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This study aimed to examine the efficiency of novel bioactive nanostructures represented
by silicaetitania sieves used as carriers for a new antibacterial agent izohidrafural against
bacterial strains isolated from nosocomial urinary tract infections, by using biological
quantitative assays. Several release trials have been established and compared with MCM-
41 in parallel experiments to achieve the optimum release profile. The obtained systems
showed that silicaetitania sieves loaded with izohidrafural proved to be the most active
material against Klebsiella pneumoniae (average minimal inhibitory concentration [MIC]
40.62 mg/mL), desaminase-positive strains (average MIC 2.925 mg/mL), and Proteus mirabilis
(average MIC 9.37 mg/mL), the last being reported with the highest growth rate in the
urinary tract catheters. In contrast, the nonloaded silicaetitanium sieves exhibited the
highest antimicrobial activity against the Gram-positive cocci. Izohidrafural exhibited the
highest antimicrobial efficiency, superior to the common drug nitrofurantoin against most
Escherichia coli strains, with average MIC of 4.68 mg/mL.

© 2016 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

The infectious diseases are considered as one of the
most important health issues around the world because of
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many challenges posed by the emergency of antibiotic
resistant strains [1] and the inability of many classes of
antibiotics to reach the intracellular bacterial strains [2,3].
Nosocomial infections afflict one of 10 patients admitted to
the hospital. These types of infections might be caused by
Gram-negative bacteria, Gram-positive bacteria, and other
types of microorganisms [4]. Urinary tract infections (UTIs)
are considered as one of the most widespread nosocomial
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Fig. 1. Chemical structures of (a) nitrofurazone, (b) nitrofurantoin, and (c)
izohidrafural.
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infections [5], they are representing also one of the most
common pathology encountered in community with a
prevalence varying from 0.7% in community-acquired in-
fections to 24% among health careeassociated infections,
and these numbers vary depending on the geographical
area [6]. The most prevalent microorganism involved in the
etiology of UTI is Escherichia coli, followed by Klebsiella
pneumoniae, Proteus sp., Enterobacter sp., Pseudomonas sp.,
Enterococcus sp., and Staphylococcus sp. [7,8].

In the past few years, an increasing trend in the anti-
biotic resistance in these isolates has been observed.
Resistance to most available antibiotics in hospital-
acquired UTIs is currently more than 20%, and the
increasing isolation rates of multidrug, extended-drug, and
pan-drugeresistant bacterial strains are urging the devel-
opment of novel antimicrobial agents and strategies [9].
Retention of the antibiotic in the therapeutic level without
increasing the drug dosages represents the point of chal-
lenge in many research works while seeking to specific
drug administration in the living body. Nowadays, with the
evolution of nanotechnology, high performance of drug
delivery can be achieved through controlling the release
profile with certain nanoscaled drug delivery systems. The
suitable systems for the antibiotic agents can be achieved
by using antimicrobial nanoparticles or nanosized drug
carriers for delivering these antibiotics [1].

Various types of nanomaterials have been reported as
vehicles for antibiotic administration such as carbon nano-
tubes, gold nanoparticles, and nanostructured silica mate-
rials [10,11]. Mesoporous silica materials present a good
biocompatibility, and because of the presence of free silanol
active groups within their porous structure are able to suc-
cessfully encapsulate and slow release various types of bio-
logically active compounds and thus antimicrobial agents
[10,12,13]. Furthermore, the well-designed mesoporous sil-
ica possesses high surface area allowing to accommodate
large amounts of antibiotics, tuned pore sizes with narrow
distribution determining well-controlled release profile
[14,15]. For example, silica xerogel has been reported to be a
carrier for gentamicin to increase the intracellular penetra-
tion [16]. SBA-15 was also investigated as an antibiotic de-
livery system for tetracycline [17], and amino-modified SBA-
15 was investigated to deliver clarithromycin [18]. Meso-
porous silica sieves such as MCM-41-type nanocomposites
have been widely investigated for delivery of antibiotics.
Some MCM-41-type composites modified with aluminum
used as delivery systems for amikacin, an aminoglycoside
antibiotic, were reported to improve retention of the drug
with slower release kinetics [10]. These materials were also
reported as delivery systems for other kinds of antibiotics
such as vancomycin [11] and nitrofurazone [13].

