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herein, for the first time, the in vitro and in vivo effects of 
an oxidovanadium(IV) complex with the flavonoid chry-
sin on the new 3D human osteosarcoma and xenograft 
osteosarcoma mice models. The pharmacological results 
show that VOchrys inhibited the cell viability affecting 
the shape and volume of the spheroids and VOchrys sup-
pressed MG-63 tumor growth in the nude mice without 
inducing toxicity and side effects. As a whole, the results 
presented herein demonstrate that the antitumor action of 
the complex was very promissory on human osteosarcoma 
models, whereby suggesting that VOchrys is a potentially 
good candidate for future use in alternative antitumor 
treatments.

Abstract  Osteosarcoma (OS) is the most common pri-
mary tumor of bone, occurring predominantly in the 
second decade of life. High-dose cytotoxic chemother-
apy and surgical resection have improved prognosis, 
with long-term survival for patients with localized dis-
ease. Vanadium is an ultra-trace element that after being 
absorbed accumulates in bone. Besides, vanadium  com-
pounds have been studied during recent years to be con-
sidered as representative of a new class of non-platinum 
antitumor agents. Moreover, flavonoids are a wide family 
of polyphenolic compounds that display many interesting 
biological effects. Since coordination of ligands to met-
als can improve the pharmacological properties, we report 
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Introduction

Vanadium is an ultra-trace element present in higher plants 
and animals [1].

The biological effects of vanadium convert its com-
pounds in potential therapeutic agents to be used in the 
treatment of a number of diseases, such us diabetes [2–4], 
osteoporosis [5], and cancer [6–9]. In vertebrates, after 
absorption and tissue distribution, great amounts of vana-
dium are detected in liver and especially in bone [1].

Osteosarcoma (OS) is a primary bone malignant tumor, 
and it is the most common bone tumor in children and 
young adults [10]. To improve the welfare and survival of 
the patients, a more comprehensive understanding of the 
mechanisms underlying the clinical expression of OS is of 
great importance to identify novel chemotherapeutic drugs 
for a more effective treatment.

The use of monolayer cultures applied to test potential 
anticancer drugs is one of the most useful employed tech-
niques. However, this model has a lack of high similar-
ity, since the cells are organized in two dimensions [11]. 
In the bidimensional cultures, the cells are more likely to 
be affected by the substance under evaluation than in more 
representative models for tumors [12]. Due to the limita-
tions to test substances in monolayer culture, the need of 
a reliable model that mimics the tumor tissue organization 
is of great interest. This approach allows the scientists to 
handle a high-throughput, pushing for the development of 
3D models that show the basic characteristics of tumors 
[13]. The multicellular spheroids (MCS), as a 3D model 

of tumor, simulate the avascular or micrometastasic state 
of an in vivo tumor [14]. This kind of 3D tumor model is 
widespread to study the transport and cell uptake of antitu-
mor based drugs [15, 16]. Currently, Hambleys group uses 
several spectroscopic imaging and mapping techniques to 
characterize the spheroid solid tumors [17].

On the other hand, animal models of human cancers are 
very helpful to elucidate the multifaceted mechanisms rel-
evant for tumor development. These mechanisms cannot 
properly be addressed in other systems, including monolay-
ers and 3D tumor spheroids [18]. Moreover, animal models 
are essential tools for the design and development of new 
drugs for cancer diagnostic and treatment in preclinical 
research [19].

In the last few decades, vanadium compounds have 
been considered as a new class of metal-based antitumor 
agents, but the effects of these compounds in 3D in vitro 
and in vivo systems are scarcely reported and examined in 
the literature.

