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Abstract Ideal drugs to cure cancer leave normal

cells unharmed while selectively turning tumor cells

unviable. Several copper complexes have been able to

selectively slow down tumor proliferation. We

hypothesized that Cu(smz)2(bipy)�H2O (1)—a cop-

per-complex that has two ligands capable of interact-

ing with DNA—would outperform

Cu(smz)2(OH2)�2H2O (2), and also that supporting 1

on mesoporous silica spheres would decrease even

further tumor cell viability in vitro. After exposing

osteosarcoma cells (MG-63) and normal phenotype

cells of bone origin (MC3T3-E1) to either complex,

we studied their toxic effect and mechanisms of

action. We determined cell viability (MTT assay) and

quantified formation of reactive oxygen species (ox-

idation of DHR-123 to rhodamine). Moreover, we

assessed genotoxicity from (i) formation of micronu-

cleus (MN assay) and (ii) damage of DNA (Comet

assay). After the exposure of 1 supported on silica

spheres, we tested cell viability. Our results confirm

our hypotheses: inhibition of tumor cells follows:

supported 1[ dissolved 1[ 2. Future work that

enhances the load of the complex exclusively in

mesopores may improve the ability of 1 to further

inhibit tumor cell viability.
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complexes � Cytotoxicity � Genotoxicity � Mesoporous
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Introduction

One strategy used to develope new drugs that inhibit

tumor proliferation rest on the ability of some copper

complexes to selectively interfere with the mechanism

of cellular division in tumor cells (Boulsourani et al.

2017; León et al. 2016; Oliveri et al. 2017). Some

copper complexes selectively damage DNA in such

way that cell cannot repair DNA after mitosis. Copper

complexes bind to DNA (Buchtı́k et al. 2011; Galindo-

Murillo et al. 2011) and trigger redox-reactions that
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can damage and even cleave strands. Being unable to

cross the G2/M checkpoint, damaged cells progressed

to early apoptosis (Chen et al. 2010; Ferrari et al. 2004;

Zhang et al. 2007) and to cell death (Arjmand and

Muddassir 2011; Buchtı́k et al. 2012; Chen et al.

2010). Other copper complexes disable an enzyme that

participate in the replication and transcription of DNA

(topisomerase) and create transient DNA breakages

(Duff et al. 2012; Seng et al. 2012).

Sulfamethazine (smz) and 2,20-bipyridine (bipy)

can both bind to metal ions and interfere with DNA.

Both smz (Hossain et al. 2007; Gutiérrez et al. 2001;

Öztürk et al. 2015; Tommasino et al. 2011) and bipy

(Lobana et al. 2014; Piotrowska-Kirschling et al.

2018) bind to metallic ions to form water soluble

complexes. Furthermore, smz is a sulfa-based drug

reported as antibacterial agent that prevents DNA

replication (Anderson et al. 2012), and bipy interacts

with DNA either by electrostatic interaction (Carter

et al. 1989) or by intercalation (Cusumano et al. 2005).

However, the ability of complexes of copper with smz

and bipy to inhibit proliferation of tumors remains

unknown.

In this work, we asked whether Cu(smz)2(bipy)�H2-

O (1) outperform Cu(smz)2(OH2)�2H2O (2) as inhi-

bitor of tumor cell viability, and whether the complex

supported on mesoporous silica spheres—a promising

drug delivery system (Mai et al. 2017; Wang et al.

2016; Xu et al. 2016) able to cross cell walls with its

cargo—outperform dissolved complexes. We first

determined viability (MTT assay) of non-tumor cells

(MC3T3-E1) and tumor cells (MG-63) of bone origin

exposed to either 1 or 2. These two cell lines are

generally used to assess the effects of biomaterials on

cell behavior. In fact, MC3T3-E1 cells -that has

similar growth rate of human osteoblast cells- are

suitable for the evaluation of biomaterials and repre-

sent a reliable alternative to the primary human

osteoblast in vitro cell model for various research

areas (Czekanska et al. 2012). Moreover, human

osteosarcoma cell line MG-63 is one of the most

employed cell line to study bone tumors on account of

its molecular composition of the osteosarcoma extra-

cellular matrix (Pautke et al. 2004). After exposing

cells to either complex, we quantified formation of

reactive oxygen species (ROS). Moreover, we

assessed genotoxicity of 1 from (i) formation of

micronucleus (MN assay) and (ii) damage of DNA

(Comet assay). Additionally, we checked endocytosis

of mesoporous, silica spheres by transmission electron

microscopy (TEM) and determined cell viability after

exposure to 1 supported on mesoporous, silica spheres.