The combination between silica and biocompatible
metals or derivatives may be extended from aluminum to
other metals with improved biological activity, for
example, gold [19] or titanium dioxide. The presence of
titanium dioxide into mesoporous silica composites en-
hances the specific surface, modifies the activity of the
silica surface, and provides photocatalytic activity, thus
conferring a good disinfectant activity [20].

In this study, we used a new encapsulation support,
nanostructured silica-titania sieves which combines the
advantages of the silica nanomaterials in terms of micro-
porosity or nanoporosity [21] with their ability to encap-
sulate antibiotics and prolonged release [18,22]. These
advantages have been employed along with titanium di-
oxide properties in the anatase form, known for its pho-
tocatalytic effect and antibacterial activity [23]. By loading
suitable antimicrobial into these sieves, we may provide a
bioactive cover for the urinary tract catheters. Stickler [24]
confirmed that catheters provide ideal conditions for the
growth of many bacterial species colonized as biofilm,
Proteus mirabilis being the most abundant among them.

The recently reported silicaetitania sieves were used for
encapsulation of a new drug, izohidrafural (izonicoti-
noilhidrazone aldehyde 5-nitro-2-furan) a stable organic
compound from the class of nitrofurane-type antibacterial
agents. Izohidrafural (Fig. 1c) has been synthesized from 5-
nitrofurfural and isoniazid, characterized, and its biological
properties investigated by Prisacari co-authors [25,26].
Izohidrafural proved to be by two to four times more active
toward both Gram-negative and Gram-positive types of
bacteria and exhibits nine times less toxicity than the
parent compound nitrofurazone (Fig. 1a) against a large
number of microorganisms responsible for nosocomial in-
fections and longer-term stability [27]. However, no data
were provided for comparison of the antimicrobial activity
of izohidrafural with the commonly used nitrofurantoin
(Fig. 1b) employed for decades as an alternative to sulfa-
methoxazole and fluoroquinolones for the first-line treat-
ment of uncomplicated UTIs, preserving a high rate of
susceptibility among uropathogenic strains and having a
favorable adverse-effect profile [28,29].

To establish the influence of titanium dioxide on the
silica matrix as a carrier for nitrofurane-derived antibac-
terials, a parallel encapsulation/release experiment was
conducted using MCM-41 and the same antimicrobial
agent, izohidrafural. The secondary goal of this study at-
tempts to elucidate the ability of MCM-41 to encapsulate
and to provide prolonged release of izohidrafural, being
reported that the parent compound, nitrofurazone, failed
the loading experiment in MCM-41 [13]. The biological
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activity tests were conducted for both free and encapsu-
lated izohidrafural having as reference nitrofurantoin on 15
strains of Gram-negative and Gram-positive strains iso-
lated from nosocomial UTIs.

2. Materials and methods

2.1. Materials

Chemicals, tetraethyl orthosilicate (TEOS), metallic tita-
nium, cetyltrimethylammonium bromide (CTAB), concen-
trated sulfuric acid, ammonium aqueous solution,
ammonium fluoride, and ethanol were obtained from Sig-
maeAldrich and used as received. Izohidrafural (Izo) was
supplied by “Nicolae Testemitanu” State Medical and Phar-
macy University, Chisinau, Republic of Moldova, and used as
received. Nitrofurantoin (N-(5-nitro-2-furfurylidene)-1-
aminohydantoin; NF) was obtained from SigmaeAldrich
and used as received. All the experiments were conducted
using ultrapure water type 2 (~15 MU) obtained from a Mil-
lipore Elix5 device.

2.2. Synthesis of MCM-41

MCM-41 was prepared according to a previously re-
ported procedure [30] by mixing a solution of 2 mL
(9 mmol) of TEOS in 34 mL of ethanol with a solution of
0.5 g (1.4 mmol) of CTAB in 96 mL of water, followed by
dropwise addition of 10 mL (134 mmol) of 25% ammonia
aqueous solution. The reaction mixture was stirred for 3 h
(400 rpm) and then left overnight. The resulted silica gel
material was filtered, dried at room temperature, and cal-
cinated for 3 h at 550 �C with a heating rate 5�/min.

