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ABSTRACT. A nanocomposite made from hydroxyapatite (HAP) and silver
nanoparticles (AgNPs), namely HAP-4.5 wt% AgNPs, is reported. HAP was
prepared using a wet precipitation technique, and AgNPs were made by
reducing silver nitrate with glucose in basic medium. HAP, AgNPs and HAP-
4.5 wt% AgNPs composite were characterized by X-ray diffraction (XRD),
SEM - energy dispersive X-ray spectroscopy (EDS) and different imagistic
methods: TEM and AFM. The antibacterial effect of the HAP-4.5 wt% AgNPs
nanocomposite was tested using diffusion technique in nutritive agar on two
pathogenic species, one Gram-negative (Salmonella typhimurium) and one
Gram-positive (Bacillus cereus) and promising results were obtained. This
hydroxyapatite-silver nanocomposite can be employed as a potential
antimicrobial coating for dental and orthopedic implants, or they can be
utilized such as bone cements in clinical procedures.
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INTRODUCTION

The finding of the earliest antibiotic, penicillin, by Alexander Fleming in
1928 revolutionized medicine and saved countless lives by providing a way to
effectively treat bacterial infections [1]. Since then, almost a century has
passed and bacteria, due to misuse, have evolved resistance to antibiotics
through mutations that led to drug-resistant bacteria, which are a foremost
threat to public health [2, 3]. Although some metal ions, like Ag, Cu, Zn, and
Au, have long been acknowledged to have antibacterial characteristics, they
were "forgotten” during the successful era of antibiotics. Silver nanoparticles,
known for their antimicrobial properties for centuries, have been proposed as
a potential solution to combat drug-resistant bacteria. Due to their insignificant
dimension and huge surface area, AgNPs can interfere with bacterial cell walls
by disrupting the cellular processes leading to bacterial death [4, 5].

Silver nanoparticles (AgNPs) produced via a variety of techniques,
including chemical, physical, photochemical and biological, were found to
have an antibacterial effect [6-14]. AQNPs produced in various formulations,
with diverse shapes and sizes, show variable antimicrobial activity, while the
mechanism of antimicrobial effect of Ag ions and AgNPs, as well as their
toxicity on tissues, are not fully elucidated [15-20]. The antibacterial effect of
AgNPs was associated with their shape, with triangular particles presenting
a more intense effect compared to spherical ones [21-23]. Compared to other
metals, silver has a high toxicity against microorganisms and a much lower
toxicity against mammalian cells [24-26].

The human body contains nanosize hydroxyapatite (HAP), an inorganic
mineral (Ca10(PO4)s(OH)2) having a Ca to P mole ratio of 5/3 (cca 1.67). It is
found within the bone as a bioactive ceramic that covers about 70% of bone
weight and in teeth that covers up to 80% of dentin and enamel.

Crystallographic and chemical studies revealed that synthetic HAP is
comparable to natural HAP. Due to this fact, synthetic HAP is also considered
a great option for bone or dental reconstruction because it is osteoconductive,
stable at physiological pH, biocompatible, and readily adsorbed with bioorganic
substances (proteins, amino acids, etc.).

As a support and carrier for AgNPs, both pure hydroxyapatite (HAP)
and doped HAP with various cations or anions, were also used as nanomaterials
of choice [27-35]. As an alternative, HAP doped with silver ions was also
used as antimicrobial material [36-41]. HAP-AgNPs composites with organic
polymers were also used [42-47], to ensure a retarded silver ion release.
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Here we intended to synthesize a hydroxyapatite with a low degree
of crystallization and high porosity, able to assure a good adsorption and
release of silver nanoparticles. For the synthesis of HAP with the desired
characteristics, we use a chemical precipitation method developed by us [39,
48-55]. By reducing silver nitrate with glucose, silver nanoparticles are obtained
[49]. In addition, some microbiological tests were performed having in mind to
assess the antimicrobial properties of the newly synthetized nanocomposite.

