure is the 

supramolecular cation {[Nb6Cl12(H2O)6]@(γ-CD)2}2+ (see Fig. 1), 
in which the hexanuclear [Nb6Cl12(H2O)6]2+ cation appears 
encapsulated closely by two γ-CD molecules. Supramolecular 
complex 2 is isostructural to the previously characterized 
{[Ta6Br12(H2O)6]@(γ-CD)2}Br2·14H2O.[34] 
This cationic association can be classified as a host-guest 
complex, when the cluster unit is a cationic guest inside the 
cage formed by two γ-CD host molecules. The subunits are 
linked together through hydrogen bonding. The four coordinated 
water molecules in the belt part of the cluster participate in the 
formation of hydrogen bonds with both host molecules, giving 
O•••O distances within 2.75 – 3.30 Å intervals (Figure 1b). 
Hydrogen bonding are shown also between primary faces of two 
host molecules involving the CH2OH groups through shorter 
O•••O distances of 2.70 – 2.90 Å. Furthermore, inner chloro-
ligands are involved in hydrogen bond interactions with inward-
directed protons H3 of CD with Cl•••H distances of 3.15 – 3.20 
Å. Such bonds are much longer than those observed with Ta-
cluster (2.83 Å) indicating weaker host-guest connection. 

 

Figure 1. Structures of a) γ-CD showing the six types of protons in the 
glucopyranose unit, and b) the inclusion complex {[Nb6Cl12(H2O)6]@(γ-CD)2}2+. 
Blue dashed lines indicate hydrogen bonds between water ligands and OH-
groups of γ-CD. 

In the crystal structure the supramolecular cations form dimeric 
tubular structures in [001] crystal direction (Fig. S2 and S3), 
which can be classified as secondary building blocks (SBB). Due 
to high positional disordering of Cl– counter anions and 
crystallization water molecules in the structure, the Cl– positions 
cannot be precisely localized. Considering that {Ta6Br12}- and 
{Nb6Cl12}-cluster derivatives are isostructural, the Cl– anions 
have been then located in the positions occupied by the Br– ions 
in the analog structure. We thus assume localization of anions 
inside the dimeric tubular SBB, ensuring contacts through 
H•••Cl interactions. Besides, dimeric tubular associates form a 
bcc sub-lattice with SBB forming infinite columns running along 
[001] crystallographic direction. 
Solution studies 
Compound 2 was studied in solution by means of Isothermal 
Titration Calorimetry (ITC), mass spectrometry and nuclear 
magnetic resonance (NMR) spectroscopy. The interaction 
between γ-CD and the cationic cluster [Nb6Cl12(H2O)6]2+ was 
probed by 1H NMR titration experiment. Upon increasing the 
amount of the cationic cluster in D2O solution of 1 mM γ-CD (Fig. 
2), 1H NMR spectra showed significant line broadening of all 
signals together with slight chemical shift changes of some 
specific resonances. Surprisingly, the most affected signals were 



FULL PAPER    

3 
 

those corresponding to the outer peripheral H1 and H4 protons 
of the CD tori (Δδ ≈ - 0.08 ppm) (Fig. S4), while among the 
inward directed protons, H3 appears the most altered by Δδ ≈ - 
0.02 ppm). Such unexpected observations suggest that the 
cationic cluster is able to interact with both the external or inner 
wall of the γ-CD. Otherwise, the CD macrocycle could also 
undergo conformational distortion able to alter mostly the 
external C-H bonds. In all cases, this NMR fingerprint is 
drastically different to that previously observed with the strong 
inclusion complex {[Ta6Br12(H2O)6@(γ-CD)2]}2+. Indeed, the 
NMR analysis was fully consistent with the retention of the 2:1 
supramolecular adduct in aqueous solution,[34] where the most 
affected resonance corresponded to the signal attributed to the 
inward-directed H3 protons. Furthermore, NMR study evidenced 
a frozen inclusion complex arising from a slow host-guest 
exchange. In the current case of the {Nb6Cl12}-based cluster, the 
H3 signal exhibited only tiny change for large excess of cluster, 
indicating a moderate complexation in solution. Consistently, 
Job plots (Fig. S5) indicate 1:1 CD:cluster stoichiometry as 
prominent species. 