2.3. Synthesis of silicaetitania sieves

Silicaetitania sieves (Si-Ti-Sv) were prepared following
our previously reported procedure [21]. To a solution of
silica precursor consisting of 7.6 mL (34 mmol) of TEOS and
11 mL of methanol, a surfactant solution of 0.5 g (1.4 mmol)
of CTAB dissolved in 11 mL of methanol and 7 mL of water
was added followed by the addition 0.3 g (8 mmol) of
ammonium fluoride as a catalyst and 2.5 mL of 25%
ammonium hydroxide solution to control the pH. Sepa-
rately, a stock solution of titanium dioxide precursor was
prepared by dissolving 5 g (104mequiv) ofmetallic titanium
powder in 50 mL (940 mmol) of concentrated sulfuric acid
and stirred (400 rpm) at 100 �C for 3 h. The titanium dioxide
precursor solution was prepared before the experiment by
diluting 1.9 g of the stock solution (2 mequiv Ti) with 11 mL
of methanol and 10 mL of water and subsequently added to
the previous reactionmixture and stirred (400 rpm) at room
temperature for 24 h. The resulted material was filtered,
washed repeatedly with water and ethanol, left to dry at
Table 1
The mixed ratios of the drug (Izo) with both nanostructured carrier materials, M

Loaded material MCM-41-Izo1 MCM-41-Izo2 MCM-4

Carrier/drug ratio 0.083 0.166 0.333
room temperature, and finally calcinated at 650 �C for 6 h
with a heating rate 5�/min.

2.4. Characterizations

Fourier transform infrared (FT-IR) spectra were recor-
ded using Thermo Nicolet 6700. BrunauereEmmetteTeller
(BET) analysis was carried out on aMicrometrics Gemini V2
model 2380. The adsorption isotherms were obtained by
measuring the quantity of the adsorbed gas at a wide range
of relative pressures with constant temperature (N2, 77 K
and pressure between 780 and 7.8 mmHg). Desorption
isotherms were obtained by measuring the gas desorption
rate at pressure reduction. UVevis spectra were recorded
on Thermo scientific evolution 220. The release experi-
ments were performed using the pump and the UV de-
tector of a High-performance liquid chromatography
(HPLC) Agilent 1100 system.

2.5. Drug loading

The loading experiments were carried out by mixing
15mg of the prepared nanostructured materials with Izo in
10mL of water for 24 h. Three different ratios (12:1, 6:1, and
3:1) of carrier/drug were used to achieve the best encap-
sulation efficiency (Table 1). The loaded material was
filtered andwashedwith 30mL of water and finally dried at
room temperature. The filtrate and the washing waters
were collected to estimate the encapsulation efficiency.

2.6. Encapsulation efficiency

The encapsulation efficiency of Izo in the nano-
structured materials was evaluated using the UV absor-
bance at lmax ¼ 362 nm for Izo according to the
LamberteBeer law. The concentration of free drug in the
combined filtrate and washings was analyzed using the
calibration curve in the concentration range of the cali-
brations 0.04e8 mg/L Izo, with a correlation coefficient
0.9985. The encapsulation efficiency was calculated using
the following formula:

EE% ¼ CIzoinitial � Cizofree

CIzoinitial
� 100

Theabsorbeddrug/carriers ratiosarepresented inTable2.

2.7. Drug release

The drug release experiments were performed using the
procedure previously reported [31] by placing the loaded
nanomaterials in the release medium consisting of 500 mL
of water stirred at 400 rpm and by continuously collecting
aliquots of the release medium using the HPLC pump
CM-41 and Si-Ti-Sv.

1-Izo3 Si-Ti-Sv-Izo1 Si-Ti-Sv-Izo2 Si-Ti-Sv-Izo3

0.083 0.166 0.333



Table 2
The loaded ratios of the drug (Izo) with both nanostructured carrier materials, MCM-41 and Si-Ti-Sv.