The results of this research work not only fill the

knowledge gap of how 1 and 2 exert a cyto- and

genotoxic effects, but also hint in which direction

future work on the development of drugs that inhibit

tumors may proceed.

Experimental

Materials

Tissue culture materials were purchased from Trading

New Technologies (Buenos Aires, Argentina). Dul-

becco’s modified Eagles medium (DMEM), fetal

bovine serum (FBS) from GBO Argentina SA (Buenos

Aires, Argentina); TrypLETM was provided by Gibco

(Gaithersburg, MD, USA). Cytochalasin B from

Dreschslera dematioidea, 3(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT), Trypan

Blue, hexadecylamine and TEOS were obtained from

Sigma Chemical Co. (St. Louis, Mo, USA). Dihy-

drorhodamine 123 (DHR) was from Molecular Probes

(Eugene, OR, USA). Bleomycin (BLM) (Blo-

camycin�) was kindly provided by Gador S.A.

(Buenos Aires, Argentina). Syber Green and low-

melting-point agarose were purchased from Invitrogen

Corporation (BuenosAires, Argentina).

Synthesis and physicochemical characterization

of copper coordination complexes

1 and 2 were synthetized as previously described

(Mansour and Mohamed 2015; Tommasino et al.

2011). Briefly, 2 was prepared by dissolving 2 mmol

of sodium sulfamethazine with 1 mmol of CuSO4-

5H2O in 20 mL water and the solution was heating to

reflux for 2 h, where a brick-red complex was isolated,

separated by filtration and washed with water. 1 was

synthesized by adding 1 mmol of 2,20-bipyridine to

1 mmol aqueous solution of CuSO4�5H2O, and the

solution was gently heated until complete dissolution

of the secondary ligand, and colour change. Next, an

aqueous solution of sodium sulfamethazine (2 mmol)

was added and the resulting solution was refluxed for

4 h, where a green complex precipitated.
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Synthesis of mesoporous silica spheres

Mesoporous silica microspheres were synthesized

according to the literature (Dong et al. 2003). Briefly,

hexadecylamine (2.08 g) as mesoporogen, distilled

water (180 mL) and 2-propanol (200 mL) as solvents,

and NH3–H2O (28%, 3.2 mL) as base catalyst were

mixed together until a homogeneous solution was

formed. TEOS (12 mL) as silica source was added,

and the final mixture was stirred for another 1 min

before it was aged overnight at room temperature. The

product was recovered by filtration and washing with

water. To remove organic templates from the pores,

the as synthesized material was heated in air at 550 �C
for 6 h.

Cell culture and incubations

Human osteosarcoma (MG-63) and mouse calvaria

(MC3T3-E1) cell lines were originally purchased from

ATCC (CRL1427TM and CRL-2593TM respectively).

Cells were grown in Dulbecco’s Modified Eagle’s

Medium (DMEM) containing 10% FBS, 100 U mL-1

penicillin and 100 lg mL-1 streptomycin at 37 �C in

a 5% CO2 atmosphere. Cells were seeded in a 25 cm2

flask and when 70–80% of confluence was reached,

cells were subcultured using 1 mL of TrypLETM. For

experiments, cells were grown in multi-well plates.

When cells reached the desired confluence, the

monolayers were washed with DMEM and were

incubated under different conditions according to the

experiments.

Fresh stock solutions of the complexes were

prepared in dimethyl sulfoxide at 100 mM and diluted

according to the concentrations indicated in the

figures. To test the stability of 1 and 2 under the

experimental conditions used in this work, we anal-

ysed the UV–Visible spectra of different solutions of

the complexes. The electronic spectra were recorded

at times ranging from 0 to 24 h (see Supplementary

Information Fig. 1).

Cell viability

Cell viability was assayed by the MTT assay. The

MTT assay was carried out according to (Mosmann

1983). Briefly, after treatments with different concen-

trations of the complexes or particles, the cells were

incubated with 0.5 mg/mL MTT for 3 h. Cells were

lysed in dimethyl sulfoxide. Color development was

measured at 570 nm. Results were expressed as the

mean of three independent experiments and plotted as

percent of control.

