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Introduction
The rapid expansion of the nanotechnology in the 

medicine and pharmacy raises increasing concerns 
about the potential adverse human health effects [1]. 
While the number of nanomaterial types and appli-
cations continues to increase, studies to characterize 
their effects after exposure and to address their poten-
tial toxicity are comparatively few. 

One of the most prominent classes of nanomate-
rials with capacity for drug delivery is mesoporous 
silica nanoparticles (MSNs). Mesoporous silica 
nanoparticles have several advantages as drug de-
livery vehicles, e.g. their size and shape are easily 
tunable, the high pore volume and surface area allow 
drug loading, so that MSNs have potential applica-
tions asintracellular drug delivery systems [2-6].

In this study we choose the antimicrobial agent 
sulfadiazine (SDZ) as a probe molecule for drug 
loading in MCM-41 mesoporous silica nanopar-
ticles. Sulfadiazine is a short-acting sulfonamide 
derivative with bacteriostatic action through com-
petitive inhibition of bacterial synthesis of folic 
acid. It is indicated for prophylaxis of toxoplas-
mosis in patients with HIV infection, prophylax-
is of rheumatic fever, susceptible infections from 
microorganisms including E.coli, Klebsiella, En-
terobacter, Proteus mirabilis, P.vulgaris, S.aureus, 
Toxoplasma, N.meningitidis, H.influenzae. SDZ is 
readily absorbed from gastro-intestinal tract, and 
reaches peak plasma concentrations within 3–7 
hours. It is distributed into most body tissues; ap-
pears to freely cross cell membranes. Despite of 
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its favorable pharmacokinetic profile, some cas-
es of drug-related resistance were reported when 
SDZ was used in a non-appropriate dose regime 
for prophylaxis of toxoplasmosis in patients with 
HIV infection [7-10]. On the other side, the safe-
ty profile of SDZ doesn’t differ from those of the 
other sulfonamides; adverse drug reactions include 
severe reactions, like Stevens-Johnson syndrome, 
toxic epidermal necrolysis and fulminant hepatic 
necrosis, other blood system impairments, and hy-
persensitivity reactions [11]. There are few reports 
regarding the sulfadiazine -induced hepatotoxicity 
[12]. The high doses of sulfadiazine (used in com-
bination with pyrimethamine), are mainly respon-
sible for severe side effectsand discontinuation of 
toxoplasmosis treatments [7-10]. One approach 
to overcome pharmacokinetic and safety prob-
lems with the active substances, like sulfadiazine, 
is their loading in an appropriate drug-delivery 
platforms, like MCM-41. Moreover, the sulfadia-
zine drug size is calculated (1.0 nm×0.5 nm) and 
considered as appropriate for encapsulation in the 
pores of the mesoporous carriers [13]. 

Although different nanomaterials have been as-
sessed and proposed as drug-delivery carriers for oral 
application, information on possible mechanisms of 
their hepatotoxicity is insufficient. Having in mind 
that the liver is the target organ after oral, intrave-
nous, or dermal exposure of nanoparticles, the main 
aim of our study was to investigate the cytotoxicity 
and oxidative effects of mesoporous silica nanoparti-
cles MCM-41, empty or loaded with sulfadiazine аs 
model drug, in human hepatocellular carcinoma cells 
HepG2 in vitro.  

Materials and methods
Materials

Sulfadiazine was provided by Sigma Aldrich. The 
mesoporous silica material type MCM-41 was syn-
thesized and loaded with sulfadiazine as previously 
described [13]. The average diameter of the particles 
was 480 nm, the zeta-potential was – 10.4 mV and 
drug loading approximately 39 %.