Loaded material MCM-41-Izo1 MCM-41-Izo2 MCM-41-Izo3 Si-Ti-Sv-Izo1 Si-Ti-Sv-Izo2 Si-Ti-Sv-Izo3

Carrier/absorbed drug ratio 0.060 0.146 0.306 0.061 0.136 0.296
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equipped with UV detector. Looping system has been ach-
ieved continuously by placing the inlet and the outlet of
this system in the same release medium. The amount of
released drug was estimated spectrophotometrically at
lmax ¼ 362 nm using a calibration curve in the concentra-
tion range of 0.04e8 mg/L with the correlation coefficient
of 0.9985.

2.8. Antimicrobial activity assays

The antimicrobial activity spectrum and minimal inhib-
itory concentration (MIC) of the Si-Ti-Sv, Si-Ti-Sv-Izo3, Izo,
and NF was assayed on Gram-negative and Gram-positive
strains isolated from UTIs (E. colidEC 2622, E. coli 2739, E.
coli 2645, E. coli 2749, E. coli 2646, E. coli 2732, E. coli 2598, K.
pneumoniae 2727, K. pneumoniaedKp 2633, K. pneumoniae
2770, Morganella morganii 2651, P. mirabilisdPm 2648,
Enterococcus feacalisdEF 2788, Enterococcus faecalis 2842)
using E. coli ATCC 8739 as a reference strain. Microbial
suspensions of 1.5 � 108 CFU/mL (0.5 McFarland density)
obtained from 15 to 18 h bacterial cultures developed on
solid media were used in our experiments. The compounds
were solubilized in Dimethyl sulfoxide (DMSO) and the
starting stock solution was of 1.2 mg/mL concentration.

The qualitative assay of the antimicrobial activity was
performed on the MuellereHinton Agar medium by an
adapted disc-diffusion method as previously reported [32].
The quantitative assay of the antimicrobial activity was
performed by the liquid medium microdilution method in
96-multiwell plates to establish the MIC. For this purpose,
10 serial twofold dilutions of the compound solutions
(starting from 600 mg/mL) were performed in a 200 mL
volume of broth, and each well was seeded with 50 mL
microbial inoculum. Culture positive controls (wells con-
taining culture medium seeded with the microbial inoc-
ulum) were used. The influence of the DMSO solvent was
also quantified in a series of wells containing DMSO,
diluted according to the dilution scheme used for the
complexes. The plates were incubated for 24 h at 37 �C, and
MIC values were considered as the lowest concentration of
the tested compound that inhibited the growth of the mi-
crobial overnight cultures, as compared with the positive
control, revealed by a decreased value of absorbance at
600 nm measured in triplicate [33e36].

3. Results and discussion

3.1. Encapsulation of the drug

Izo has been loaded into the Si-Ti-Sv and MCM-41 by
mixing these materials separately with the drug in an
aqueous solution. The presence of Izo into both silica ma-
terials has been determined using FT-IR by identifying
characteristic absorption vibrations of the drug in the loaded
material (Fig. 2). The unloaded sieves, Si-Ti-Sv, present a
stretching broad band at 1053.77 cm�1 assigned to asym-
metric Si-O vibration (Fig. 2A-a). In addition, a small band at
802.41 cm�1 is related to the symmetric stretching of Si-O
bonds [38]. The antimicrobial drug Izo presents several
characteristic absorptions as follows: 3389 cm�1(yNeH, sec-
ondary amide); 2967.51 and 2930.40 cm�1 (y]CeH,
substituted furane); 1682.63 cm�1 (yC]O and secondary
amide); and 1520.06 and 1348.73 cm�1 (yNeO, nitro group),
which are in good agreement with the reported data [25].
The last three absorptions were used as “markers” for the
encapsulated drug (Fig. 2A-b, c).

Shifting for the characteristic FT-IR bands of the
encapsulated drug was observed and rationalized as the
influence of hydrogen bonding with hydroxyl groups
exhibited on the surface of a nanostructured hybrid mate-
rial, more pronounced for Si-Ti-Sv (Fig. 2A-c) thanMCM-41
(Fig. 2B-c), which is in good agreement with the increased
density of OH groups brought by anatase [37].