In order to determine whether reactive oxygen

species provoked cellular death, we added the antiox-

idant N-acetyl cysteine (NAC) to the cultures exposed

to the complexes. Cells at confluence were pretreated

with 250 lM NAC for 2 h, after which the medium

was replaced with a new one containing different

concentrations of the complexes; cytotoxicity was

assessed as previously described.

Cell viability was also determined in human

osteosarcoma and normal phenotype osteoblast cell

lines for supported 1. It was determined at 1000 lg/

mL since it is the concentration used in the dissolution

assay (see ‘‘In vitro dissolution of 1 supported on silica

spheres’’ section. In vitro dissolution study). Assum-

ing a similar behavior in DMEM, we used the

concentrations of 1 (found at 24 h in the in vitro

dissolution study) to compare the effect of the direct

exposure of 1 and its effect when it is released from the

particles.

Quantification of reactive oxygen species (ROS)

within cells

Intracellular ROS were determined by oxidation of

Dihydrorhodamine-123 (DHR-123) to rhodamine by

spectrofluorescence. This probe measures levels of

ROS intermediates such as peroxynitrite, H2O2 and the

hydroxyl radical OH. (Royall and Ischiropoulos

1993). Briefly, MG-63 cells were incubated at 37 �C
with different concentrations of the complexes. After

24 h, cells were incubated with 10 mM DHR-123.

After 1 h, cells were scraped into 1 mL 0.1% Triton-

X100. The cell extracts were then analyzed for the

oxidized product rhodamine by measuring fluores-

cence (excitation wavelength, 495 nm; emission

wavelength, 532 nm), using a Shimadzu Spectrofluo-

rophotometer RF-6000 equipped with a computer

working with LabSolutions RF software. Results were

corrected for protein content with the PierceTM BCA

Protein Assay Kit.
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Quantification of micronucleous with Cytokinesis-

block micronucleus (CBMN) assay

The CBMN assay is used in toxicology to screen

potentially genotoxic compounds. Micronuclei are

cytoplasmic bodies that have a portion of the acentric

chromosome or the whole chromosome which were

not carried during the anaphase, thus resulting in the

absence of whole chromosomes or parts of them from

the main nuclei. Experiments were set up with cultures

in the log phase of growth. MG-63 cells were treated

with different concentrations of 1 along with cytocha-

lasin B (4.5 lg/mL). After 24 h, cells were rinsed and

subjected to hypotonic conditions, fixed with metha-

nol at - 20 �C and stained with 5% Giemsa. For the

analysis, 500 binucleated (BN) cells were scored at

9 400 magnification per experimental point from

each experiment. The examination criteria employed

were reported by Fenech (2000).

Quantification of DNA damage with single cell gel

electrophoresis (Comet) assay

For detection of DNA damage, the Comet assay was

employed based on the method of Singh et al. (1988),

with minor modifications. Briefly, MG-63 cells were

treated with different concentrations of 1. After 24 h,

cells were suspended in 0.5% low melting point

agarose and immediately poured onto microscope

slides precoated with 0.5% normal melting point

agarose. Two slides were prepared for each condition;

one slide was used to observe single-strand DNA

breaks and the other, in order to obtain information on

the presence of oxidized DNA bases using a digestion

with the enzyme EndoIII (Azqueta and Collins 2013).

Slides were immersed in ice-cold lysis solution (2.5 M

NaCl, 100 mM Na2-EDTA, 10 mM Trizma–HCl, pH

10 and 1% Triton X-100, 10% dimethyl sulfoxide at

4 �C, pH 10) for 1 h in order to lyse the cells, remove

cellular proteins and to permit DNA unfolding. After

that, the slides were washed three times (5 min each

time) with enzyme buffer (0.1 M KCl, 0.5 mM Na2-

EDTA, 40 mM HEPES–KOH, 0.2 mg/ml BSA, pH

8.0) and incubated for 45 min at 37 �C with EndoIII in

the enzyme buffer or with buffer alone. The slides then

were placed on a horizontal gel electrophoresis tank

and the DNA was allowed to unwind for 20 min in

freshly prepared alkaline electrophoresis buffer

(300 mM NaOH and 1 mM Na2-EDTA, pH 12.7).

