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ABSTRACT. Ceramic porous disks made of hydroxyapatite, HAP, loaded
with silver ions and nitroxoline (5-nitro-8-hydroxyquinoline, NHQ) are used
in vitro against pathogens, such as Staphylococcus aureus. HAP powder was
synthesized by a wet chemical method, and its phase purity and nanocrystalline
structure were assessed by X-ray diffraction (XRD), transmission electron
microscopy (TEM) and atomic force microscopy (AFM). Disk samples of HAP
were prepared and impregnated with Ag* ions and NHQ solutions. A strong
antimicrobial activity of all samples was assessed by the diffusion assay in
vitro against Staphylococcus aureus. Through the development of the optimal
composition of these biomaterials, this approach might hold potential applications
for antimicrobial coating, bone tissue engineering scaffolds and biomedical
devices.
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INTRODUCTION

Ceramics, such as nano crystalline hydroxyapatite, HAP, has been
widely used as bone cement due to its structural similarity to inorganic
component of natural bone and to its bone conductive properties. The HAP
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coatings of orthopedic implants are also used, particularly in hip surgery, to
enhance the implant osseo-integration. Although the estimated risk is rather
low (about 5%), the post-operative infections are still major cause of bone
tissue damage and might lead to the removal of implants and consequently,
to an increased cost of treatment. To reduce the implant derived infections,
the localized delivery of antimicrobial compounds using HAP as a support is the
best choice for the prevention of bone infections [1-4]. Due to increased
antibiotic resistance, the alternative use of Ag* or silver nanopatrticles, alone or in
combination with antibiotics, is recommended [5-13]. 5-Nitro-8-hydroxyquinoline
(nitroxoline: NHQ) [14] is a broad-spectrum antimicrobial agent, used as urinary
antibiotic [15]. It is practically insoluble in water, at room temperature, but
soluble in organic solvents [16]. At 298 K, the mole fraction, x, of NHQ in its
saturated solution in ethanol is x = 0.0018 [16], which corresponds to a 0.02 M
solution (3.8 g NHQ/L).

This investigation is focused on the antimicrobial effect of nitroxoline
and of silver nitrate, and on the possible interaction of Ag*and NHQ leading
to supramolecular associations, which could modulate their biological activity.
They are adsorbed on HAP disks, which possess an enhanced adsorptive
ability both for Ag* and for biomolecules, such as nitroxoline. Their antimicrobial
effectiveness is assessed by Kirby-Bauer diffusion assay [17] on agar plates,
against Staphylococcus aureus microbial strain.

RESULTS AND DISCUSSION

Characterization of HAP powders. Two synthesized HAP powders
are used, namely HAP1 calcined at 450 °C and HAP2 further calcined at
850 °C. The XRD patterns are similar for HAP1 and HAP2 and show only the
characteristic peaks for pure HAP indicating a unique phase of stoichiometric
HAP of high phase purity. As an example XRD patterns for HAP2 are given
in Fig. 1. The average crystallite size estimated by the Debye-Scherrer method
is about 49.6 nm (HAP1) and 60.3 nm (HAP2), while the crystallinity degree
for HAP1 is about 64.8% and for HAPZ2 is rather high, around 78.5 %.

TEM images for HAP2 are given in Fig. 2, together with the histogram
obtained by measuring the diameters of a large number of particles. The
average diameter of HAP2 particles is of 65.1 £ 17.0 nm.

A representative example of AFM images is given in Fig. 3 and
confirms this size of HAP2 particles, about 67 £ 5 nm.
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Flgure 1 XRD patterns for the syntheS|zed HAP2 powder compared
with PDF 74-0566 for stoichiometric hydroxyapatite
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Figure 2. TEM images for HAP2 particles and histogram of their size distribution.
The bars in the TEM images are 500 nm (a), and 200 nm (b).
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Figure 3. AFM images for HAP2 adsorbed on glass for 10 s from aqueous dispersion:
(a) 2D-topographical image; (b) 3D-topographical image; (c) cross section profile along
the arrow in panel (a); scanned area: 1 um x 1 ym
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Characterization of ceramic disks. Compactness characteristics
of the sintered disk ceramics were determined using air and water weight
method. Apparent density, p., water absorption, am, and apparent porosity,
P., were determined (Table 1). The apparent porosity of ceramic disks is high.
This property allows various solutions to penetrate within porous disks, and
give an optimal choice for disk adsorption of the components from solutions.
Consequently, active silver ions and NHQ biomolecules, impregnated into
HAP disks, can be released into microbial medium.

Antimicrobial activity. In Fig. 4 are presented representative images
of the agar plates with Staphylococcus aureus cultures after incubation at
37°C for 24 hours, with ceramic disks (Fig. 4a) and with the initial solutions
in which the disks had been immersed (Fig. 4b). The diameters of the
inhibition zones, in mm, are given in Table 2.