RESULTS AND DISCUSSION
Characterization of AQNPs

The UV-Vis spectrum of the dispersion containing AgNPs presents the
specific SPR absorption band of Ag, with the maximum at 405 nm (Fig. 1A).
The spectrum did not change in time for 1 year, thus evidencing the high
stability of the AgNPs dispersion.

TEM image for AgNPs is depicted in Fig. 1. The mean diameter of
the AgNPs was found to be 13.0 £ 2 nm.

.
20- 405 nm .... . f
'
.
.
L]
_ i g : :
i . -
s e i e 3
L]
& 50 o 2. 1»? oo
2 .
= .
0 .N
= d.wg... ‘a-}q # i
. L]
.. [
. .
0,01, . : : : : 1 : ﬁ. "
200 300 400 500 600 700 8005’ s h
Wavelength (nm) .. s ®
- U RCRERLETY R e —

Fig. 1. UV-Vis spectrum for AQNPs aqueous dispersion (A) and TEM image for
AgNPs (B); the scale bar is 100 nm. The average diameter of AgNPs is around
13 nm. The zeta potential value for AQNPs is negative, -39 mV, ensuring
a high electrostatic stability of the AgNPs dispersion.
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Characterization of HAP-4.5 wt% Ag composite

The samples do not differ significantly from each other. The HAP
nanoparticles present a rather low degree of crystallinity, as wanted by the
synthesis. The presence of crystalline silver is evidenced in Fig. 2 for HAP-
4.5 wt% Ag where the lines for silver from PDF 89-3722 are shown. Their
position is in good agreement with that found for nanosilver particles [56] for
the (111), (200), (220), (311) and (222) planes of Ag, corresponding to
the peaks at 206 values of 38.32, 44.50, 64.61, 77.54 and 81.68°
respectively. In Figure 2, the most intense diffraction of silver [(111) plane]
in HAP-4.5 wt% Ag appears distinctly, while the other Ag diffraction lines
are partially superposed on the diffraction peaks of HAP.
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Fig. 2. XRD pattern for HAP-4.5 wt% Ag compared with PDF 89-3722 for Ag
(vertical red lines)

The typical crystallite dimensions and the crystallinity amount of the
samples are given in Table 1.
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Table 1. Average crystallite size and crystallinity degree of HAP and HAP-4.5 wt%
Ag composite, from XRD data; NPs average diameter of composite from
AFM investigation

_ 0,
Sample '?5A7']° HAP-4.5 wt% Ag H/:‘EF‘:\fF"i‘gﬁf‘g
Crystallites size (nm) 47.6 453 -
Crystallinity (%) 36 37 -
Average diameter of NPs - - 54 + 8nm
(nm)

The average diameter of HAP-4.5 wt% AgNPs is 54 + 8nm, as obtained
from AFM measurements (Fig. 4), which is somewhat higher than about 45 nm
obtained from XRD measurements (Fig. 2) and to about 48 nm found for pure
HAP. Thus, the average diameter of HAP-4.5 wt% AgNPs composite is only
slightly increased by mixing HAP NPs with AgNPs for this composition.

In the SEM-EDS (EDX) spectrum, fig. 3, the presence of Ag is
revealed, along with the elements which enter in the composition of HAP (Ca,
P, O), as shown in Fig. 3B. Cu and C also appear in the spectrum, since the
grids on which the particles were adsorbed are made from carbon coated
copper. The uniform distribution of AQNPs in the sample is also evident in
Fig. 3A and Fig. 4A.

Fig. 3. SEM image (A) and EDX spectrum (B) for HAP-4.5 wt% AgNPs.
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AFM images for the HAP-4.5% Ag nanocomposite, on sample obtained
by adsorption on glass plate, are presented in Fig. 4. As shown in AFM
images (A, B and C) and from the cross-section profile (D), the average particle
size is 54 nm = 8nm in this nanocomposite.