As part of a project related to the research of vana-
dium compounds with potential therapeutic applications, 
this study deals with the effects of an oxidovanadium(IV) 
complex with the flavonoid chrysin, [VO(chrysin)2EtOH]2 
on 3D multicellular spheroids and osteosarcoma cell xeno-
graft in mice. For the first time, we have investigated and 
reported herein the action of VOchrys on the viability of 
MG-63 osteosarcoma cells (multicellular spheroids and 
xenograft mice). This tumor cell line derived from a human 
source is a very good model to study the antitumor actions 
involved in the antiproliferative effects of new compounds. 
In particular, we focus our investigation on the develop-
ment of models of MG-63 multicellular spheroids and 
xenograft mice to get further pharmacological evaluation of 
this promissory vanadium-flavonoid compound.
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Materials and methods

Experiment

Synthesis of VOchrys

VOchrys was synthesized according to previously reported 
results [20]. Briefly, chrysin (0.5  mmol) was mixed with 
vanadyl acetylacetonate (0.25  mmol) in absolute etha-
nol and refluxed for ca. 1.30  h (final pH =  5). The hot 
green suspension was filtered; the solid was washed three 
times with absolute ethanol and air-dried. Anal. Calc. for 
C64H48O20V2: C, 62.0; H, 3.9; V, 8.2. Exp.: C, 62.2; H, 4.3; 
V, 8.2. Yield: 72 %.

The identification of the complex was done by FTIR 
following the main absorption bands of the complex [ν 
(V=O) 967  cm−1, ν (C=O) 1630  cm−1, Ring B, and 
δip(CH) 1521 cm−1].

Preparation of VOchrys solutions

Fresh stock solutions of the complex (20  mM) were pre-
pared in DMSO and diluted according to the concentrations 
indicated in the legends of the figures.

Cell culture

The human osteosarcoma (MG-63) cell line was pur-
chased from ATCC (CRL1427™). Cells were grown in 
DMEM containing 10 % FBS, 100 U mL−1 penicillin, and 
100 μg mL−1 streptomycin at 37 °C in a 5 % CO2 atmos-
phere. Cells were seeded in a 25  cm2 flask, and when 
70–80 % of confluence was reached, cells were subcultured 
(1 mL TrypLE™ per 25 cm2 flask).

Multicellular spheroids formation

The development of multicellular spheroids was achieved 
by the hanging drop technique [21] with minor modifica-
tions. Briefly, a flask with growing cells was rinsed with 
sterile PBS, and then, 1 mL of TrypLE™ was added to har-
vest the cells. The cell suspension was adjusted to a con-
centration of 60 cells/µL; this concentration was selected 
to get 400 µm diameter spheroids at the beginning of the 
treatment with the compound. After 48  h, the compacted 
spheroids were transferred to an agar coated 96-well plate, 
and then, 200 µL of DMEM plus 10 % FBS were added to 
each well. The plate was cultured under the standard condi-
tions for eight days, replacing 50  % of the culture media 
every 48 h.

Vanadium treatment of multicellular spheroids

For pharmacologic experiments, multicellular spheroids 
were treated in 96-well plates with 1 % DMSO in DMEM 
plus 10 % FBS (basal conditions) and 100 μΜ of VOchrys 
in DMEM plus 10 % FBS (treatment condition) for 72 h. 
After that, the evaluation of damage in the cell viability of 
spheroids was achieved by the acid phosphatase assay and 
image analysis.

Acid phosphatase assay

To determinate in a reliable and high-throughput way the 
viability [22] of the cells within the spheroids, we used 
this technique, since it is known that living cells express 
acid phosphatase. This enzyme catalyzes the hydrolysis of 
p-nitro-phenyl phosphate to p-nitrophenol, and the absorb-
ance of this substance can be measured at 405 nm and used 
to quantify the surviving cells after the treatment [14]. The 
color development was measured spectrophotometrically at 
405 nm with a microplate reader (model 7530, Cambridge 
Technology, USA).