Electrophoresis was carried out in the same buffer for

30 min at 25 V (& 0.8 V/cm across the gels and &
300 mA) in an ice bath condition. Afterwards, slides

were neutralized and stained with SyberGreen. Anal-

ysis was performed in an Olympus BX50 fluorescence

microscope. A total of 100 randomly captured cells

per experimental point were used to determine the tail

moment using Comet Score version 1.5 software.

Uptake and subcellular localization of silica

microspheres by TEM

After treatment with 50 lg/mL of silica particles, MG-

63 cells were fixed in 2% glutaraldehyde for 1 h at

4 �C. Later, cells were treated with 2% OsO4 in

sodium cacodylate and embedded in epoxy resin,

Epon (Serva, Heidelberg, Germany). Ultrathin sec-

tions (60 nm) were obtained by ultramicrotome (Su-

pernova Reichert-J). These sections were stained with

Fig. 1 Effects of 1 (a) and 2 (b) on MG-63 and MC3T3-E1 cell

viability. Cells were incubated alone (control) or with different

concentrations of the compounds at 37 �C for 24 h. The results

are expressed as the percentage of the basal level and represent

the mean ± the standard error of the mean (SEM) (n = 12).

Asterisks represent a statistically significant difference in

comparison with the basal level (MG-63 p\ 0.001 and

MC3T3-E1 p\ 0.01)
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uranyl acetate solution in acetic acid and plumbic

citrate. TEM analyses of ultrathin sections allowed

determining the distribution of the particles within the

cells, placing the ultrathin sections on 150 mesh grids

and examining by a TEM microscope (JEOL JEM

1200 EX II).

Preparation of 1 supported on silica spheres

10 mg of silica microspheres and 2 or 5 mg of 1 (ratio

1:1/5 and 1:1/2, respectively) were stirred in 5 mL

distilled water during 48 h. The final concentrations of

1 used to prepare the formulations were 506 and

1264 lM, respectively. Then the powdered products

were centrifuged and extensively washed and dried at

37 �C till constant weight.

Characterization of 1 supported on silica spheres

The synthetized materials were characterized by FTIR

spectra, thermogravimetric analysis (TGA), Scanning

Electronic Microscopy (SEM) and by physical N2

adsorption. The FTIR spectra were carried out with a

Bruker EQUINOX 55 spectrophotometer (Billerica,

MA, USA), in the range from 4000 to 400 cm-1 using

the KBr pellet technique, with a spectral resolution of

4 cm-1. TGA was performed using Shimadzu TGA-

50 unit (Kyoto, Japan), at a heating rate of 5 �C min-1

and nitrogen flow of 50 mL min-1. Moreover, char-

acterization of the original and the treated silica

microspheres was performed by SEM using a Philips

SEM 505 combined with semiquantitative analysis by

energy dispersive X-ray analysis (EDS) by an analyzer

EDAX 9100. Surface areas and porosity of samples

were determined by physical N2 adsorption at 77 K

using a Micromeritics apparatus ASAP 2010. Prior to

measurement, the material was activated under vac-

uum at 150 �C for at least 2 h. Specific surface area

was calculated using the Brunauer–Emmett–Teller

(BET) method.

In vitro dissolution of 1 supported on silica spheres

An in vitro dissolution study was performed in

phosphate buffer (pH 7) at 37 �C. Silica spheres

supporting 1 (5 mg) were incubated in 5 mL phos-

phate buffer at 37 �C (1000 lg/mL). At appropriate

time intervals, samples were withdrawn from the

medium and analyzed by UV–Vis spectroscopy at a

wavelength of 240 nm. The concentration of the

dissolved 1 was calculated according to a calibration

curve (y = 38966.24 x ? 0.0221, R2 = 0.9999). The

UV–Vis spectra were recorded employing a Shimadzu

UV-2600 Spectrophotometer (Kyoto, Japan).

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

analysis of the data was carried out by ANOVA,

followed by the Fisher�s Least Significant Difference

(LSD) procedure to discriminate among the means.

The statistical analyses were performed using STAT-

GRAPHICS Centurion XVI.I. In the comet assay,

Mann–Whitney Rank Sum Test was carried out to

compare treated cells group against the control group

and against each other.