120 180
Lateral distance, nm

D

Fig. 4. AFM images of HAP-4.5 wt% AgNPs adsorbed on glass plate:

A) topographic image, B) amplitude image, C) 3D image, and D) profile on the white
arrow in panel (A). Scanned area 2 ym x 2 ym. Maximum height 30 nm, surface
roughness evaluated as root mean square, Rrms = 4.8 nm. Average particle
diameter is determined from many profiles (at least 10) as 54 nm + 8nm.

Zeta potential measurements for HAP dispersions gave a slightly
negative value: -6.5 mV.

Antimicrobial effect

After the incubation period, the plates were examined and the
diameters of the inhibition zones (in mm) were determined. Values of 13 mm
was found for Salmonella typhimurium (ATCC 14028) and 12 mm for Bacillus
cereus (ATCC 14579).

The results evidence a clear inhibitory effect of HAP-Ag composite
on the verified bacterial strains, whereas no inhibition zone is detected for
the witness sample (pure HAP). The silver content in a well corresponding to
the HAP-4.5 wt% Ag composite is 32 ug.

When comparing the different bacterial strains, we find only small
differences. The most sensible appears to be Salmonella typhimurium followed
by Bacillus cereus.
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CONCLUSIONS

In conclusion, a straightforward technique for synthesizing HAP-
AgNPs with a silver content of 4.5 wt% was effectively developed. Using the
XRD, SEM-EDS, TEM, and AFM, the morphological and compositional
characteristics of the as-prepared nanocomposite were verified. TEM, SEM,
and AFM images showed the dimension and form of HAP particles, both with
and without AgNPs, and XRD and EDS measurements confirmed the
presence of silver.

Equally Gram-negative and Gram-positive isolates were effectively
killed by the HAP-4.5wt%AgNPs that was under investigation. These findings
imply that our composite could be regarded as antibacterial materials and
that they could be utilized in dentistry and orthopedic implants.

EXPERIMENTAL SECTION

Materials and methods

Materials: As precursors were used: calcium nitrate tetrahydrate,
Ca(NOs3)2'4H20 (p.a., Poch S.A., Poland), alongside with diammonium
hydrogen phosphate, (NH4):HPO. (p.a., Nordic Invest, Romania); glucose
(10% solution, Hemofarm, Braun Pharmaceuticals S.A., Timisoara, Romania),
silver nitrate, AgNO3 (analytical purity, Merck, Germany) and NaOH (10%
solution, Sigma-Aldrich, Germany).

Preparation of HAP-Ag samples

Synthesis of low crystallinity hydroxyapatite (HAP). Low crystallinity
nano hydroxyapatite (HAP) was synthetized via a wet chemical process, with
Ca(NOs3)2:4H20O and (NH4):HPO4 as starting materials [57]. A 250 mM
Ca(NO:3), solution was obtained in bidistilled water with added 25% ammonia
solution (pH 8.5), and another 150 mM (NH4).HPO, solution in bidistilled
water, containing ammonia solution (pH 11). These solutions were quickly
mixed at 0 °C. The dispersion, as obtained in the mother liquor was allowed
to mature 10 h at 22 °C (under intermittent stirring), then filtered and rinsed
with bidistilled water until no NOs is found. For further characterization, a
portion of the watery precipitate was desiccated by lyophilization. The wet
precipitate separated by filtration (containing 80% water) was used as scaffold
for AQNPs.
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Preparation of AgNPs. A method using the reduction of Ag* ions by
glucose, in a basic solution was used. This implied the reduction of silver
nitrate, AgNOs (analytical purity, Merck, Germany) in a very diluted aqueous
solution (final concentration 0.25-10-3 M, silver content 27 mg/L) with glucose
(10 % aqueous solution), the glucose being in large excess: 0.5 ml glucose
solution / 1 mg Ag (molar ratio glucose/Ag = 30) in alkaline medium (pH cca. 12,
obtained with the help of a 10% NaOH solution) at room temperature (22 °C).
Silver nanoparticles were dispersed, giving off a light yellowish-brown tint.