Phase contrast microscopy and image analysis

Phase contrast microphotographs of each MCS were 
taken before and after the treatment using an Olympus 
IX51 inverted microscope with a digital camera of eight 
megapixels resolution attached to a personal computer. 
The image processing was performed under the software 
ImageJ. For comparative purposes and normalization of the 
data, we employed the factor shape corrected volume, cal-
culated by the following equation:

where:

Ethics statement

The animal study was conducted in accordance with the 
Guide for the Care and Use of Laboratory Animals of the 
National Research Council, USA [23].

The Animal Lab Care Committee (IACUC) of Veterinary 
School, National University of La Plata has approved all ani-
mal protocols used in this research (E36-3-13). All surgeries 
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were performed under ketamine–xylazine (100 mg–20 mg/
kg) anesthesia. All efforts were made to minimize animal 
suffering, to decrease the number of animals used, and to 
utilize possible alternatives to in vivo techniques.

Tumor implantation, treatment, and evaluation

Xenograft tumors were established in 6-week old females 
and males N:NIH(S)-Fox1nu mice that were provided 
from the Chair of Laboratory Animal, Veterinary School, 
National University of La Plata (Argentina).

Mice were inoculated subcutaneously (s. c.) into the 
right flank with 4 × 105 and 2 × 106 human osteosarcoma 
MG-63 cells. Tumor size was assessed using a caliper every 
10 days after implantation and approximate tumor burden 
(mm3) was calculated as length ×  width2/2 (V =  lw2/2), 
where length and width are the longest and shortest axes in 
millimeters.

For therapeutic experiments, mice were treated when the 
xenograft tumors reached 250 mm3. Mice (n = 5 animals 
per group) received an injection of 5  % DMSO in PBS 
(vehicle control mice), VOchrys (5.5 mg/kg, treated mice), 
and VOchrys (27.5 mg/kg, treated mice) via intraperitoneal 
every day for 11  days. Tumor growth was monitored by 
measuring tumor diameters every 3 days with a caliper, and 
animal weights were monitored at the same time.

Statistical analysis

Results are expressed as the mean of three independent 
experiments and plotted as mean ±  standard error of the 

mean (SEM). The total number of repeats (n) is specified 
in the legends of the figures. Statistical differences were 
analyzed using the analysis of variance method followed by 
the test of least significant difference (Fisher).

The statistical analyses were performed using STAT-
GRAPHICS Centurion XVI.I.

Results

Synthesis and identification of VOchrys

VOchrys (Fig. 1) was synthetized according to Naso et al. 
[20]. The powder sample of the complex was identified by 
FTIR, and the main vibrations of the organic moiety as well 
as the coordinated vanadyl(IV) were compared with the pre-
vious report. Moreover, from the EPR data, it was assumed 
that in the proposed complex structure for VOchrys, one the 
axial positions is occupied by the oxygen atom of VO cation 
and the other by a solvent molecule. The equatorial posi-
tions are occupied by two organic ligand molecules.

Studying metal-based drugs is important to explore the 
properties of a potential “active species” and further uncov-
ering the details associated with their specific composi-
tion and geometry likely important to the pharmacologi-
cal action. Speciation is an important concept that assists 
researchers in understanding developments that involve 
metal ions [24].

In solution, it can be assumed that the main species of 
the complex is VOL2, taking into account the L/M ratio and 
the spectrophotometric titrations. Besides, the compound 

Fig. 1   Vanadium complex 
structure. Chemical proposed 
structure of oxidovanadium(IV)-
chrysin complex (a), 
monomeric configuration of 
oxidovanadium(IV)-chrysin 
complex under acid condition 
(b), and dimeric configuration 
of oxidovanadium(IV)-chrysin 
complex at physiological pH (c)
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investigated herein has shown a very good stability at physi-
ological pH, as it has been demonstrated by UV–Vis and 
EPR spectroscopy [20]. On the other hand, Sanna and col. 
have recently described that chrysin ligand form penta-
coordinated structures (CO, O–) with “acetylacetone-like” 
coordination showing dimeric configuration of chrysin com-
plex at physiological pH (see Fig. 1b, c) [25]. These acety-
lacetone-like structures show low interaction with different 
blood molecules keeping their structure, because they have 
good stability under physiological conditions [26].