Results

Effect of copper complexes on cell viability

Osteosarcoma cells (MG-63) became totally unviable

when exposed to 200 lM of 1 (Fig. 1a) but kept 70%

viability when exposed to 200 lM of 2 (Fig. 1b)

(p\ 0.001). Half maximal inhibitory concentrations

(IC50) also show that 1 (IC50 = 62 lM) outperformed

2 (IC50 = 472 lM) in inhibiting cell viability of tumor

cells. It is worth mentioning that 2 only reduced 50%

tumor cell viability at the highest tested concentration

(500 lM, Fig. 1b).

Normal phenotype osteoblasts (MC3T3-E1) expe-

rienced a significant reduction of viability when

exposed to 200 lM of 1 and 400 lM of 2

(p\ 0.01). Thus, an exposure of cells to 1 with a

concentration between 100 and 200 lM may offer

optimal conditions to reduce tumor cell without

affecting normal cells.

The complex 1 also outperformed its constituents—

[Cu(H2O)6]2?, smz, and bipy—in decreasing the

viability of tumor cells (Fig. 2). When we watch the

effect of exposing tumor cells to 200 lM of either

constituent, we see that bipy reduced viability to 80%,

[Cu(H2O)6]2? reduced viability to 85%, and smz did

not significantly reduce viability at all. This finding
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strongly contrasts with what we mentioned above that

200 lM of 1 turned osteosarcoma cells nonviable.

Effect of copper complexes on oxidative stress

The significant reduction in viability of tumor cells

when exposed to 1 within the concentration range 50

to 100 lM occurred while a significant concentration

of ROS formed within cells (p\ 0.001) (Fig. 3). The

inability of 2 to significantly reduce tumor cell

viability at 50 lM and the ability of 2 to significantly

sole reduce about 20% at 100–200 lM occurred

without a significant formation of ROS, which only

increased at higher concentrations (p\ 0.001).

An independent way to determine whether an

increase in ROS level is responsible for the reduction

in cell viability consists in adding antioxidants before

exposing tumor cells to either 1 or 2. N-acetyl cysteine

(NAC) is a well know antioxidant capable of removing

ROS. Tumor cells treated with NAC before exposing

to 1 (50–200 lM) experienced a partial but significant

improvement of cell viability (Fig. 4). Thus, reduction

of viability of tumor cells rest at least in part in the

formation of ROS. The partial recovery of cell

viability suggests that either other mechanisms may

be involved or that NAC was unable to cope with the

attack of ROS. Tumor cells treated with NAC before

exposing to 2 (50–200 lM) experienced no significant

improvement of cell viability (Fig. 4). Thus, the

significant reduction of cell viability observed after

exposure to 2 at 100 and 200 lM (Fig. 1b) may not be

attributed to ROS but to different source of damage.

Effect of 1 on cellular nuclei

Tumor cells exposed to low concentrations of 1

experienced a significant increment in micronuclei

formation (Fig. 5a). A concentration of 10 lM signif-

icantly favored formation of micronuclei and a

concentration of 25 lM provoked the same effect of

bleomycin (0.7 lM) that we used as a positive control

Fig. 2 Effects of bipy, smz and Cu?2 on MG-63 human

osteosarcoma cell viability. Cells were incubated alone (control)

or with different concentrations of either compound at 37 �C for

24 h. The results are expressed as the percentage of the basal

level and represent the mean ± the standard error of the mean

(SEM) (n = 12). Asterisks represent a statistically significant

difference in comparison with the basal level (p\ 0.001)

Fig. 3 1 and 2 induced formation of reactive oxygen species

(ROS) in MG-63 cell line. ROS production in the cells was

evaluated through the oxidation of dihydrorhodamine 123

(DHR-123) to rhodamine123. The results are expressed as the

mean ± SEM (n = 10). Asterisks represent a statistically

significant difference in comparison with the basal level

(p\ 0.001)

Fig. 4 Influence of the addition of N-acetyl cysteine (NAC) to

cell viability of MG-63 in the presence of either 1 or 2. The

results represent the mean ± SEM (n = 18). Asterisks represent

a statistically significant difference in comparison with the basal

level (p\ 0.001). Number sign represent statistically significant

differences between treatments (p\ 0.01)
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(p\ 0.01). Thus, concentrations of 1 that provoked a

reduction in cell viability of up to 40% produced a

significant genotoxic effect.

