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ABSTRACT: New polymer−inorganic composites with antibiofilm features
based on the granulated poly(tetrafluoroethylene) (PTFE) and apatite materials
were obtained using a standard hydraulic press. The study was performed in
hydroxy- and fluorapatites doped with different amounts of silver ions and
followed by heat treatment at 600 °C. The structural, morphological, and
physicochemical properties were determined by X-ray powder diffraction
(XRD), Fourier transform infrared (FT-IR) spectroscopy, scanning electron
microscopy-energy-dispersive spectrometry (SEM-EDS), and transition electron
microscopy (TEM). The antibacterial properties of the obtained materials were
evaluated against Gram-negative pathogens such as Pseudomonas aeruginosa,
Klebsiella pneumoniae, and Escherichia coli as well as against Gram-positive
bacteria Staphylococcus epidermidis. The cytotoxicity assessment was carried out
on the red blood cells (RBC) as a cell model for in vitro study. Moreover, the
biofilm formation on the biocomposite surface was studied using confocal laser scanning microscopy (CLSM).

1. INTRODUCTION

Hydroxyapatite (Ca10(PO4)6(OH)2herein, HAp) is well
known as a major inorganic component of teeth and bones
occurring naturally in human body and is characterized by high
biocompatibility and low cytotoxicity to eukaryotic cells. Silver,
gold, copper, and zinc metals are well known due to their
antimicrobial properties and could be easily used as dopant in
apatite-based materials. The hexagonal structure of apatite
belongs to the P63/m space group and allows the cations to
localize in the 4(f) and 6(h) positions and is able to
accommodate a variety of univalent as well as divalent and
trivalent cations as substituents.1 The substituted materials can
gain new properties due to the presence of so-called
biologically active ions. Moreover, such materials could
stimulate the bone tissue for regeneration and promote cell
proliferation due to their structural similarity to natural
appetites. Furthermore, the dopant may prevent bacterial and
fungal growth in a graft place.2−4

Thus, metal-doped materials can be applied as a promising
alternative to the traditional antibiotic therapies.5 Additionally,
apatite-based materials have attracted much attention as drug-
delivery systems because of combining several action
mechanisms. First, a therapeutic role is fulfilled by apatite-
based products used as an implant or bone reconstruction
materials. Additionally, dedicated drugs may be applied
precisely in a disease spot. More effective treatment with
fewer side effects can be obtained by the application of the
metal-doped apatite in combination with antibiotics or other

drugs. It has been also proved that bacterial resistance to
inorganic particles is lower than that to antibiotics due to the
different mechanisms of action (MOA).6,7 It has been reported
that metal-ion-doped nanoparticles have shown antimicrobial
activity mainly because of free ion release. The presence of free
ions can disrupt or destruct the secondary and tertiary
structures of proteins (e.g., enzymes or membrane compo-
nents), leading to the cell dysfunction and increasing
membrane permeability. The protein structure disruption
could be a result of the thiol group interactions with the Ag+

ions and the formation of the S−Ag bonds. Metal ions,
including the Ag+ ions, can penetrate cell walls without
permanently damaging the membranes or rupturing the cells.
Moreover, reactive oxygen species (ROS) are produced in an
abnormally large amount (oxidative stress) because of the use
of metal-ion-based compounds. Furthermore, metal-ion-based
nanoparticles can also be harmful to DNA materials, leading to
the inhibition of their replication.4,8−12 Silver is well known for
strong antimicrobial activity against various bacterial and
fungal species,2,13,14 but there are bacteria nonsusceptible to
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Ag+-ion-doped HAp, such as Enteroccocus faecalis, Bacillus
subtilis, and Serratia marcescens.15,16

The apatite-based substances could be used in bone grafting
as the implant components. Use of the materials with
antimicrobial properties, e.g., silver-doped apatites, could
reduce the risk of implant-associated infections after a
surgery.17 Bacterial strains with an ability of biofilm formation
can be a major problem because of their high resistance to
antimicrobial agents, even 1000-fold higher than planktonic
forms. Thus, there is an urgent need for effective antibiofilm
substances and materials that prevent bacterial and fungal
adhesion.18−21