Encapsulation efficiency of Izo into the nanostructured
silica materials was influenced by the initial ratio of drug/
carrier and increased with the amount of drug from 73% for
1:12 ratio up to ~90% for 1:3 ratio, respectively (Fig. 3).
Comparable efficiencieswere observed for the twomaterials
with a slight superiority of MCM-41d92% for 1:3 ratiodas
compared with 89% for Si-Ti-Sv for the same loading ratio.
Because of the low water solubility of Izo, we presume that
diffusionof thedrug into thepores ismoreefficient forMCM-
41, which presents a higher BET surface area (1716.15 m2/g)
and larger pore size diameter (7.7 nm). On the contrary, the
absorption on Si-Ti-Sv occurs mainly on the surface because
of smaller size of pores (4.5 nm) but is strongly influenced by
the higher density of OH groups on the surface brought by
anatase, even if the BET surface area is less than half
(613.60 m2/g). This assumption is in good agreement with
the release curves in the drug release experiments (Fig. 4).

3.2. Drug release

The release study has been done first to the samples
which has the lowest drug ratio of 0.083 for both materials
Si-Ti-Sv-Izo1 and MCM-41-Izo1 (Fig. 4). The choice of the
low Izo/carriers ratio was preferred in the attempt to ach-
ieve the zero-order kinetic (no dependency on the solubi-
lity) according to the poor solubility of the drug in water.
MCM-41-Izo1 demonstrated the highest release ratio up to
more than 90% of the Izo after more than 6 h. The release
percentage of the drug of 77% from MCM-41-Izo1 in the
first 50 min shows a weak affinity of Izo for this type of
material similarly with reported data for the parent com-
pound nitrofurazone [13].

On the other hand, Si-Ti-Sv-Izo1 release profile was
significantly different, the cumulative release percentage
was around 40% in the first 50 min and only 74% of the drug
was released until about 6.5 h (Fig. 4b). The slow release
from loaded silicaetitanium sieves may be explained by a



Fig. 2. FT-IR absorbance bands of A (a) Si-Ti-Sv, (b) Izo, and (c) Si-Ti-Sv-Izo and B (a) MCM-41, (b) Izo, and (c) MCM-41-Izo.

Fig. 3. Encapsulation efficiencies of Izo into the nanostructured silica
materials.
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better adsorption of the drug on the surface of a material
because of a higher amount of free hydroxyl groups brought
by titanium dioxide nanoparticles fixed on the surface of
silica oxide, as revealed by reported Transmission Electron
Microscopy (TEM) micrographs [21]. According to the
literature data, the amount ofeOH surface density of TiO2 is
almost double as compared to SiO2, enabling an efficient
hydrogen bonding with structural moieties of Izo [38].

For a better understanding of the encapsulation/release
behavior of Izo, we have performed quantum mechanics
calculations on this molecule using General Atomic and
Molecular Electronic Structure System (GAMESS) [39] at
M11/Karlsruhe valence triple zeta basis with a set of single
polarization (KTZVP) level of theory. The minimized ge-
ometry, electron density, and Debye moment were calcu-
lated. The graphical representation of the calculus results
on Izo is obtained with MacMolPlt [40] and Gabedit [41]
and is presented in Fig. 5. The total electron density
computed for the molecule of the drug Izo is colorized
according to molecular electrostatic potential. The contour
is at 0.04 au on an isodensity surface of 0.03 au (Hartrees/
electronic charge), blue representing the most negative
potential (approximately �0.03 au).

As it can be seen from the total electron density distri-
bution depicted in Fig. 5, there are four sites around the
nitro group, carbonyl, and nitrogen from pyridine moiety
with increased electron density, creating good premises for
hydrogen bonding with hydroxyl groups existent on the
surface of nanostructured materials used for loading (e.g.,
Si-Ti-Sv), and this association is sustained by the shift
observed for the characteristic FT-IR absorptions of the



Fig. 4. Release profile of Izo from (a) MCM-41-Izo1-Izo3 and (b) Si-Ti-Sv-Izo1-Izo3.

Fig. 5. Minimized geometry, electron density, and Debye moment orienta-
tion calculated for Izo.
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encapsulated drug. On the other hand, the orientation of
the calculated dipole moment along the molecular axis,
represented by the displayed arrow in Fig. 5, favors the
penetration of the molecule in polar cavities as, for
example, those of mesoporous MCM-41.