Additionally, tumor cells exposed to low concen-

trations of 1 experienced a significant damage of

DNA. A concentration of 5 lM started to significantly

damage DNA but a concentration of 50 lM was

necessary to significantly break and liberate DNA-

strands (Fig. 5b). A significant increase was observed

in oxidative DNA damage detected by the employ-

ment of EndoIII, for the detection of oxidized

pyrimidines in all the concentrations tested

(p\ 0.01). Thus, when oxidative DNA damage was

investigated, an increase in DNA strand breaks was

observed at lower concentrations.

Preparation and characterization of mesoporous

microspheres supported 1

We saw that 1 outperformed 2 when both were present

as part of a solution (hypothesis 1), but we wanted to

know if supported 1 on mesoporous silica spheres

outperform 1 in solution (hypothesis 2).

First, we verified if mesoporous microspheres with

a diameter of ca. 1 lm (see in SI characterization of

the material) could cross membranes of tumor cells

without causing any detectable harm. Tumor cells

exposed to silica spheres in the concentration range

10–1000 lg/mL experienced no significant reduction

in cell viability and neither formed significant con-

centrations of ROS (p\ 0.05, data not shown). On the

other hand, tumor cells exposed to silica spheres

(50 lg/mL) for 2 h partially incorporated silica

spheres that located exclusively in the cytoplasm and

formed pseudopodium-like cytoplasm projections of

the cell membrane before endocytosis (Fig. 6).

Second, we supported two different amounts of 1 on

mesoporous silica microspheres and characterized the

supported complex (See Supplementary Information).

In vitro dissolution of 1

The kinetic of dissolution of the complex from the two

formulations are presented in Fig. 7. The release rate

and the amount released were load dependent. Both

samples showed a faster initial release followed by a

constant release rate, which lasted until the end of the

experiment. Most of 1 was released during the first

24 h. At this time, the concentration released

increased almost twofold when the loading did

(40.9 ± 6.8 lM and 109.1 ± 11.8 lM for the mate-

rial prepared from 506 lM and 1264 lM of 1,

respectively).

Effect of supported 1 on cell viability

The study of cell viability showed that supported 1

outperformed dissolved 1 in decreasing viability of

Fig. 5 Genotoxicity of 1 toward MG-63 tumor cells expressed

in terms of formation of micronuclei and of breakage of DNA.

a Micronucleus assay: induction of micronuclei in MG-63 cells

after 24 h exposure to 1. Asterisk represent a statistically

significant difference at p\ 0.01. Bleomycin (BLM) 0.7 lM

was used as a positive control. b DNA strand breaks and

oxidative damage in MG-63 cells after 24 h of incubation with

different concentrations of 1 by the Comet assay. Black bars

represent nuclei incubated with the buffer without enzymes

(buffer): represent only strand breaks. Grey bars represent nuclei

post-digested with EndoIII: represent strand breaks and strand

damage (oxidized). The results are expressed as the mean ±

SEM (n = 150). Asterisk represent a statistically significant

difference at p\ 0.01. Bleomycin (BLM) 0.7 lM was used as a

positive control
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osteosarcoma cells. After an exposure of 24 h,

supported 1 produced a significant reduction of cell

viability compared to dissolved 1 (Fig. 8) for both

concentration tested. On the other hand, the effect of

the supported 1 on normal phenotype mouse calvaria

cells slightly, but not significantly, increased in

comparison to the direct exposure.

Discussion

Silica spheres with mesoporous pores (2–50 nm) are

one of the promising drug delivery systems due to its

large surface area, tunable pore size distribution, high

pore volume and the capability of being modified by

different functional groups (Mai et al. 2017; Wang

et al. 2016; Xu et al. 2016). Moreover, it has been

shown that they are good carriers for anticancer drugs

(Chang et al. 2016; Lu et al. 2007; Martı́nez-Carmona

et al. 2016). However, this aspect has never been

investigated with a copper coordinated compound.

Here, for the first time, we studied a material made of

silica microspheres and a heteroleptic copper(II)

compound -which is also studied for assessing its

toxic effect and mechanism of action- and resulted to

be a promising antitumor agent against human

osteosarcoma cells.