 

Figure 2. 1H NMR spectra of 1 mM γ-CD in the presence increasing amount of 
[Nb6Cl12(H2O)6]2+ cluster. 

Stability of 2 in aqueous solution has been studied with ESI-MS 
technique. The ESI-MS of the 2:1 complex aqueous solution 
consists in a set of species including 2:1 and 1:1 adducts as well 
as free species, observed as desolvated [Nb6Cl12]2+ species (Fig. 
S6). This result appears in fair agreement with quantum-
chemical calculations which showed favorable association for 
only 1:1 complex in aqueous solution (see below). 
ITC (Table S2 and Fig. S7) allows quantification of interactions 
between the γ-CD and [Nb6Cl12(H2O)6]2+ by measuring binding 
constants, enthalpy ΔrH* and entropy ΔrS* changes, which are 
summarized in Table 1 and compared to previously obtained 
data with [Ta6Br12(H2O)6]2+.[33] While the ITC data of 
[Ta6Br12(H2O)6]2+/γ-CD system were analyzed using a two-site 
binding model involved in a sequential process, those of 
[Nb6Cl12(H2O)6]2+ are rather consistent with a 1:1 stoichiometry 
model. This means that recognition processes are significantly 
dependent on the nature of the cluster, where the aggregation 
process leads consecutively to the 1:1 and the 2:1 adducts with 
{Ta6Br12}-based cluster and restricted to the 1:1 stoichiometry 

with the {Nb6Cl12} cluster. Consistently, the ITC results confirm 
the difference in host-guest association affinity with a K11 
decrease of two magnitude orders from {Ta6Br12} cluster to Nb 
type-cluster. Furthermore, large association constants found in 
both cases result of enthalpy driven processes, each 
compensated more or less by entropy penalty. Such 
thermodynamic fingerprints featured by a large enthalpy gains 
counterbalanced by the strong entropic energy appear 
characteristic for supramolecular assembly involving super 
chaotrope species which release high energy water molecules 
upon the recognition process.[38] Overall results are rather 
consistent with weak interactions between [Nb6Br12(H2O)6]2+ and 
γ-CD in solution as shown by 1H NMR in comparison to the 
analogous [Ta6Br12(H2O)6]2+/γ-CD system. This difference in 
behavior can be explained on the basis of size-matching effect. 
Calculated cluster volumes give 407 and 460 Å3 for {Nb6Cl12} 
and {Ta6Br12} clusters, correspondingly. Such a difference 
appears significant enough to explain the solution behavior as a 
similar correlation were previously established for rhenium 
clusters {Re6Q8} with Q = S, Se or Te.[35][36] On the other hand, 
large negative values of both ΔrH* and TΔrS* parameters should 
be also related to the nature of the supramolecular adducts 
arising from dynamic interactions between the {Nb6Cl12}-cluster 
and the external / internal part of the γ-CD rather than the typical 
1:1 and 1:2 host-guest species observed in the case of the 
{Ta6Br12}-based cluster. 

Table 1. Binding constants K involving {Nb6Cl12}- and {Ta6Br12}-based 
octahedral cluster cations with γ-CD and associated thermodynamic 
parameters (in kJ.mol-1) at T = 298 K. 

Guest Guest:CD K (M–1) ΔrH* ΤΔrS* ΔrG* 

[Nb6Cl12(OH2)6]2+ 1:1 2.2×103 -40.5 -21.4 -19.1 

[Ta6Br12(OH2)6]2+a 1:1 1.5×105 -34.2 -5.0 -29.4 

 1:2 1.3×105 -21.4 8.0 -29.4 

[a] data from reference [33]. 