3.3. Biological tests

The drug-loaded materials with the highest drug/carrier
ratio were selected for biological tests to have a good com-
parison both with the biological activity of the carrier and
the unloaded drug, respectively, taking into account the
results obtained in the release experiments for the most
concentrated samples. Only 30% of the drug was released
after 6 h, leading to an absolute quantity of the drug almost
double than for the lowest concentrated ones. The biological
test performed on clinical strains recently isolated from UTI
to comparatively evaluate the Si-Ti-Sv, Si-Ti-Sv-Izo3, Izo,
and the commonNF as a reference. In the same context, this
test was performed to evaluate the antimicrobial activity of
the novel hybrid material loaded or not with Izo against
Gram-negative and Gram-positive bacterial strains isolated
from UTIs in the hospital environment, exhibiting antibiotic
resistance rates to the current antibiotics.

In the qualitative assay, we have quantified the growth
inhibition zone diameters induced after the deposition of
10 mL of the DMSO stock solution (12mg/mL concentration)
over the microbial culture. The DMSO solvent used did not
influence the antimicrobial activity of the tested com-
pounds at the working concentrations. The test revealed
that the free drug Izo proved to exhibit the largest anti-
microbial spectrum and the highest activity similar to NF
against the tested strains (Fig. 6).

The quantitative assay of the antimicrobial activity of
the tested compounds revealed that the MIC values were
different depending on the tested compounds and the
microbial strains. The lowest MIC values obtained in the
quantitative assay measurements are summarized in Fig. 7
for every type of microorganism and tested materials and
antimicrobials. As depicted in Fig. 7, the reference drug, NF,
exhibited MIC values ranging from 300 to 4.68 mg/mL
against the E. coli, from 18.75 to 1.17 against K. pneumoniae,
from 75 to 9.37 for desaminase-positive enterobacteria (P.
mirabilis and M. morganii) and >600 mg/mL in case of
Enterococcus faecium strains. The newly tested drug Izo
exhibited a very good antimicrobial activity againstt the E.
coli strains, superior to that of NF, with a low MIC value of
4.68 mg/mL for most tested strains except E. coli 8739. On
the contrary, the Izo drug was less active against K. pneu-
moniae strains, exhibiting a high MIC value of 600 mg/mL
and urease producer cells, with MIC values >600 mg/mL
against M. morganii and 18.75 mg/mL against P. mirabilis.
Similar to NF, Izo was inefficient against the Enterococcus
faecium strains, with MIC values >600 mg/mL.

The unloaded carrier, Si-Ti-Sv exhibited intermediate
efficacy, higher than NF but lower than Izo against the E.
coli strains, with MIC values ranging from 75 to 9.37 mg/mL
and a moderate activity against K. pneumoniae strains with
MIC values of 75e150 mg/mL. The activity of Si-Ti-Sv against
the desaminase-positive enterobacteria was variable, being
very good against M. morganii (MIC value of 2.34 mg/mL)
and moderate toward P. mirabilis (MIC value of 150 mg/mL).
Si-Ti-Sv exhibited very good activity against the Gram-
positive cocci, with MIC values of 1.17 and 18.75 mg/mL,
respectively. Finallyy, the drug-loaded sieves, Si-Ti-Sv-Izo3
exhibited activity superior to NF and Si-Ti-Sv, comparative
to unloaded drug, Izo against the E. coli strains, with MIC
values of 4.68e18.75 mg/mL. Si-Ti-Sv-Izo3 proved to be the
most active against the K. pneumoniae strains, with the
lowest MIC values ranging between 37.5 and 9.37 mg/mL



Fig. 6. Qualitative assay to determine growth inhibition zone diameters for tested microbial strains: (1) Si-Ti-Sv; (2) Izo; (3) Si-Ti-Sv-Izo3; and (4) NF.