Cell culture
Human hepatoma cells (HepG2) were cultured 

in DMEM(Dulbecco’s Modified Eagle’s Medium, 
Lonza, Bazel, CH), supplemented with heat inacti-
vated 10% foetal bovine serum (FBS, (Gibco BRL), 
penicillin (100 unit/ml) and streptomycin (100 unit/
ml) (Euroclone, Devon, UK), Glutamax 100× (Invit-
rogen) and non-essential amino acids 100× (Invitro-

gen). Human hepatoma cells (Hep G2) were main-
tained at 37 °C in a humidified 5% CO2 incubator.

Measurement of intracellular ROS by DCFH-DA as-
say

HepG2 cells were suspended in DMEM medium 
to a concentration of 105cells/ml after trypsinization 
and were seeded in a 96-well plate (100 µl/well). 
After 24 h the cells were exposed to 100 µl/well of 
final concentration of freshly prepared and well vor-
texed MCM-41 silica nanoparticles (empty and SDZ 
– loaded)  in DMEM medium. Following another 6 
h of incubation of silica nanoparticles exposure, 5 µl 
of a 20 mM solution of DCFH-DA (DCFH-DA; Sig-
ma) was added to each well. The plate was further 
incubated for 18 h in a 5% CO2 atmosphere at 37 °C. 
The fluorescence was then measured on a Fluroscan 
fluorimeter (λex=485 nm and λem=538 nm).

Alamar blue assay
Alamar blue assay (Invitrogen, Carlsbad, CA) 

was performed as described by O’Brien et al., 2000 
[14].HepG2 cells were seeded in 96-well microplates 
at a density 3x104cells/well and allowed to attach to 
the well surface for 24 h at 37 oC in a humidified 
atmosphere with 5% CO2. After incubation, differ-
ent concentrations of empty (0.2 and 1.0 mg/ml) and 
sulfadiazine loaded (39%) MCM-41 silica nanoparti-
cles were added to cells, and incubated for a period 
of 24 h and 48 h. For each concentration a set of at 
least 8 wells were used. After the treatment, 100 µl of 
Alamar blue solution were added to each well. The 
microplates were further incubated for 2 h at 37oC. 
Measurement of the optical density at λ = 540 nm 
and λ = 620 nm was performed. The viability was 
expressed as a percentage of the controls (cell culture 
medium only).

Lactate dehydrogenase (LDH) leakage 
Stock dispersions of the nanoparticles, empty 

MCM-41 and sulfadiazine loaded MCM-41 (39%), 
were freshly prepared and diluted with growth medium 
to the concentrations of 0.2 and 1.0 mg/ml. Thereafter 
the nanoparticles were added to cells (2x105 cells/well), 
and incubated for periods of 24 h. Eight wells were used 
for each concentration. LDH leakage from the cells was 
determined using a commercial LDH cytotoxicity de-
tection kit (Clontech, US) according to the manufactur-
er’s protocols. LDH activity was assessed in the condi-
tioned media and the amounts detected were calculated 
as a percentage of the solvent–treated control (DMEM 
growth medium) (GraphPad Prizm Software).
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Statistical analysis 
Results from the viability tests are expressed as 

means ± SD from at least three independent exper-
iments. The cell survival data were normalized as 
percentage of the untreated control (set as 100 % 
viability). The statistical analysis included the Stu-
dent’s t-test whereby values of p< 0.05, p < 0.01, and 
p <0.001 were considered as statistically significant.

Results and discussion
1. In vitro cytotoxicity studies of empty and sul-

fadiazine loaded MCM-41 silica nanoparticles
The objective of toxicological evaluation was to 

identify if the MCM-41 silica nanoparticles (emp-
ty and loaded with sulfadiazine) have an impact on 
cytotoxicity in human derived hepatoma cell line 
HepG2. The cells were incubated with MCM-41 
silica nanoparticles (0.2 and 1.0 mg/ml; empty and 
loaded with sulfadiazine) for 24 h. The cytotoxicity 

Legend: Contr – Untreated Control; 1 - МСМ-41 ( 0,2 
mg/mL); 2 - МСМ-41 (1,0  mg/mL); 3 - МСМ-41 (0,2 
mg/mL), loaded with sulfadiazine (39%); 4 - МСМ-41 
(1,0 mg/mL), loaded with sulfadiazine (39%).