The composite materials are characterized by combining and
highlighting the best features of substances that are built by.
Since the polymeric industry has been extremely developed,
such materials influence all areas of life, including medicine,
biochemistry, pharmacy, preparation of drugs, and biologically
active substances.22,23 In the present work, very attractive
biocomposites have been designed for cartilage grafting with
antibiofilm activities. It has been proved that the obtained
materials have great potential in the field of modern
nanotechnology and bioapplications focusing on the anti-
bacterial properties. Furthermore, the potential antibacterial
properties of novel biocomposites materials were checked and
analyzed in detail. The innovation of the proposed biomaterials
can be related to the possibility of using them for simultaneous
regenerative medicine and in vivo imaging.

2. MATERIALS AND METHODS
2.1. Synthesis of the Silver-Doped Hydroxy- and

Fluorapatite (FAp). Calcium hydroxyapatite and fluorapatite
(herein FAp) nanopowders were synthesized using the
aqueous synthesis route, separately. To obtain silver-doped
apatite powders, stoichiometric amounts of Ca(NO3)2·4H2O
(99.0−103.0%, Alfa Aesar), NH4H2PO4 (>99.0%, Acros
Organics), AgNO3 (99.8%, POCH), and NH4F (>98.0%,
Alfa Aesar) were used. The concentration of silver dopant was
set to 1.0, 2.5, and 5.0 mol % in a ratio of total calcium-ion
molar content in the following procedure. All substrates were
dissolved in deionized water and mixed in a reaction vessel.
The reaction was carried out for 2 h at 100 °C. For pH
monitoring, ammonia (NH3·H2O, 25%, POCH) was used and
the pH value was maintained at 9.0. After synthesis, all
powders were purified with deionized water four times to
remove the remaining ammonia ions, dried at 70 °C for 12 h,
and heat-treated at 600 °C for 6 h with a temperature increase
of 3.5 °C/min. The obtained powders after heat treatment
were described as: x mol % Ag+:Ca10(PO4)6(OH)2 and x mol
% Ag+:Ca10(PO4)6F2 (where x = 1.0, 2.5, and 5.0) of
hydroxyapatite and fluorapatite matrix, respectively. The
pellets of pure powders were prepared by a standard laboratory
hydraulic press, applying a maximum force of 15 kN on 1.6 g of
powder for 60 s. The radius of the obtained pellets was set at
10 mm (see Figure S1a,b).
2.2. Preparation of the Silver-Doped Hydroxy- and

Fluorapatite Composites. A dispersion of poly-
(tetrafluoroethylene) (PTFE) in deionized water (Inbras,
Poland) was used to produce polymer−inorganic composites.
The PTFE concentration and density were 60 wt % and 1.5 g/
cm3, respectively, as revealed by the manufacturer. The PTFE
dispersion has been detected as molecules with spherical shape
in a range of 0.1−0.3 μm. In the case of biocomposite
preparation, the apatite powders were added to the water

dispersion and then sonicated for 2 h. Fluorapatite doped with
the highest amount of silver (5 mol % Ag+) was chosen as a
filling material along with hydroxyapatite doped with 2.5 mol
% Ag+ ions (to compare the highest concentration of silver
ions in both types of apatite matrix). Then, the mixtures were
air-dried. The composites with 1.0, 5.0, and 10.0 wt % of the
fillers were formed using a standard hydraulic press under 15
kN force. The radius and weight of obtained pellets were set at
10 mm and 0.04 ± 0.001 g, respectively. The obtained
materials are listed in Table 1. The representative pellets of

tetrafluoroethylene with 10 wt % of hydroxyapatite (PTFE@
Ag+:10HAp) and 10 wt % of fluorapatite (PTFE@Ag+:10FAp)
composites are shown in Figure S1c,d, respectively.