Fig. 7. Comparative results for the biological activity of Si-Ti-Sv, Si-Ti-Sv-Izo3, Izo, and NF against microorganisms involved in UTIs.
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and against the desaminase-positive strains, with MIC
values of 4.68e1.17 mg/mL. In return, this material proved to
be inefficient against the Gram-positive bacterial strains,
the MIC values being >600 mg/mL. In the particular case of
P. mirabilis, the Izo-loaded sieves, Si-Ti-Sv-Izo3, present the
lowest MIC value (9.37 mg/mL) as compared with the free
tested drugs,NF and Izo, providing a promisingmaterial for
antimicrobial external protection of catheters.
The results of antibacterial tests presented in Fig. 7
revealed that in some experiments involving Gram-
negative bacterial strains, such as Kp 2727, Kp 2770, Mm
2615, and Pm 2648, a synergistic effect has been observed.
For example, unloaded sieves and pure Izo exhibited MIC
values superior than thosedetermined for the referencedrug
NF. On the contrary, the lowest value forMIC determined for
Kp2727, of 9.37 mg/mL,was obtained for loaded sieves (Si-Ti-
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Sv-Izo3) which proved to be twice more active than NF, 16�
and 64� superior to the unloaded hybrid material and Izo,
respectively (Fig. 7). The same effect with different ratios
between the corresponding determined values of MIC was
observed for the other Gram-negative strains, such as Kp
2770, Mm 2651, and Pm 2648. This enhancement of the
biological activity was not observed for the tested E. coli
strains, the optimum MIC values for both loaded sieves and
free Izo (e.g., EC 2622, EC 2793, EC 2645, and EC 2598), being
the same although in some cases the unloaded sieves proved
to be more active than the reference drug NF.

To explain the antibacterial performance of the tested
materials, the unloaded and Izo-loaded hybrid nano-
material, Si-Ti-Sv, we revised the reported mechanisms of
action for the class of nitrofurane-derived antimicrobials
and reported data on titanium dioxide [23,42]. Nitrofurane-
derived antimicrobials act by inhibiting bacterial enzymes
involved in DNA and RNA synthesis, carbohydrate meta-
bolism, and other metabolic enzyme proteins, and no
explanation regarding the influence of titanium dioxide on
this type of mechanisms was readily available.

The synergistic effect might occur because titanium di-
oxide, in the form of anatase, contained in the hybrid Si-Ti-
Sv, has photocatalytic properties and thus has the ability of
creating reactive oxygen species such as superoxide (O2��),
hydrogen peroxide (H2O2), hydroxyl radicals (HO�), and
hydroperoxyl radicals (HOO�) that are harmful to cells [23].
On the other hand, the increased activity of Izo as
compared to NF may be explained by the presence in the
molecular structure of the drug of the isoniazid moiety, a
potent antibacterial by itself. The reported mechanism for
the biological activity of isoniazid states that in the pres-
ence of an oxidizing enzyme, KatG, the molecule is trans-
formed into radical species such as acyl, acylperoxo, and
pyridyl radicals [43]. Therefore, we may presume that ti-
tanium dioxide plays a role in activating Izo, thus produc-
ing a synergistic effect by generating a higher number of
very reactive free radicals. The activity of the hybrid sieves
on Gram-positive cocci, for example, EF 2788 and EF 2842,
may be explained by the difference in the morphology of
the cellular wall of this type of bacteria as compared to
Gram-negative strains, which facilitates the penetration of
reactive oxygen species generated by titanium dioxide [23].

4. Conclusions

In this article, we have investigated the antibacterial
performance of a novel nanostructured hybrid material,
based on silicaetitania used for encapsulating and drug
release experiments for a recently developed antibacterial
drug fromnitrofurane family, izohidrafural. The new hybrid
material proved similar ability to encapsulate the tested
drug asMCM-41 but an improved release profile because of
enhanced affinity of the hybrid sieves' surface for the
bioactive molecules. The antimicrobial activity of
izohidrafural-loaded hybrid sieves was evaluated against
Gram-negative and Gram-positive strains isolated from
UTIs in the hospital environment, exhibiting antibiotic
resistance rates to the current antibiotics, using quantita-
tive assay. For the tested Gram-positive cocci involved in
UTIs, unloaded hybrid sieves proved to be the only active
antibacterial agent with an average MIC value of 9.96 mg/
mL, probably because of the presence of titanium dioxide.
The novel carrier has significantly improved the antibac-
terial activity of the encapsulated drug for a series of tested
Gram-negative bacteria, including P. mirabilis, a urease-
producing bacteria responsible for crystalline biofilms in
catheters, lowering the necessary concentrations up to two
orders of magnitude because of a synergistic effect.
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