Legend: Contr – Untreated Control; 1- МСМ-41 ( 0,2 
mg/mL); 2- МСМ-41 (1,0  mg/mL); 3-МСМ-41 (0,2 mg/
mL), loaded with sulfadiazine (39%); 4-МСМ-41 (1,0 
mg/mL), loaded with sulfadiazine (39%).

was examined by two methods: Alamar blue assay 
(Fig.1) and lactate dehydrogenase (LDH) assay (cell 
membrane integrity evaluation, Fig.2).

The cytotoxicity of free SDZ on Caco-2 cell line 
was tested in the concentration range 6.25-50 µM, 
and the results show that SDZ was not cytotoxic in 
vitro [13]. The above mentioned concentrations of 
SDZ correspond to the sulfadiazine concentration in 
SDZ-loaded MCM-41 nanoparticles in this study.

1.1. Alamar blue assay
Alamar blue cell viability test functions as a cell 

health indicator by using the reducing power of liv-
ing cells to quantitatively measure the proliferation 
of various human and animal cells. This allows estab-
lishment of the relative cytotoxicity of the test com-
pounds and drug formulations. When cells are alive 
they maintain a reducing environment within the cy-
tosol of the cell. Resazurin, the active compound of 

Figure 2. In vitro cytotoxicity of MCM-41 (empty and loaded with sulfadiazine) on HepG2 cells as measured by the 
LDH-leakage. The cells were exposed on different concentrations of nanocarriers (0.2-1.0 mg/ml) for 24h incubation. 
Results are the mean ± SD of three independent experiments carried out in triplicate.

Figure 1. Cell viability (%) of MCM-41 silica nanoparticles (empty and loaded with sulfadiazine) on HepG2 cells as 
measured by the Alamar blue assay after exposure for 24 h. Results are the mean ± SD of three independent experiments 
carried out in triplicate.
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Alamar blue test is a non-toxic, cell permeable com-
pound, blue in color and virtuallynon fluorescent. 
Upon entering cells, it is reduced to resorufin, red in 
color and highly fluorescent. Viable cells continuous-
ly convert resazurin to resorufin, increasing the fluo-
rescence and color the cell culture media. 

The survival rate of HepG2 cells exposed to the 
different nanoformulation is shown on Fig. 1. After 
24 h of incubation, treatment with both empty and 
drug-loaded nanocarriers did not modify the cell via-
bility at the concentrations up to 1.0 mg/ml, thus sug-
gesting that they exhibit no apparent cytotoxicity to 
HepG2 cells.

1.2. Lactate dehydrogenase leakage
Lactate dehydrogenase (LDH) is a soluble cyto-

solicenzyme which serves as an indicator of lytic cell 
deathsince it is readily released into extracellular medi-
umfollowing cellular membrane damage resulting fro-
mapoptosis or necrosis. Theassay was designed to mea-
sure the oxidationof β-NADH to β-NAD+ when LDH 
reduced pyruvateto lactate, aphenomena which could 
be measured asa decrease in absorbance at 340 nm.

Thus, we also examined if MCM-41 nanofor-
mulations (empty and loaded with sulfadiazine) in-
terfere with cell membrane integrity in HepG2 cells 
by means of their LDH leakage (Fig. 3). All tested 
nanoformulations exhibit no apparent cytotoxicity to 
HepG2 cells at the concentration up to 1.0 mg/ml af-
ter 24 h of incubation.

Legend: Contr – Untreated Control; 1 - МСМ-41 ( 0,2 mg/mL); 2 - МСМ-41 (1,0  mg/mL); 3 - МСМ-41 (0,2 mg/mL), 
loaded with sulfadiazine (39%); 4 - МСМ-41 (1,0 mg/mL), loaded with sulfadiazine (39%).