2.3. Characterization. The development of the crystal
phase was checked by X-ray diffraction (XRD) patterns for all
nanopowders. The patterns were collected in the 2θ range of
5−120° with an X’Pert PRO X-ray diffractometer (Cu Kα1,
1.54060 Å) (PANalytical). The XRD patterns were assigned
using the Joint Committee on Powder Diffraction Standards
Database (JCPDS) and Inorganic Crystal Structure Database
(ICSD) and then analyzed. The morphology and the chemical
composition were checked by an FEI Nova NanoSEM 230
scanning electron microscope equipped with energy-dispersive
spectrometer (EDAX Genesis XM4). Scanning electron
microscopy (SEM) images and EDS spectra/maps were
recorded at 5.0 and 20.0 kV, respectively. After drying by an
infrared lamp, the sample was put under the microscope. The
microstructure of the nanopowders was measured by an FEI
Titan high-resolution transmission electron microscope
(HRTEM) operating at 180 kV.
Fourier transform infrared (FT-IR) spectra were recorded

using a Thermo Scientific Nicolet iS50 FT-IR spectrometer
equipped with an Automated Beam splitter exchange system
(iS50 ABX containing DLaTGSKBr detector), built-in all-
reflective diamond ATR module (iS50 ATR), Thermo
Scientific Polaris, and He−Ne laser as an IR radiation source.
Infrared spectra were measured in the 4000−500 cm−1 range
in KBr pellets with a spectral resolution of 4 cm−1 at room
temperature.
Absorption spectra were determined using an Agilent Cary

5000 spectrophotometer, employing a spectral bandwidth
(SBW) with a spectral resolution of 0.1 nm in the visible and
ultraviolet range and recorded in the 240−1500 nm range at
room temperature.
The hydrodynamic size of the poly(tetrafluoroethylene)

(PTFE) particles dispersed was measured using the dynamic
light scattering technique supported by Zetasizer Nano-ZS
(Malvern) that is equipped with a He−Ne 633 nm laser.

Table 1. Summary of the Obtained Materials

symbol PTFE (wt %) HAp/FAp (wt %)

x mol %Ag:HApa 0 100
x mol %Ag:Fapa 0 100
PTFE@Ag+:1HAp 99 1
PTFE@Ag+:5HAp 95 5
PTFE@Ag+:10HAp 90 10
PTFE@Ag+:1FAp 99 1
PTFE@Ag+:5FAp 95 5
PTFE@Ag+:10FAp 90 10

awhere x = 1.0, 2.5, 5.0.
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The concentration of the released silver ions was checked
using atomic absorption spectroscopy (AAS) with an atomic
absorption spectrometer iCE 3300 (Thermo Scientific Instru-
ment) with the wavelength set at 328.1 nm.
2.4. Ion Release. The release of silver ions was investigated

for tetrafluoroethylene with 10 wt % hydroxyapatite (PTFE@
Ag+:10HAp) and 10 wt % fluorapatite (PTFE@Ag+:10FAp)
composites. The composite pellets with predetermined weights
were placed in the Luria−Bertani (LB) broth (LENNOX)
(Oxoid) and stirred for 1, 6, 12, and 24 h. Then, the silver-ion
concentration was measured by the AAS technique. The ion
release in the LB medium was important for further antibiofilm
activity testing because this broth was used to perform a test.
2.5. Antibacterial Activity. The antibacterial activity of