Table 1. Characteristics of the ceramic disks

Ceramic | Sample | Apparent density, | Water absorption, |[Apparent porosity,
disks No Pa [%] am [%] Pa [%]
HAP1 1 1.24 38.27 47.67

2 1.36 34.41 47.01
3 1.46 37.31 54.73
HAP2 1 1.57 29.44 46.39
2 1.31 36.70 48.12
3 1.21 36.63 44.56

Staphylococcus aureus ATCC 6538P Staphylococcus aureus ATCC 6538P

a. b.
Figure 4. Inhibition zones for Staphylococcus aureus in presence of ceramic disks
loaded with antimicrobial solutions (a), or in presence of antimicrobial solutions in
wells (b). Samples are numbered as follows: 1 for HAP1/water and 6: HAP2/water,
each as control; 2 and 3: HAP1/AgNOs; 7: HAP2 /AgNO3; 4: HAP1/NHQ;
8: HAP2/NHQ; 5: HAP2/NHQ + AgNOs3; 9: HAP1/NHQ + AgNO:s.
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Table 2. Inhibition zones for the samples presented in Fig. 4;
the labels are the same as in Fig. 4

Inhibition zones (mm)
Samples 1 2 3 4 5 6 7 8 9
Disks - 15 15 >30 | 14 | - | 17 | >30 | 18
Solutions - 18 18 >30 | 17 | - | 18 | >30 | 18

The control disks, samples 1 and 6 (HAP1, HAPZ2, in pure water) did
not produce any inhibition zone. The largest effect is observed for disks
loaded with NHQ, sample 4 (HAP1) and sample 8 (HAP2) (Fig. 4a), and for
their corresponding NHQ solutions, which remained after removing the disks
(at about 24h from preparation) for antimicrobial evaluation (Fig. 4b). The
antimicrobial effect of the NHQ impregnated HAP1 disk (sample 4) was
very strong (> 30 mm) and comparable with that of the sample 8, HAP2/NHQ. It
is clear evidence that NHQ adsorbed and incorporated into ceramic disks
has a strong effect on S. aureus. The antimicrobial effect of ceramic disks
loaded with NHQ is also comparable with that of NHQ solutions (samples 4 and
8, in Fig. 4b) showing that S. aureus is highly susceptible in vitro to NHQ. The
Ag* ions loaded disks (Fig. 4a) and their corresponding AgNOs solutions
(Fig. 4b), namely samples 2, 3 and 7 also show distinct inhibition zones. The
antimicrobial effect of Ag* loaded HAP1 disk (samples 2 and 3, Fig. 4a) is
smaller than that corresponding to the Ag* solutions (Fig. 4b). The cause might
be the interaction of Ag* with the surface of ceramic nanoparticles within
the disk leading to a retard delivery of Ag*. However, the inhibition zone is
almost the same (Table 2) for HAP2 disk loaded with Ag* (sample 7, Fig. 4a)
and for Ag* in solution (sample 7, Fig. 4b). This shows that characteristics
of HAP disks are also important.

The antimicrobial effect (Table 2) for HAP1 disk (sample 9) previously
immersed in the initial NHQ solution for 30 min, is higher than that of HAP2
disk immersed for 15 min (sample 5), both immersed after removing from
NHQ, in 5 mL 102 M AgNOs solution each. The effect of the disk sample 5
(14 mm) is lower than that for its corresponding solution, sample 5 in Fig.
4b (17 mm, Table 2). On the other hand, the antimicrobial effect of the disk
sample 9 is the same as that of its corresponding solution (Table 2),
showing the importance of adsorption time of biomolecules on ceramic
disks to reach adsorption equilibrium. This situation is more complex and
shows also the importance of the self-assemblies of NHQ and Ag*, adsorbed
on ceramic disks as well as their role in antimicrobial activity. Specifically, the
antimicrobial effects of AgNOs solutions, samples 5 and 9, are almost the
same as those for samples 2, 3 and 7, showing in fact the effect of pure AgNO3
solution, since this was the final solution around ceramics disks impregnated
with NHQ (samples 5 and 9).
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The results are in substantial agreement with earlier results [17] showing
discrete inhibitory effects characteristic for an investigated system.

CONCLUSIONS

This investigation demonstrates the antimicrobial effect of nitroxoline
(NHQ), Ag* and their self-assemblies or clusters against Staphylococcus
aureus in vitro, under given experimental conditions. Results demonstrate
for the first time the ability of NHQ and of Ag* to diffuse from ceramic disks
and to exert their antimicrobial effect. This technique of self-assembly on
ceramic disks uses as a driving force for surface adsorption, electrostatic
and van der Waals interaction, as well as hydrogen bonding and hydrophobic
interaction [24, 25]. It offers another approach to depositing antimicrobial
agents, such as NHQ and silver ions, within ceramics disks for their local
retard delivery with potential applications to prevent or to treat infections.
Further studies are needed to evaluate the efficacy of NHQ and silver ions
impregnated ceramic disks against S. aureus. This investigation can be extended
to various pathogens to explore the possible applications of NHQ and Ag*
incorporated in ceramic disks to address the susceptibility of microbial biofilms.