2. Assessment of intracellular reactive oxygen 
species (ROS) production by DCFH-DA assay

ROS are essential intermediates in oxidative me-
tabolism. Nevertheless, the increase in the ROS pro-
duction can damage the cells by initiating a process 
of lipid peroxidation and disruption of structural 
proteins, enzymes and nucleic acids. MSNs could 
interact with biological structures and molecules 
thus causing production of free radicals including 
reactive oxygen species (ROS). In turn, ROS can 
result in cellular toxicity and tissue damage. In our 
study, ROS generation was tested using 2’,7’-di-
chlorfluoroscein diacetate (DCFH-DA) assay [15]. 
DCFH-DA is a well-established compound used for 
detecting and quantifying the intracellular produced 
H2O2. The conversion of nonfluorescent DCFH-DA 
to the highly fluorescent 2’,7’-dichlorfluoroscein 
(DCF) happens in several steps. Initially, DCFH-
DA is transported across the cell membrane and 
deacetylated by esterases to form the non-fluores-
cent 2’,7’-dichlorfluoroscein (DCFH). It is trapped 
inside the cell, and consequently is converted to 
DCF through the action of peroxide rated by the 
presence of peroxidase.

ROS generation following 24 h of exposure to 
MCM-41 (empty and sulfadiazine loaded) at 0, 
0.2 and 1.0 mg/ml is shown in Fig. 3. Exposure of 
HepG2 to the positive control (10 nM H2O2) caused 
approximately 1000% of ROS induction compared 
to the level of ROS production (100%) in cells ex-

Figure 3. Intracellular ROS production in HepG2 cells after 15 and 30 min exposure to MCM-41 (empty and sulfadia-
zine loaded). Results are expressed as % of ROS formation, compared to the positive control H2O2.
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posed to the negative control (0 mg/ml) (results not 
shown). The measurements of DCF (15 and 30 min) 
showed that both empty and sulfadiazine loaded 
MCM-41 nanoparticles (0.2 mg/ml and 1.0 mg/ml) 
were not able to induce intracellular ROS production 
in HepG2 cells after 24 h of incubation time. These 
results indicate that MCM-41 did not induce statisti-
cally significant H2O2 production and oxidative stress 
reactions in HepG2 cells in the concentration up to 
1.0 mg/ml.

conclusion
Reducing the toxicity while maintaining high 

drug therapy efficiency is an important issue for 
nanoscale drug-delivery systems. In this paper, the 
cytotoxicity and oxidative stress inducing potential 
of MCM-41 mesoporous silica nanoparticles, both 
empty and loaded with antimicrobial agent sulfadi-
azine on human hepatoma cells HepG2 in vitro was 
studied. Two different approaches for dose-depen-
dent testing of cell viability were applied -Alamar 
blue test and determination of lactate dehydrogenase 
leakage. Alamar blue cell viability test was used as a 
cell health indicator which allows establishment of 
the relative cytotoxicity of the test compounds and 
drug formulations. LDH was another measure of 
cytotoxicity which gives information about the cell 
membrane integrity damage. Both tests revealed no 
apparent cytotoxicity nether for empty, nor for SDZ 
loaded MCM-41silica nanoparticles. 

The possibility of generation of hydrogen peroxide 
(H2O2)by mesoporous nanoparticles, loaded with SDZ 
was monitored by employing DCF-DA staining. The 
results show no apparent ROS formation in both types 
of nanoparticles, used in the study, especially in the 
concentrations up to 0.2 mg/ml. The ROS formation 
increases in the higher concentration of 1.0 mg/ml. 

Based on the present study, we found a low cyto-
toxicity and ROS formation of MCM-41, both empty 
and loaded with SDZ (39%) on human hepatocellu-
lar cells HepG2in vitro. More studies are needed to 
elucidate in deep the toxicology profile of MCM-41 
silica nanoparticles.  
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