Quantum-chemical calculations 
The differences in Gibbs’ free energy at T = 298.15 K and p = 1 
atm were computed for the following five equilibria: 
 
γ-CD + 40 H2O = (γ-CD)·(H2O)40 (A1) 

(γ-CD)2 + 48 H2O = (γ-CD)2·(H2O)48 (A2) 

2 γ-CD = (γ-CD)2 (B) 

[Nb6Cl12(H2O)6]2+ + γ-CD = {[Nb6Cl12(H2O)6]@(γ-CD)}2+ (C1) 

[Nb6Cl12(H2O)6]2+ + (γ-CD)2 = {[Nb6Cl12(H2O)6]@(γ-CD)2}2+ (C2) 

 
Processes (A1) and (A2) describe solvation of γ-CD and (γ-CD)2, 
respectively.For eq. (B), the head-to-head dimerization mode of 
γ-CD is chosen, since it was shown to be preferred with respect 
to other aggregation types.[39] Processes (C1) and (C2) describe 
inclusion of the {Nb6Cl12}-cluster inside the torus of γ-CD and (γ-
CD)2, respectively. The results obtained both in the gas phase 
and aqueous solution are summarized in Table 2. 
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Table 2. Differences in Gibbs’ free energy, ΔG, at T = 298.15 K and p = 1 atm, 
computed at DFT M06-2X level (basis set specified in the Computational 
Details). Data are listed in units of kJ/mol. 

 gas Water 

A1 - � 965.2 

A2 - � 1156.9 

B � 381.2 � 378.6 

C1 � 207.8 � 291.4 

C2 � 255.9 � 275.4 

 
As shown in Table 2, dimerization of γ-CD according to process 
(B) seems to be energetically more favorable in the gas phase 
than in aqueous solution. Such a scenario appears quite 
reasonable since the stabilization is mainly due to hydrogen 
bonding. In the dimer, the two γ-CD units interact mutually 
through 16 hydrogen bonds. From values given in Table 2, the 
average contribution per H-bond can be roughly estimated to 
about ΔG / n ~ 23.8 kJ/mol, which is in reasonable agreement 
with the typical mean value of O−H···:O strength (~ 21 kJ/mol). 
In aqueous solution, solvation of either the monomeric or the 
dimeric γ-CD species is evidenced as a highly favorable process 
(see reactions A1 and A2). 
Regarding the inclusion process of the {Nb6Cl12}-based cluster 
inside the γ-CD torus, formation of the 1:1 adduct (equation C1) 
reveals to be the most stable species in aqueous solution (ΔG = 
-291kJ.mol-1) compared to the other scenario depicted in Table 2. 
This supports the experimental evidences that the 1:1 adduct 
corresponds to the predominant species in aqueous solution. 
Furthermore, additional evidences are provided by computed 1H-
NMR shifts. Considering the isolated γ-CD and (γ-CD)2, and the 
related adducts {[Nb6Cl12(H2O)6]@(γ-CD)}2+ and 
{[Nb6Cl12(H2O)6]@(γ-CD)2}2+, computation results predict a shift 
for the signals of H1 and H4 protons of CD. In the case of 1:1 
adduct, a quite good agreement was found between calculated 
and experimental shifts. Variations are about -0.074 ppm for 
both H1 and H4. 
To investigate the presence and nature of possible interactions, 
the non-covalent interaction (NCI) index combined with the 
second derivative of the reduced density gradient (RDG) along 
the second main axis of variation were employed. RDG analysis 
(Fig. S8) of ground state optimized geometry of 
{[Nb6Cl12(H2O)6]@(γ-CD)}2+ shows the presence of several non-
covalent interaction regions (see panel (a)). In particular, 
chlorine atoms in the equatorial plane can interact with γ-CD via 
Cl•••H (panel (b)) or Cl•••O interactions (panel (c)), both of 
them having attractive character. 
To summarize, solution studies and quantum-chemical 
calculations suggest several types of supramolecular 
assemblies based on 1:1 stoichiometry resulting of either host-
guest complex or “outer complexes” built from external 
interactions. Such a scenario is schematically depicted in Figure 
3, where the “outer” 1:1 adduct resulting from γ-CD•••cluster 
lateral interactions can be proposed as the simplest model while 
more complicated aggregates could be envisioned. 
 