3D in vitro studies

Development of MG‑63 multicellular spheroids

Several scientific bibliographic reports show the potential 
uses of spheroids in cancer pharmacology [13, 27]. Three-
dimensional cell culture contributes to either the elimina-
tion of non-effective drug candidates at the preclinical state 
or to the identification of promising drugs that would fail in 
classical monolayer (2D) assays. Therefore, we have devel-
oped a novel multicellular spheroids model using human 
osteosarcoma MG-63 cells by the hanging drop technique.

Figure  2a shows the growth of MG-63 spheroids after 
5 days of culture.

The growth is lineal until the 2nd day with a volume 
value of 2 × 106 µm3. From this day, it can be seen a more 
active proliferation correlated with the increase of volume 
value (4.3 × 106 µm3) until 5.6  × 106 µm3 volume value in 
the 5th day.

Besides, after 5  days of growth, the spheroids reach a 
diameter of 400–420 µm. This size is the reported and rec-
ommended size for the assay to test drugs, since with this 
diameter, the spheroids express the main features of avas-
cular solid tumors, such as hypoxia regions [28].

After 5 days of growth, the circularity values increase, 
because the edges of multicellular tumor spheroids (MCTS) 
are more regular and uniform, achieving a compact config-
uration similar to the cytoarchitecture of the solid osteosar-
coma tumor (Fig. 2b).

Effects of VOchrys on the cell viability and morphology 
of MG‑63 multicellular spheroids

To determine the antitumor effectiveness of VOchrys, we 
decided to evaluate its effects on cell viability in MG-63 
multicellular spheroids using the acid phosphatase assay as 
a marker [22].

The acid phosphatase technique is a reliable tool used to 
determine the cell viability of multicellular spheroids in the 
antitumor drug screening [14].

Figure 3 shows the effects of VOchrys on cell viability in 
MG-63 multicellular spheroids. A loss of acid phosphatase, 
indicated by a decrease in the activity of this enzyme, 
was observed when MG-63 multicellular spheroids were 
exposed to 100 μM of VOchrys during 72 h. The data pre-
sented herein show a cytotoxic effect of VOchrys with sta-
tistically significant differences versus the control (basal 
condition) (p < 0.01).

On the other hand, as it can be seen in Fig. 4, the com-
plex impaired the cell viability affecting the shape and vol-
ume of the spheroids. The values of shape corrected volume 
are approximately 1000 ±  56 and 261 ±  17 mm3 for the 
control and treatment, respectively (p < 0.01). These results 
are in agreement with the deleterious effect of VOchrys on 
MG-63 multicellular spheroids viability.

Fig. 2   a MG-63 multicellular spheroid growth curve expressed 
in μm3 after 5 days of culture. The results are expressed as the vol-
ume (μm3) and represent the mean ± the standard error of the mean 
(SEM) (n =  10). b MG-63 multicellular spheroid circularity calcu-
lated using ImageJ 1.49B. The results are expressed as the circular-
ity and represent the mean ±  the standard error of the mean (SEM) 
(n = 10)
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In vivo studies

Development of a murine animal model N:NIH (S) Fox1nu 
xenograft with MG‑63 human osteosarcoma cells

The high quantity of worldwide investigation with several 
scientific reports registered in PubMed, and other medical 
databases emphasize the international interest for osteo-
sarcoma research [29–31]. Partly, this is explained by the 
clinical inquiries that yet need to be answered on how to 
improve cancer patient care. On the other hand, it is the 
variable and complex genesis and physiology of osteosar-
coma that attract scientists from diverse areas of expertise 
to study the biology and the pharmacology of this highly 
malignant bone neoplasm. Therefore, we create a new 
murine model to study alternative treatments for osteo-
sarcoma. In this sense, with the main goal to evaluate the 
pharmacological properties of alternative antitumor agents, 
we proceeded to develop for the first time a new animal 
model with human osteosarcoma MG-63 cells.