fluor- and hydroxyapatites doped with Ag+ ions (1.0, 2.5, and
5.0 mol %) was tested using the following strains: Escherichia
coli ATCC 35218, Klebsiella pneumoniae ATCC 700603,
Pseudomonas aeruginosa ATCC 27853, and Staphylococcus
epidermidis ATCC 12228. All strains came from the collection
of the Institute of Genetics and Microbiology, University of
Wroclaw. The strains were cultivated overnight at 37 °C in the
LB (LENNOX) (Oxoid) medium, centrifuged, and suspended
in saline (0.9% NaCl) to obtain an optical density of 0.5
McFarland. Suspensions were then diluted 10× with 10 μL of
cell suspension and transferred to a 96-well polystyrene plate.
The colloidal solutions of hydroxy- and fluorapatites doped
with the above-mentioned dopants of Ag+ were diluted in the
saline to obtained the final concentrations of 10, 25, 50, and
100 μg/mL. Then, the solutions (200 μL) were added to wells
with bacterial suspensions and plates and incubated for 2 h.
Further, the bacterial suspensions were diluted in saline and 10
μL of the bacterial solution from each dilution was spotted on
a Muller−Hinton agar plate for CFU/mL determination. The
plates were incubated at 37 °C for 24 h. The incubated
bacterial cells in saline solution were used as the control.
Additionally, undoped apatites were tested for antibacterial
activity.

Antibiofilm activity was evaluated for two groups of samples:
hydroxy- and fluorapatites doped with 1.0, 2.5, and 5.0 mol %
of Ag+ in the form of pellets. Additionally, the materials with
the highest dopant concentration (2.5 and 5.0 mol % Ag+)
were mixed with poly(tetrafluoroethylene) (PTFE). The pure
PTFE sample in the form of foil (10 mg pieces) was used as
the control for the second group. All pellets were incubated at
37 °C overnight with 1 mL of P. aeruginosa ATCC 27853
solution in LB medium (OD = 0.1) with shaking (125 rpm).
Then, the absorbance (λ = 550 nm) of bacterial solution was
measured using a microplate reader (Varioskan LUX). Further,
the obtained results were compared with the absorbance of
growth control sample and the percentage was calculated. The
pellets were rinsed with saline and dyed for 30 min using a
fluorescent dye (laser line λexc = 488 nm) and propidium
iodide (laser line λexc = 543 nm) (both at the concentration of
1 μL/mL). Then, the pellets were rinsed and observed using
confocal microscopy (Olympus IX83 Fluoview FV 1200,
camera CCD Hamatsu C13440, magnification 40×). Addi-
tionally, the continuum laser with λexc = 405 nm was used to
observe the surface of the apatites.

2.6. Hemolysis. A hemolysis test was performed according
to the standard protocol with a slight modification.24

Hemolysis was conducted using ram erythrocytes (ProAnima-
li) diluted to 1:1 in phosphate-buffered saline (PBS).
Concentrated colloidal nanomaterial suspensions were added
to blood samples to obtain the final concentrations of 50 and
100 μg/mL. Sodium dodecyl sulfate (SDS) solution (1%) and
PBS were used as positive (100% of hemolysis) and negative
controls, respectively. All samples were incubated at 37 °C for
1.5 h and centrifuged. Then, the absorbance of the supernatant
at λ = 540 nm was measured with a plate reader (Varioskan
LUX). The obtained measurements were compared to the
absorbance of the positive control (the percentage of
hemolysis was calculated using the formula below), and the
statistical analysis was performed using one-way analysis of
variance (ANOVA) test (p < 0.05).

Figure 1. SEM images (a, b), EDS spectra (c, d), and size distribution (e, f) of 2.5 mol % Ag+:HAp (top) and 5.0 mol % Ag+:FAp (bottom)
powders heat-treated at 600 °C.
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3. RESULTS AND DISCUSSION
3.1. Surface Morphology. Scanning electron microscopy

(SEM) as well as transmission electron microscopy (TEM)

were used to study the morphological properties of the heat-
treated hydroxy- and fluorapatites doped with Ag+ ions. Figure
1a,b shows the representative SEM images of the 2.5 mol %
Ag+-ion-doped hydroxyapatite and 5.0 mol % Ag+-ion-doped
fluorapatite, respectively. It has been demonstrated that the
particles possess an elongated shape with length in the range of
50−150 nm and width in the range of 30−100 nm. The
histogram of particle size distribution is shown in Figure 1e,f.
The powders do not appear to be agglomerated in comparison
to our previous works.25,26 Nanometric powders preclude to
get a higher-resolution image with the help of the SEM
technique; therefore, the surface morphology cannot be
characterized in detail. Moreover, the EDS spectra were
recorded for the samples and are presented in Figure 1c,d. It
has been confirmed that the Ag+ and F− ions are doped to
obtain the desired structures. The Ca/P ratios have been
estimated to be around 1.67, which is quite close to the
theoretical ratio. In the case of the investigated materials, the
calcium ion was partially replaced by the silver ion. The