Biological properties 
The initial stage in the evaluation of the biological properties of 
new compounds is the determination of their cytotoxicity. This  
 

Figure 3. Schematic representation of equilibrated species in the aqueous 
solution containing γ-CD and [Nb6Cl12(H2O)6]2+ cationic cluster.  

parameter plays crucial role in understanding the effect of CD 
molecules on biological properties of the clusters. In order to 
evaluate the influence of γ-CD on cytotoxicity of 
[Nb6Cl12(H2O)6]2+ the MTT colorimetric assay on cancer Hep-2 
and normal DK-4 cell lines was used. It is important to note that, 
hereinafter, studies of compound 2 in fact reflect mainly the 
influence of the 1:1 form on cell viability, because, as shown 
earlier previously, this form corresponds to the prominent 
species mainly exists in aqueous solution. According to the data 
given in Fig. 4, the half maximal inhibitory concentration (IC50) 
for cluster complex 1 after 72 h of incubation (74 ± 7 µM for Hep-
2 and 594 ± 24 µM for DK-4) were lower than those for the 
adduct with γ-CD (2) (222 ± 20 µM for Hep-2, 953 ± 86 µM for 
DK-4). At the same time, the cytotoxicity of both compounds is 
higher for cancer Hep-2 cells than for normal DK-4. It is 
important to note, that the cytotoxic evaluation experiments were 
carried out at the micromolar concentration range of the cluster 
and CD. Since the binding constant of the 1:1 adduct is 1.3x103 
M–1 (at 308K), its presence in the experimental medium 
drastically depends on the concentrations used at this range. 
The calculated content in the 1:1 adduct from dissolution of 2 in 
the experimental medium is presented on the Figure 4 as a gray 
curve with asterisks. As it can be seen from the data the 
differences in the MTT curve pattern for Hep-2 cells appear at 
the concentration 25.31 µM that corresponds to an about 6% 
content of 1:1 adduct in solution. Subsequent increase in 

concentration of the complexes leads to the greater difference in  
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Figure 4. Effect of 1 and 2 on viability of DK-4 (blue and green lines) and Hep-
2 (red and violet lines) cells measured by MTT. Gray line indicates calculated 
1:1 adduct content (%) in solution at 308 K according to ITC data. 

their cytotoxicity. The significant difference in the cytotoxicity of 1 
and 2 for DK-4 cells was observed only at the concentrations 
when the 1:1 adduct content exceeds 50%  These findings 
suggest that i) the CD adduct (when appears) has lower 
cytotoxicity due to the shielding effect of γ-CD and ii) both free 
and encapsulated clusters have selective cytotoxic effect for 
tumor cells in comparison with normal cells. A possible reason 
for such behavior can be the difference in the cellular uptake of 
1 and 2 by Hep-2 and DK-4 cells. Unlike previously investigated 
octahedral cluster complexes in biological systems[40][41][42][43] the 
hexaniobium cluster complexes do not exhibit luminescence, 
making their cellular uptake unavailable for studies by 
fluorescent microscopy or flow cytometry. However, we were 
able to quantify the accumulation of 1 in Hep-2 and DK-4 cells 
by inductively coupled plasma mass spectrometry (ICP-MS). 
The results obtained show that the cluster [Nb6Cl12(H2O)6]Cl2 is 
able to penetrate through cell membrane and amounts of 
niobium atoms accumulated by cells of both lines are actually 
relatively similar (Table S3). Note, that the presence of CD in the 
case of 2 at investigated concentration (1.5 µM) does not 
influence on its cellular uptake (Table S2). Moreover, it is most 
likely that after cellular uptake, even at high concentration of 2, 
the real content of 1:1 adduct inside the cells will be extremely 
small (if at all). 
Therefore, it is clear that the difference in the cytotoxicity 
between cell cultures is not related to the difference in the 
cellular uptake of cluster complexes, but in the mechanism of 
toxicity. 
Transmission electron microscopy assay with elemental 
mapping on Hep-2 cells incubated with 1 indicated cellular 
uptake and subcellular localization of niobium atoms (Fig. S9). 
According to the TEM images, the cluster is located inside the 
nucleus and in mitochondria. It is also important to mention that 
no signs of abnormal changes of cells ultrastructure were 
observed. This ability to penetrate into the cell nucleus and 
mitochondria can lead to the binding with DNA molecules. The 
possibility of interaction between [Re6Se8I6]3–cluster complex 
and ssDNA has already been referred. [33] 
The ability of the cluster to enter the nucleus and mitochondria 
of Hep-2 cells is an unexpected finding, revealing the potential 
use of this cluster as a targeting deliverer of various substances, 
such as cytostatics, in tumor cells. To evaluate the binding of the 
niobium cluster with DNA, the Hep-2 cells with 1 were incubated 
and the DNA was then isolated. The niobium quantity 
determinations in the isolated DNA by ICP-MS clearly 
demonstrate the presence of Nb in the samples DNA and 
correspond to 1.0 ± 0.3 µg per 1 mg of DNA. The Nb amount in 
the control DNA (without incubation with cluster compounds) 
was 0.020 ± 0.005 µg(Nb)/mg(DNA). This data allows us to 
assume that hexaniobium clusters can really bind to DNA in 
some way. 
This binding of the cluster to DNA can lead to DNA damage, and 
as a result, to replication blocking (genotoxicity). To assess the 
contribution of genotoxicity into the toxicity of 1, the SOS 
chromotest on E. coli strain PQ37 was used. Cluster compound 
showed slight genotoxic effects (Table S4), indicating some 
interactions between the clusters and DNA, regardless of the CD 