Fig. 3   Effects of VOchrys on 
the cell viability of MG-63 
multicellular spheroids. Two 
spheroids were incubated in 
Dulbecco’s modified Eagle’s 
medium (DMEM) alone (basal) 
or with 100 μM of VOchrys at 
37 °C for 72 h. Then, the acid 
phosphatase activity was meas-
ured as cell viability biomarker. 
The results are expressed as the 
percentage of the basal level 
and represent the mean ± the 
standard error of the mean 
(SEM) (n = 18). Asterisk in 
comparison with the basal level 
(p < 0.01)

Fig. 4   Effects of VOchrys on the shape and volume of MG-63 multi-
cellular spheroids. Representative images of control and treated sphe-
roids are shown in the upper panel. The results are expressed as the 
percentage of the basal and represent the mean ±  the standard error 
of the mean (SEM) (n = 10). Asterisk significant difference in com-
parison with the basal conditions (p < 0.01)
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Females and males mice (N:NIH (S) Fox1nu) were 
inoculated subcutaneously with different amounts of 
MG-63 cells (4 × 105 and 2 × 106 cells/animal) to normal-
ize the best ratio of number of cells/tumor growth and its 
development.

Figure  5 shows the growth of osteosarcoma tumor in 
mice (N:NIH (S) Fox1nu) as a function of time. As it can be 
seen, the male animals that were inoculated with 4 × 105 

cells did not develop tumors, whilst the mice that were 
inoculated with 2 ×  106 cells developed 246 ±  47  mm3 
tumors after 60 days. On the other hand, the female animals 
developed tumors of 82 ± 14 and 562 ± 39 mm3 (animals 
inoculated with 4 ×  105 and 2 ×  106 cells, respectively) 
after 60 days.

Later, the tumor samples were collected and analyzed 
histopathologically with hematoxilin/eosin stain. It can be 

Fig. 5   Osteosarcoma tumor growth in athymic nude mice. Males 
and females (N:NIH (S) Fox1nu) were inoculated subcutaneously 
with 4 × 105 and 2 × 106 cells per animal). Tumor size was assessed 

using a caliper every day after implantation and approximate tumor 
volume (mm3) were calculated as length × width2/2 (V = lw2/2)

Fig. 6   Histopathology of tumor samples. Upper panel male tumor samples, lower panel female tumor samples. Tumor samples were dissected 
by scalpel and stained with hematoxilin/eosin. Magnifications ×10, ×40, and ×100 are indicated
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seen from Fig. 6 that it could be observed a focused deep 
tissue and neoplastic infiltration in the tumor samples from 
male animals (10×). Both 40× and 100× magnifications 
show in detail infiltrate of neoplastic cells with marked 
pleomorphism, macrokariosis, anisokaryosis, and evident 
nucleoli together with the aberrant presence of mitotic fig-
ures. In the case of females, infiltrated deep well defined 
and neoplastic tissue with necrosis areas can be observed at 
10×, while at 40× and 100×, macrokariosis and anisokari-
osis were observed.

These results show that the osteosarcoma tumor in mice 
(N:NIH (S) Fox1nu) displays neoplastic morphological fea-
tures related to these types of tumors.

VOchrys antitumor efficacy evaluation in athymic nude 
mice N:NIH(S) Fox1nu bearing human osteosarcoma tumor 
derived from MG‑63 cell line

After to establish the tumor model line MG-63 in mice 
(N:NIH(S) Fox1nu), we decided to evaluate the in vivo anti-
tumor effects of VOchrys, previously studied on in  vitro 
systems. This compound had previously shown promising 
effects in a 2D culture system of osteosarcoma cells [32]. 
Therefore, it was interesting to evaluate its effects in vivo 
to analyze the possible clinical use of this vanadium based 
drug in an alternative therapy for osteosarcoma.