1 Outperformed 2 in reducing viability of tumor

cells

In the present study, osteosarcoma cell viability was

investigated by measuring the alteration in the ener-

getic metabolism of the cells (MTT assay). This

technique measures the ability of the mitochondrial

succinic dehydrogenases to reduce the methyl tetra-

zolium salt. Our results probed an improvement of the

antitumor action through the complexation with both

smz and bipy. Previously, we have also showed that

the complexation of Cu(II) with both saccharinate and

glutamine improved the antitumor activity in compar-

ison to the homoleptic complexes (Cadavid-Vargas

et al. 2017). It has been also shown that the bipy ligand

has an important role in the cytotoxic effect. In

agreement with our finding, the Cu(II) and 2,20-
bipyridine complexation with naringenin was more

Fig. 6 MG-63 cells incorporated silica spheres after exposure

to a dispersion (50 lg/mL) during 24 h (endocytosis). Left

transmission-electron-microscopic image shows initial changes

in the cell membrane previous to endocytosis, showing

pseudopodium-like cytoplasm projections of the cell membrane.

Right transmission-electron-microscopic image shows intracel-

lular phagocyted material

Fig. 7 Kinetic of dissolution of 1 supported on silica spheres.

Data are expressed as the mean ± SEM. Supported materials

were prepared with solutions of the complex with two different

concentrations: Filled square and filled circle represent mate-

rials prepared from solutions having 506 lM and 1264 lM of 1,

respectively
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efficient inhibiting colony formation, proliferation and

migration of breast tumor cells, than naringenin itself

(Filho et al. 2014). Moreover, a nitrate bridged

homodinuclear (Cu-Cu) complex containing 2,20-
bipyridine showed a significant cytotoxicity against

HeLa cell line in vitro with an IC50 value lower than

the found here (Gaur et al. 2017). However, 1 still

resulted to be a very good candidate for cancer

chemotherapy since it keeps cell viability in normal

phenotype osteoblasts above 70% up to 400 lM and is

highly deleterious for human osteosarcoma cells.

Formation of ROS underlie the selective attack

of 1 to tumor cells

It has been shown that copper complexes induce the

formation of ROS that generate harmful effects in cells

(Cadavid-Vargas et al. 2017; Karlsson et al. 2017).

Cells can cope with the damage caused by ROS up to a

certain point from which they may irreparably damage

biomolecules and kill cells (Nordberg and Arnér

2001). Our findings indicate that incubation of

osteosarcoma cells with copper complexes caused an

increase in the production of ROS which has a vital

role in cell viability. From 50 to 100 lM of 1, a

pronounced oxidative stress is generated that trans-

lates into a severe damage on cellular viability. The

presence of NAC could eliminate intracellular free

radicals and ROS which improved cell survival. On

the other hand, the failure of 2 to significantly induce

the formation of ROS agrees with the inability to

reduce the tumor cell viability more than 70% (and to

recover cell viability in the presence of NAC) up to

200 lM. The deleterious effect of 2 from 300 lM -

along with an increase in ROS level- could not be

overcome and even increased with a pre-incubation of

NAC. It has been shown that NAC can exert pro- and

antioxidant effects depending on the intracellular

redox environment characterized by GSH/GSSG bal-

ance, which could either promote or inhibit cell

survival (Finn and Kemp 2012).

Genotoxic effects of 1

Cell viability can decrease for several reasons being

one of them that mitochondrial metabolism fails (as

we found with the MTT assay), but it can also decrease

when nuclei are damaged. One consequence of

damaged nuclei is the formation of micronuclei—

cytoplasmic body having either a portion of an

acentric chromosome or the whole chromosome

(Stopper and Müller 1997), which normally develops

a nuclear membrane. Another strategy for studying the

genotoxic effects is through the induction of DNA

damage by the Comet assay.