substitution effect of dopant ions was examined as well as
confirmed for both hydroxyapatite and fluoride-substituted
hydroxyapatite.27 The amounts of chemical elements calcu-
lated from the EDS spectra are presented in Table 2.
The shape and size of the obtained powders were

determined by TEM images. The representative images of
5.0 mol % Ag+:HAp nanopowder are shown in Figure 2. The
TEM images confirm that the obtained materials (heat-treated
at 600 °C) are nanosized with dimensions increasing from
about 60 nm to 120 and 180 nm width and length,
respectively. The heat-treated materials tend to agglomerate.
The HRTEM image (see Figure 2b) presents the typical
ordering of hexagonal structure. Intracolumn and intercolumn
ordering is the result of the specific position of OH− groups. In
the hexagonal HAp crystal structure, the OH− groups are
arranged in twofold disorder columns, directed from the mirror
planes and passing through the closer-coordinating calcium
ion.29

To obtain distribution of the elements in the PTFE@
Ag+:10HAp and PTFE@Ag+:10FAp samples, energy-dispersive
X-ray spectroscopy (EDS) measurements were performed. The
obtained EDS elemental mapping is shown in Figure 3a,b. It
has been found that PTFE samples have been uniformed for
the distribution of the F and C elements, except for the
locations where the Ca and P elements have been highly
accumulated. The distribution of the aggregated composition

Table 2. Element Analysis of the Investigated Powders
Based on the EDS Techniques

sample Ag+ (mol %)a,b Ca/P (mol/mol)c F− (mol)a,d

5.0 mol % Ag+:HAp 4.4 1.6
2.5 mol % Ag+:HAp 2.5 1.6
1.0 mol % Ag+:HAp 1.3 1.6
5.0 mol % Ag+:FAp 1.2 1.6 1.6
2.5 mol % Ag+:FAp 0.6 1.7 1.7
1.0 mol % Ag+:FAp 0.5 1.7 1.6

aThe relative error of the EDS method is ranging between 10.0 and
20.0% for minor elements.28 bCalculated from the equations where
nAg+ = 10 × nAg+/(nCa2+ + nAg+).

cCalculated from the equations where
nCa

2+/nP5− = (nCa2+ + nAg+)/nP5−. dCalculated from the equations where
nF− = 2 × nF−/4.8%.

Figure 2. TEM image (a) and HRTEM image (b) of 5.0 mol % Ag+:HAp powders heat-treated at 600 °C.

Figure 3. SEM images and EDS elemental mapping of (a) PTFE@
Ag+:10HAp and (b) PTFE@Ag+:10FAp.
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of those elements has indicated that HAp and FAp have been
randomly distributed in the poly(tetrafluoroethylene) samples.

3.2. Structural and Morphological Characterization.
The structural properties of nanopowders heat-treated at 600
°C were determined using the XRD technique. The X-ray
powder diffraction patterns of x mol % Ag+:HAp and x mol %
Ag+:FAp (where x = 0.0, 2.5, and 5.0) were compared to the
theoretical pattern of hydroxyapatite (ICSD-26204)30 and
fluorapatite (ICSD-9444)31 and are shown in Figure 4. It can
be noted that all diffraction peaks of the obtained samples
corresponded very well with the positions of the peaks ascribed
to the reference standards of the apatite phase (space group
P63/m). No other phases have been detected. The most
intense peaks of the hydroxyapatite structure have been
observed at 25.8° (003), 31.8° (211), 32.2°, 32.8°, and 34.1°,
and those of fluorapatite at 25.9° (002), 31.9° (211), 32.2°
(112), 33.1° (300), and 34.1° (202). The crystallographic
planes of the obtained nanoparticles are shown in brackets.
In the apatite host lattice, two calcium positions (Ca(1) and