presence. Descending trend of I(c) (induction factor, considered 
as the ratio of the activity of two enzymes, beta-galactosidase to 
alkaline phosphatase) with increasing complex concentration is 
due to the cell toxicity of the cluster: with decreasing number of 
bacteria (decreased activity of alkaline phosphatase) the SOS 
response weakened. Moreover, the similar genotoxicity of the 
niobium cluster correlates with the similar quantity of the Nb in 
the samples. 
Since 1 has slight genotoxicity it does not seem to be a main 
reason of its cytotoxicity. Moreover, it does not explain the 
difference in the toxicity of the compounds on different cell lines. 
One of the common mechanisms for cellular death is 
overproducing of reactive oxygen species (ROS). In order to 
monitor the presence of intracellular ROS after incubation with 1 
and 2, a cell-permeable fluorescent probe, 5,6-carboxy-2′,7′-
dichlorofluoresceindiacetate (DCFH-DA), sensitive to oxidation 
by different ROS including singlet oxygen, was used. A 100 µM 
H2O2 solution was used as a ROS-positive control reference. 
According to the data obtained (Fig. S10, S11) incubation both 
with 1 and 2 increased the ROS level in the cells. 
In general, the ROS level was higher for compound 1 than for 2 
in both cell cultures. Indeed, the presence of cyclic 
oligosaccharide γ-CD can inhibit oxidative stress caused by 
cluster complex.[44] Nevertheless, both compounds show a 
tendency to generate ROS in Hep-2 cancer cells more efficiently. 
These results may explain the difference in the toxicity of 1 and 
2 on Hep-2 and DK-4 cells, and indicate contribution of ROS 
production to the cluster cytotoxicity. 

Conclusion 

The specific molecular recognition between [Nb6Cl12(H2O)6]2+ 
and γ-CD has been demonstrated. According to the NMR and 
ITC data, 1:1 complex is preferable in solution, while in solid 
state 2:1 complex formation was obtained. Dissolution of 2:1 
complex crystals leads to formation of an equilibria set including 
mainly the 1:1 adduct and free [Nb6Cl12(H2O)6]2+ species. 
The first quantum-chemical calculations of octahedral cluster/CD 
assemblies have been performed. Calculated data appeared 
rather consistent with the formation of host-guest assemblies 
both in the gas phase and in aqueous solution. Especially, 
comparison of the computed values of ΔG for the 1:1 and 2:1 
complexes gives more negative value for the 1:1 complex in 
aqueous solution which supports the experimental evidences for 
the presence of 1:1 adduct as dominant form in solution. 
Host-guest complex formation between [Nb6Cl12(H2O)6]2+ and γ-
CD changes biological properties of the cluster. In addition to 
significant differences in cytotoxicity, we observed distinction in 
the producing of reactive oxygen species, as well as revealed 
selective toxicity of 1 and 2 for the Hep-2 tumor cell line. Another 
interesting result was the ability of hexaniobium cluster to 
accumulate in the nucleus of tumor cells. According to the 
experimental data, one can suggest [Nb6Cl12(H2O)6]2+ cluster to 
be useful for the development of novel metal-based anticancer 
drugs. In context, cyclodextrin plays the role of protective 
nanocontainer decreasing cytotoxic effect of the clusters 
allowing possible release inside the cancer cells. 
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