Due to the shorter time and best growth of tumor devel-
opment in female mice, these animals were chosen to study 
the anticancer efficacy of this metallodrug. The treatment 
was performed during 11 consecutive days every 24  h 
and involved the following three groups of five animals 

each: DMSO 5 % in PBS (vehicle control mice), VOchrys 
(5.5  mg/kg, treated mice), and VOchrys (27.5  mg/kg, 
treated mice).

Figure 7 shows the in vivo antitumor effects of VOchrys 
in osteosarcoma mice model.

The result showed that from the 6th day of treatment, 
the tumor volume decreased with a difference statistically 
significant over the control for both treatments (*p < 0.01). 
After 6 days of treatment, it was observed that the treatment 
carried out with the highest dose of VOchrys produced a 
reduction of the tumor volume greater than the treatment 
with the lower concentration of vanadium complex, dem-
onstrating the effect of concentration on the tumor volume 
reduction (#p < 0.01). In this sense, the values of tumor vol-
ume (mm3) were 314 ± 32, 197 ± 9, and 117 ± 18 for con-
trol and treatments with 5.5 and 27.5 mg/kg, respectively. 
After 9  days of treatment, it was observed that both con-
centrations of VOchrys continue tumor reduction compared 
to the control conditions, obtaining values of tumor volume 
of 423 ± 52, 210 ± 38, and 165 ± 28 mm3 for control and 
treatments, respectively (*p < 0.01). The last measurement 
of tumor size was performed on day 14th after 3 days of 

Fig. 7   In vivo antitumor effects of VOchrys. MG-63 cells were inoc-
ulated subcutaneously into the right flank of nude mice and allowed 
to form tumors, following which mice were assigned to each treat-
ment groups [Control, VOchrys (5.5 mg/kg), and VOchrys (27.5 mg/
kg)] as described in “Materials and methods”. Tumor volume was 

measured at the indicated time points after the onset of treatment. In 
relative volume, V =  volume and V0 =  initial volume. All data are 
presented as mean ± SEM for five mice/group. *p < 0.01 with refer-
ence to basal, #p < 0.01 between treatments

Table 1   Effects of VOchrys on body weight in mice

Values are expressed as mean ± SEM for five mice/group

Animal body weight (Wc)

Control 24.33 ± 0.88

5.5 mg VOchrys/kg 24.41 ± 0.84

27.5 mg VOchrys/kg 24.25 ± 0.75
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the last dose of drug, for this time. As it can be seen, the 
tumor reduction could be determined only from treatment 
with the highest dose of vanadium drug.

On the other hand, VOchrys suppressed tumor growth 
in the nude mice without inducing toxicity and side effects 
(measured by the loss of body weight), as shown in Table 1. 
We did not observe any symptoms of toxicity (e.g., lethargy 
and decreased feeding).

These results demonstrate that the complex VOchrys 
caused a desired antitumor effect, since it reduced the 
tumor volume without affecting the animal health.

Discussion

Flavonoids are a large family of compounds synthesized by 
plants that have a common chemical structure [33]. These 
compounds are of great interest for their potential therapeu-
tic effects on animals and human beings [34]. The modu-
lation of flavonoid effects by complex formation to yield 
flavonoid–metal complexes is a very extensive field of 
interest. In fact, the pharmacological actions of these com-
pounds are more effective than those of free flavonoids, 
meaning that the physiological and anticancer properties 
of flavonoids are enhanced on complexation with metal 
ions [32]. On the other hand, several vanadium compounds 
show interesting antitumor properties against several types 
of cancer, exhibiting higher anticancer activity than clinical 
reference drugs, such us cisplatin [8, 35, 36].