Ca(2)) with C3 and Cs symmetries are to be substituted.32,33 In
hydroxy- and fluorapatite matrix, the calcium ions at the Ca(1)
sites are coordinated by nine oxygen atoms derived from
PO4

3− groups. The Ca(2) site with Cs symmetry is surrounded
in hydroxyapatite by six oxygen atoms from PO4

3− and one
hydroxyl group constructed irregular polyhedron with the
formula CaO6OH. In the case of the fluorapatite matrix, the
hydroxyl group is replaced by a fluoride ion. The unit cells of
calcium hydroxyl and fluorapatites are doped with silver ions as
well as the coordination polyhedra of Ca2+ cations in both
sides (see Figure S2). The similarity of the effective ionic
radius of silver ions (CN71.22 Å) to calcium ions (CN9
1.18 Å, CN71.06 Å) gives a possibility to substitute calcium
ions with silver ions.30,34

The structural refinement was calculated using a Maud
program version 2.9335,36 based on the apatite hexagonal
crystal structure with better approximation and indexing of the
Crystallographic Information File (CIF). The quality of the
structural refinement was checked by R-values (Rw, Rwnb, Rall,
Rnb, and σ), which were applied to obtain a structural
refinement with better quality and reliability. The hexagonal-
phase formation as well as the successful incorporation of Ag+

ions into the hydroxyapatite were confirmed. Figure 5 presents
the representative Rietveld pattern for the 1.0 mol % Ag+:FAp
sample.
Moreover, hydroxyapatite and fluorapatite samples crystal-

lized in the hexagonal lattice structure. The sixfold inclination
of the c-axis at 120° to three a-axes is seen in the crystal
system. In the fluorapatite, the hydroxyl groups have been
substituted by smaller fluoride ions, showing the reduction of
the a-axis dimension without a change in the c-axis length.
Even small differences in effective ion radius can influence

Figure 4. X-ray diffraction patterns of hydroxyapatite (a) and
fluorapatite (b) of undoped and silver dopant samples.

Figure 5. Representative result of the Rietveld refinement of
Ca9.9Ag0.1(PO4)6F2.

Table 3. Unit Cell Parameters (a, c), Cell Volume (V), Grain Size, and Refine Factor (Rw) of Ca5(PO4)3OH and Ca5(PO4)3F
Doped with x mol % Ag+ Powder

sample a (Å) c (Å) V (Å3) size (nm) Rw (%)

single-crystal Ca5(PO4)3OH 9.424(4) 6.879(4) 529.09(44)
1.0 mol % Ag+ 9.4359(2) 6.888(8) 531.19(66) 34.6(1) 2.5
2.5 mol % Ag+ 9.4321(2) 6.886(9) 530.61(48) 42.9(1) 2.6
5.0 mol % Ag+ 9.3831(3) 6.892(5) 525.53(65) 69.2(2) 2.7
single-crystal Ca5(PO4)3F 9.3672(1) 6.8844(1) 523.15(1)
1.0 mol % Ag+ 9.3772(2) 6.8891(5) 524.61(9) 56.9(2) 2.8
2.5 mol % Ag+ 9.3828(1) 6.8921(0) 525.47(0) 68.1(3) 2.6
5.0 mol % Ag+ 9.3786(9) 6.8896(4) 524.82(2) 74.4(8) 2.5
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lattice parameters. The calculated unit cell parameters (a, c),
cell volume (V), grain size, and refine factor (Rw) of
hydroxyapatite and fluorapatite are presented in Table 3. As
has been expected, the dimensions of the a-axis and cell
volume were smaller in the case of fluorapatite than the
hydroxyapatite lattice.
Furthermore, it has been observed that the fluorapatite