EXPERIMENTAL SECTION

Preparation of HAP powders. A chemical precipitation method
was applied [17-23]. A 0.25 M calcium nitrate solution was obtained
from Ca(NOs3)2'4H,0 (pure p.a., Poch S.A., Gliwice, Poland) dissolved in
ultrapure water, with 25% ammonia solution, pH value 8.5, and o-toluidine
p.a. (Merck) as template. A second solution was a 0.15 M diammonium hydrogen
phosphate ((NH4);HPO4 pure p.a., SC Nordic Invest SRL, Romania) solution in
ultrapure water, with 25% NH3 solution, pH 11 and ethylene diamine (EDA,
from Merck) as template. Equal volumes of the two solutions, at 22°C, were
quickly mixed using a peristaltic pump (Masterflex L/S Digital Drive, 600
RPM, 115/230 VAC, EW-07523-80) and an impact reactor type Y for the
two fluid streams, with the reactants in stoichiometric molar ratio Ca/P = 1.67. A
maturation treatment was applied to the obtained suspension (70°C, 24 h).
To avoid agglomeration of particles during further processing, they were coated
with urea-formaldehyde (UF) resin prepared in situ from an aqueous 30%
CH0 solution and urea in a 1.5 mole ratio, final pH 8.5. After maturation
(85-95°C, 8 h) the precipitate was filtered (Filter Disks Munktell, grade:
382), washed with ultrapure water (until free of nitrate ions) and dried by
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lyophilization. Thus obtained material was dispersed in a colloidal mill, for 2 h
and calcined 4h at 450 °C, in order to burn the organic matter (HAP1 powder);
and further for another 4 h at 850°C, for HAP2 powder, with increased
crystallinity.

Physical characterization methods. X-ray diffraction (XRD) patterns
were obtained using a DRON-3 diffractometer, in Bragg—Brentano geometry,
having a X-ray tube with copper K, radiation, wave-length 1.541874 A). Phases
were identified by comparing the peak positions with PDF (Powder Diffraction
File) 74-0566 for stoichiometric hydroxyapatite. HAP aqueous dispersions
needed for TEM and AFM imaging were prepared by ultra-sonication (Sonics
Vibra-Cell, model VCX 750), for 5 min, at 22°C. TEM images obtained with
TEM, JEOL — JEM 1010 equipment have been recorded with JEOL standard
software. The AFM JEOL 4210 equipment was operated in tapping mode [26],
using standard cantilevers with silicon nitride tips. The particles were adsorbed
(vertical adsorption) from their aqueous dispersion for 10 s on glass. Different
areas from 10 umx10 ym to 0.5 umx0.5 ym were scanned on the same HAP
layer. The AFM images (2D- and 3D-topographies) and cross-section profiles for
the adsorbed HAP layer, along a selected direction were processed by the
standard AFM JEOL procedures.

Preparation of ceramic disks. The HAP powder was mixed with a
2 % polyvinyl alcohol solution as a binding material for granulating and obtaining
a final powder humidity of 6%. The ceramic disks with 6 mm diameter and
3 mm in height were pressed at 1000 kgf/cm?. The raw HAP disks were dried
in a laboratory oven at 100 °C. Dried ceramic disks were sintered in air at
900 °C in a laboratory kiln using a 5 °C/min heating rate and a plateau at the
maximum temperature of one hour.

Antimicrobial activity assessment. The HAP1 and HAP2 disks
were treated by immersing each in 5 mL of the following solutions: ultrapure
water (withess samples 1 (HAP1) and 6 (HAP2); 102 M AgNO; (Merck,
Germany) solution: samples 2 and 3 (HAP1), and 7 (HAP2); saturated NHQ
(Sigma-Aldrich, Germany) solution in ethanol (sample 4: HAP1, and sample 8:
HAP2); NHQ solution for 15 min (HAP2, sample 5), and for 30 min (HAP1,
sample 9) and then moved in AgNO3 solution. The tested microbial strain was
Staphylococcus aureus 6538P ATCC. It was streaked on glucose medium
(nutrient broth and agar) (TM MEDIA, TITAN BIOTECH, India). The inhibitory
effect was determined by Kirby-Bauer technique [17] (agar diffusion test). The
nutrient agar, after liquefaction by heating on a water bath, was poured in Petri
dishes (diameter of 90 mm) in an amount of 25 ml to form a uniform layer
with about 3 mm thick. Inoculation was done by flooding, using 1 ml suspension
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of the test strain at a density of 0.5 (according to "McFarland Standards").
The agar surface was dried in the incubator for 20 min with the lid slightly
open. After 24h, the disks were removed from the liquid using a tissue plier
DeBakey, previously sterilized in open flame and cooled in sterile distilled
water. Disks were radially placed on the agar plate. On another plate, wells
(z = 6 mm) were cut in the agar gel, also by a radial pattern, and 20 uL of
the liquid in contact with the disks was put in each well. The plates were
incubated at 37°C for 24 h, and then the presence or absence of S. aureus
culture development around the disks or wells was assessed. In the case of
an inhibitory effect, the diameter of the inhibition zones was measured. The
plates were further maintained under observation for an extra 5 days.
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