Several mechanisms of interaction with DNA have

been described for copper compounds, such as phos-

phate hydrolysis and/or base-pair intercalation

(Galindo-Murillo et al. 2015). Besides, it has been

reported that copper coordinated compounds induced

ROS-mediated genotoxicity in mammalian cells (San-

tini et al. 2014; Serment-Guerrero et al. 2011). In the

Fig. 8 Effect of 1 supported on silica microspheres in

comparison to the direct exposure on MG-63 or MC3T3-E1

cell viability. Cells were incubated alone (control) or with

different concentrations of 1 dissolved or supported on

mesoporous spheres (1000 lg/mL) at 37 �C for 24 h. The two

concentrations chosen were those found at 24 h in the in vitro

dissolution study. The results are expressed as the percentage of

the basal level (n = 12)
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present study, we observed a genotoxic effect caused

by 1 that could be explained by the increase in the level

of ROS, since at low concentrations a significant

increase of oxidized pyrimidines was detected. It has

previously shown that the interaction with DNA of a

series of copper complexes- among which there is one

with bipyridine as a ligand-, triggers the cleavage of

the biomolecule by a mechanism of action involving

free radicals (Becco et al. 2014).

Supported 1 outperformed dissolved 1

in decreasing viability of tumor cells

Mesoporous silica spheres were employed to support

1. This material -which it turned out to be non-toxic-

internalized and was found exclusively in the cyto-

plasm. It induced changes in cell membranes previous

to endocytosis, showing pseudopodium-like cyto-

plasm projections. It has been previously demon-

strated that mesoporous silica materials are promising

delivery systems because their biocompatibility

among other chemical properties. Besides, the mech-

anism of cellular uptake appears to be mediated by an

active endocytosis pathway as demonstrated when the

process stopped when temperature dropped to 4 �C
(Bharti et al. 2015).

All the methods employed to characterize the

supported 1 indicate a certain kind of interaction

between the mesoporous particles and the complex.

Vibrational features and thermal stability of the

supported complex demonstrated that the silica sup-

port has a stabilizing effect on the complex. Moreover,

we found a reduction in the surface areas after

supporting 1 which would imply that the complex is

internalized in the pores. However, this drop in the

isotherm can be explained by the presence of a solid

material (the copper complex here) with a small

specific surface area (see for instance Arnal et al.

2006). Thus, instead of locating in the mesopores,

most of the complex seems to locate on the outer

surface of mesoporous silica spheres. Backfilling is a

simple strategy for introducing active molecules into

the empty pores of mesostructured silica, just by

treating a material to a solution or vapor containing the

active molecules and allowing it to diffuse into the

material (Rytkönen et al. 2012). However, in our case

we could not demonstrate that the complex has entered

the pores of silica, although it is supported in some

way.

On the other hand, we observed that the release of 1

from the mesoporous particles is load dependent and

the amount released correlates with the concentrations

used for the loading. Similar results were obtained

with the release of toremifene citrate from silica

xerogel carrier material (Ahola et al. 2000), as well as

vancomycin from silica sol–gel (Radin et al. 2001).

Cell viability was also determined in human

osteosarcoma and normal phenotype osteoblast cell

lines for supported and dissolved 1 at both concentra-

tions. Our findings showed a beneficial effect in

inhibiting the growth of osteosarcoma cells when the

complex is delivered from the silica spheres. On the

other hand, the effect of supported 1 on normal

phenotype mouse calvaria cells was similar than the

direct exposure of 1. Our findings agree with similar

systems. Loading curcumin on mesoporous silica

nanoparticles significantly improved inhibition of

breast cancer proliferation (Wang et al. 2016). More-

over, inhibition of superficial bladder cancer signifi-

cantly improved when doxorubicin was supported on

mesoporous silica nanoparticles (Zhang et al. 2014).

However, releasing 1 exclusively from within the

mesopores might further reduce tumor cell viability

based on the ability of mesoporous spheres to cross

cell walls and deploy its cargo within the cell. This,

however, will require a further study to determine the

experimental conditions required to selectively filling

the mesopores with 1.

Conclusion

Our in vitro study successfully shows that 1 induced

cyto- and genotoxic effects. It is also well established

that 1 outperformed either constituent ([Cu(H2O)6]2?,

smz, and bipy) and 2 in reducing tumor cell viability,

and that supporting 1 on mesoporous silica spheres

improves it—even though 1 did not exclusively locate

within mesopores of silica spheres. Future work

aiming at exclusively filling of mesopores with 1

may determinate if tumor cells turn unviable even

more without any reduction of viability in normal

cells, which will make 1 an interesting candidate for

further in vivo studies.
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