turned into a single-phase hydroxy fluorapatite during the heat
treatment process (see Figure S3). Therefore, it can be
suggested in accordance with the chemical formula of the
obtained materials and EDS analysis (see Table 2) that, in the

fluorapatite structure, the hydroxyl groups coexist with fluoride
ions.37

The X-ray patterns of the PTFE@Ag+:10HAp and PTFE@
Ag+:10FAp composites are shown in Figure 6. The most
intense peaks at 18.0° have been attributed to PTFE, as well as
weak peaks at 31.4 and at 36.4°.38,39 In the range of 20−60°,
the spectra were multiplied 20 times to present the lines
corresponding to the apatite matrix.
The particle size distribution was estimated by laser

diffraction, assuming that the molecules are spherical (see
Figure S4). The measurement was repeated five times, and the

Figure 6. X-ray diffraction pattern of pure tetrafluoroethylene and composites with 10 wt % hydroxyapatite and 10 wt % fluorapatite.

Figure 7. FT-IR spectra of the doped and undoped hydroxyapatites and fluorapatites.
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average particle size is equal to 160.4 nm. The radius of all
molecules is in the range of 70−300 nm according to the
distributor information.
3.3. Infrared Spectra. Identification of the functional

groups present in the prepared powders was conducted using
infrared spectroscopy. The presence of peaks related to
phosphate and hydroxyl groups was confirmed (see Figure
7) and described based on previous papers.40−42 The spectrum
of the fluorapatite sample displays a systematic shifting of peak

position about the hydroxyapatite matrix. The most intense
peaks associated with the ν3(PO4

3−) triply degenerated
antisymmetric stretching mode of phosphate groups were
located at 1033 and 1090 cm−1 of hydroxyapatite and at 1043
and 1099 cm−1 of fluorapatite. The nondegenerate symmetric
stretching bands ν1(PO4

3−) were observed at 962 and 966
cm−1 of hydroxyapatite and fluorapatite, respectively. Fre-
quency shifts of the PO4

3− modes can be related to the smaller
cell volume of fluorapatite than hydroxyapatite (see Table 2) in
accordance with Balan et al.,42 whereas the ν4(PO4

3−) triply
degenerated vibrations were detected at 603 and 565 cm−1. In
the case of hydroxyapatite, the narrow peaks at 3751 and 634
cm−1 were matched to the stretching and bending vibrations of
OH− modes, confirming the presence of hydroxyl groups in
the crystal structure. As it has been reported,27,43 the band at
3540 cm−1 appeared in the infrared spectra when more than 30
mol % of the F− ions were incorporated into the apatite matrix,
which means that more than 30% of OH− groups are replaced
by fluoro ions.37,44 Moreover, the peak at 3538 cm−1 for
undoped fluorapatite matrix has been assigned to F−OH−

vibrations.
The FT-IR spectra of pure tetrafluoroethylene (PTFE) as

well as the composite materials, PTFE@Ag+:HAp and PTFE@
Ag+:FAp, are presented in Figure 8. The weak peaks located at
2873 and 2930 cm−1 were matched with the stretching
vibrations of −CH bonds. The peaks at 1145 and 1201 cm−1

were ascribed to the −CF2 groups, asymmetric and symmetric
stretching modes, respectively. The peaks located in the lower-

Figure 8. FT-IR spectra of pure tetrafluoroethylene and the composites with 10 wt % of hydroxyapatite and 10 wt % of fluorapatite.

Figure 9. Absorption spectra of the doped hydroxyapatites and
fluorapatites recorded at 300 K.
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frequency region corresponding to the vibrations of −CF2
groups at 501, 554, and 639 cm−1 were matched to the
wagging, deformation, and rocking modes, respectively.45,46

Additionally, the characteristic peaks of the apatite were
observed at 1050 and 605 cm−1.

3.4. Absorption. The UV−vis absorption spectra of the
obtained materials are shown in Figure 9. The spectra showed
characteristic bands related to nanosilver plasmons (Ag-NPs)
at 460 nm because of reduction of the Ag+ ions to silver (Ag0).
The intensity of the absorption peaks suggested that the
reduction was more effective for fluorapatite than the
hydroxyapatite matrix.