Preparation of HAP-4.5% Ag composite. The AgNPs aqueous dispersion
is added under continuous magnetic stirring to the wet HAP precipitate in the
ratio needed for an Ag content in the HAP-Ag composite of 4.5 %. (For instance,
to 1 g wet HAP precipitate (80% water) 350 mL AgNPs dispersion were added).
The stirring continues for 2h, and the mixture is let to stay for 24 h at 22 °C. Then
the HAP-Ag precipitate is filtered and desiccated at ambient temperature.

Characterization methods

X-ray diffraction (XRD) patterns have been produced employing a
DRON-3 diffractometer (Bragg—Brentano geometry) fitted with an X-ray tube
with copper Kq radiation, A = 1.541874 A, in the domain between 5° and 85° 26.

Comparing the peaks of the diffraction images with PDF allowed the
identification of phases [58-63]. The peak locations of the diffraction patterns
were compared to PDF (Powder Diffraction File) 74-0566 belonging to
stoichiometric HAP and PDF 89-3722 for silver to determine the phases.

UV-Vis absorption spectra were measured between 190 and 900 nm
by means of a Jasco UV/Vis V-650 spectrophotometer and 1 cm quartz
cuvettes, at ambient temperature. HAP water dispersions required for TEM
and AFM imaging were obtained by ultra-sonification (Sonics Vibra-Cell,
VCX 750), for 5 min, at room temperature.

TEM images acquired with TEM, JEOL — JEM 1010 equipment were
captured with JEOL typical software. SEM images were obtained with a
scanning transmission electron microscope, STEM Hitachi HD-2700. Also,
energy-dispersive X-ray spectrum (EDS or EDX) of the distribution and
relative proportion of elements was obtained over the scanned areas.

The AFM JEOL 4210 apparatus was run in tapping mode [64-69]
using conventional silicon nitride-tipped cantilevers (resonant frequency:
200-300 kHz; spring constant: 17.5 N/m). The particles were adsorbed from
their ultrapure water dispersion for 10 s on glass plates. On the same
adsorbed film, various regions ranging in size from 10 pum x 10 um to 0.5 um
x 0.5 um were scanned. The various obtained images have been managed
by usual AFM JEOL procedures.

On aqueous dispersions of the AgNPs, zeta potential readings were
made with a Malvern Zetasizer Nano-ZS90 apparatus.
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Antibacterial assays

The bacterial strains tested were: Bacillus cereus ATCC 14579 and
Salmonella typhimurium ATCC 14028. The microbial strains were inseminated
in glucose medium (nutrient broth and nutrient agar) (TM Media, Titan
Biotech, India), and incubated in a thermostat (37 °C), under aerobic conditions,
for a period of 18-24 h. The microbial strains have been verified by
bacteriological examination. The tested microbial strains are checked every
time by a bacteriological test, to appreciate the culture characteristics, both in
liquid and solid medium, as well as the morphological characters, on smears
stained by Gram’s method. This is done in order to have a pure culture and
to use a young culture of 24 h.

The inhibiting effect is assessed by the antibiogram technique of
diffusion in nutritive agar gel, adapted for testing products treated as
suspensions. For this, nutritive agar, supplemented with glucose and NacCl,
was liquefied by warming in a water bath and transferred to 90 mm diameter
Petri dishes in a volume of 25 ml, giving a 3 mm thick even layer of 3 mm thick.
Flood inoculation was applied, using a 1 ml suspension made from the tested
strain at density 0.5, according to McFarland standards. The uniform
dispersion on the entire surface is done using a Drigalski spate. After drying of
the agar surface (20 minutes in the thermostat with half-open lid), the wells
(diameter 0.6 cm) are cut out in the agar gel in a circular shape. Amounts of
0.2 g of HAP-4.5 wt% Ag sample and pure HAP (as a witness) were dispersed
in 2 ml of water and then an amounts of 35 ul were distributed in the wells. For
18-24 hours, the dishes were incubated at 37 °C in a thermostat. The plates
were read in order to identify the existence or non-existence of culture growth
around the wells. The span of the inhibition zone (expressed in millimetres)
was determined if an inhibitory effect was seen. The dishes were monitored
for an additional 5 days to spot any variations over time.
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