In vertebrates, higher amounts of vanadium are detected 
especially in bones than in other tissues [1]. We use the 
human osteosarcoma cell line MG-63 for the investigation 
of vanadium storage and bioactivity. This tumor cell line is 
a very good model to study the pharmacological actions, 
cytotoxicity, and genotoxicity as well as the putative mech-
anisms involved in the anticancer effects of new metal-
based compounds [37].

One of the more widely used methodologies to culture 
3D MCTS is the hanging drop technique. To achieve the 
growth of the MCTS, a drop of the cellular suspension is 
cultured in inverted substrates as culture plates [11, 38]. 
Besides the challenge of developing the model for each 
cell line, it is also necessary to set up the endpoint of the 
experiment and the way to determine it. Due to the com-
plexity of the structure acquired by the MCTSs, it is dif-
ficult to apply the standard measurements of cell viability 
and it is fundamental to carry out a validation of the cho-
sen or selected method. One of the most common systems 
to evaluate the viability of an MCTS widely employed in 
laboratories is the acid phosphatase method validated in a 
wide range of cell lines with high selectivity, reproducibil-
ity, and accuracy [14, 21]. The 3D tumor model of MG-63 
osteosarcoma cell line can be mainly referred to Santini 

et al. [39]. These authors use the method of liquid overlay 
for the spheroid formation, obtaining cellular aggregates, 
which are subjected to physical and chemical treatments 
to evaluate the damage on the spheroids. They have tested 
the effect of a magnetic field on spheroids demonstrating 
that there is no damage induced by this field or alterations 
in parameters, such as proteins, GSH/GSSG ratio, lactate 
dehydrogenase activity, and growth rate [40].

Our results in MG-63 human osteosarcoma cell line 
show a very good correlation between days of growth and 
multicellular spheroids formation, with similar features to 
those obtained for other cell lines [41–43].

Our previous results in MG-63 cell monolayers showed 
that VOchrys impaired the cell viability in a dose response 
manner from 10 to 100 µM, increasing the caspase-3 level 
and ROS generation. The compound decreased 35 and 
80  % cell viability at 10 and 100  µM, respectively [32]. 
On the other hand, our findings in a 3D system show that 
VOchrys (100  µM) decreased the metabolic activity of 
spheroids diminishing 35 % of the acid phosphatase activ-
ity. Besides, the vanadium complex reduced the cell viabil-
ity affecting the shape and volume of the spheroids. These 
results are very important, because the complex induced 
cytotoxicity using pharmacological appropriate concentra-
tion against human osteosarcoma cells in 2D and 3D mod-
els with very interesting effects. In this order, a scientific 
report has previously demonstrated that osteosarcoma cell 
spheres have resistance to cisplatin and doxorubicin treat-
ments [44].

Schreiber-Brynzak and co-workers published the effects 
of different reference metal-based anticancer drugs, such as 
platinum, gallium, lanthanum, and ruthenium compounds 
against 2D and 3D colon and ovarian cancer models [28]. 
Detailed comparison of data obtained for all tested metal-
based drugs shows that the use of 3D model results in a 
totally new ranking of compounds with regard to their cyto-
toxicity in  vitro. The cytotoxicity of the gallium complex 
KP46 and the ruthenium derivate KP1339 was markedly 
lower in the 3D spheroid model than in monolayer showing 
IC50 values of 133 and 244 µM, respectively [28].

Besides, gemcitabine and 5-FU treatments only showed 
drug efficacy against pancreatic cancer spheroids at 
200 µM [45].

The advantages of 3D spheroid-based experiments 
underline the necessity of using different experimental 
models for reliable preclinical investigations to assess and 
better predict the anticancer potential of new compounds 
[28].

In this way, animal  models  of different human  can-
cers have evolved in attempts to represent the complexity 
of this disease. Human tumor xenograft models are the 
most widely used method to help the prediction of antican-
cer potency in preclinical studies [46].
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These models have been employed to provide a better 
understanding of tumorigenesis progression, drug response, 
and drug resistance. Nevertheless, the available and highly 
specific experimental models possess some inherent limi-
tations related to tumor stage, genetic background, and 
growth conditions [47].

Therefore, the development of new xenograft osteosar-
coma models is a very interesting field of research in cancer 
drug discovery. For the first time, we have developed a new 
human osteosarcoma xenograft mice model using MG-63 
cells. Our results show that the female animals developed 
higher tumors in a shorter time than male mice, whereby 
we use the female animals to evaluate the antitumor effi-
cacy of VOchrys against osteosarcoma.

The in vivo anticancer effects of VOchrys showed that 
this compound reduced the tumor volume in xenograft 
mice. After 6 days of treatment, the values of tumor volume 
were 314 ± 32, 197 ± 9, and 117 ± 18 mm3 for control 
and treatments with 5.5 and 27.5 mg/kg, respectively. After 
9  days of treatment, it was observed that both treatments 
with VOchrys suppress the tumor growth obtaining values 
of tumor volume of 423 ± 52, 210 ± 38 and 165 ± 28 mm3 
for control and treatments, respectively. Besides, other very 
important pharmacological point is that VOchrys reduced 
tumor growth in the nude mice without inducing toxicity 
and side effects (e.g., lethargy, decreased feeding, etc).

These results demonstrate that the complex VOchrys 
shows promissory anticancer actions, since it reduced the 
tumor volume without affecting the animal health.

Different animal studies have shown that vanadium is 
effective in preventing and reducing neoplastic develop-
ments in several types of cancer (see Table S1) [48–53].

Moreover, several scientific reports have also described 
the putative therapeutic effects of vanadium on the growth 
and metastatic potential of tumor cells in xenograft mice 
models [6, 54].

The in vivo effects of VOchrys on the osteosarcoma xen-
ograft mice model are reported herein for the first time, and 
it is relevant for the in vivo effects of vanadium compounds 
on xenograft osteosarcoma model.

Conclusion

Determination of the main features of the tumor models 
used in pharmacological studies is very important to under-
stand the interactions between drugs and cellular architec-
ture and components of cancer.

Characterisation of tumor models can be carried out using 
different techniques. Currently, research in this area shows 
a tendency from relatively simple monolayer or 2D systems 
used for preclinical screening towards the 3D model sys-
tems which are more suitable for understanding the complex 

environment of solid tumors. Solid tumors are characterised 
by heterogeneous cell populations and complex three-dimen-
sional architecture. This complex structure implies gradients 
of nutrients, metabolites, and drugs between the tumor and 
its microenvironment. These factors strongly influence cel-
lular uptake and drug intra-tumour distribution.

The present work deals with the development of a 3D 
multicellular spheroid model of osteosarcoma and of an 
in vivo murine model of xenograft mice bearing a human 
osteosarcoma cell line MG-63, both specially appropriate 
to test different compounds with perspectives as antican-
cer agents. In the present manuscript, an MCTS model of 
MG-63 human osteosarcoma cell line was used to char-
acterize the ability of a vanadium(IV) complex with the 
flavonod chrysin, VOchrys to reduce the viability of the 
MCTS model. This vanadium complex had been previ-
ously tested in a 2D monolayer system of the same tumor 
cell line, showing anticancer activity even higher than 
cis-Pt. In the 3D MCTS system, VOchrys also displayed 
antitumor actions, since it altered the shape of spheroids 
and decreased the viability of them. Moreover, when the 
complex was tested in the in vivo xenograft mice model, 
important antitumor actions were observed along the 
treatment. The pharmacological effects were determined 
through a significant reduction of the tumor volume and 
suppression of the tumor growth along 11  days of treat-
ment without any symptom affecting the health and behav-
iour of the animals.

The results obtained and discussed in detail in the pre-
sent work demonstrated the advantages of the MCTS sys-
tem and the in vivo xenograft mice model to evaluate the 
anticancer efficacy of VOchrys, allowing to place it in the 
threshold of non-platinum antitumor drugs.
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