3.5. Ion Release. Time-dependent silver-ion release has
been shown in Figure S5. It can be noted that a similar amount
of silver ions was released by the hydroxyapatite and
fluorapatite PTFE composites. However, it was difficult to
explain the significant change of the value after 6 h for the
PTFE@Ag+:10FAp composite, and therefore this point was
rejected. In the first hour of the experiment, 1.36 mg of Ag+

ions for hydroxyapatite and 0.76 mg of Ag+ ions for fluorapatite
were released. Moreover, after 12 h, the concentration of silver
ions in both solutions was equal. The silver ions were
constantly released up to 24 h, at a rate of about 0.3 mg of Ag+

ions per hour. These parameters were important for further
analysis regarding microbiological activity.

3.6. Species-Dependent Antibacterial Activity. Silver
has well-documented antibacterial activity. However, the
bactericidal properties of silver-doped apatites are still tested
to find the best structure.47 Thus, the antibacterial activity of
fluor- and hydroxyapatites doped with Ag+ (1.0, 2.5, and 5.0
mol%) was investigated using bacterial strains commonly
applied for drug susceptibility testing.
The comparison of fluoro- and hydroxyapatites showed the

much higher antibacterial activity of the latter (p < 0.05).
Hydroxyapatites presented excellent activity against tested
strains already when 2.5 mol % Ag+ doping was applied and at
the colloid concentration of 25 μg/mL (Figure 10; in the case
of K. pneumoniae already at 10 μg/mLdata not shown).
However, results obtained for HAp and FAp should not be
compared in this study because of the inequality of actual Ag+

dopants in tested samples. The increase of the concentration
up to 50 and 100 μg/mL appeared to be lethal for all of the
tested strains (data not shown). Fluorapatites doped with 2.5
mol % Ag+, on the other hand, at the colloid concentration of
25 μg/mL exhibited much weaker antimicrobial activity
(Figure 10, p < 0.05). Although lower concentrations were
lethal to K. pneumoniae, at least 50 μg/mL of the colloids (2.5
and 5 mol % Ag+) had to be applied to kill the remaining
strains (data not shown).
The tolerance level of tested apatites varied among bacterial

strains. The most resistant (especially to fluorapatites) was
Gram-positive S. epidermidis, and the most susceptible was K.
pneumoniae (Figure 10, p < 0.05). The higher viability in
comparison to Gram-negative strains might be connected to
the structure of the cell surface. Cell penetration by silver ions
might be limited due to the thick murein cell wall surrounding
the cell. Additionally, the negative charge of peptidoglycan may
trap silver ions on the cell surface.48 The results also showed
good antibacterial activity against P. aeruginosa and E. coli,
which is consistent with the previous findings.47,49

3.7. Antibiofilm Activity. Antibiofilm activity may be
described in two ways: as a prevention of biofilm formation
and the ability to eradicate already formed biofilm. Since the
possible application of apatite is as grafting material, the
present study focused on a biofilm prevention. Confocal
microscopy is a useful tool in biofilm structure analysis due to
the possibility to scan deeply through specific layers and
observe the structure as a three-dimensional (3D) picture.

Figure 10. Antibacterial activity of (a) hydroxyapatite and (b)
fluoroapatite doped with Ag+ (1, 2.5, and 5 mol %) at the
concentration of 25 μg/mL, against bacterial strains: E. coli ATCC
35218, K. pneumoniae ATCC 700603, P. aeruginosa ATCC 27853, and
S. epidermidis ATCC 12228; mean ± standard deviation (SD), n = 3;
* statistically different from the control.

Figure 11. Bacterial biofilm on the surface of hydroxyapatite and
fluorapatite doped with 1, 2.5, and 5 mol % Ag+ pellets: (A) surface
and (B) profile (scale bar = 100 μm).
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Moreover, confocal microscopy revealed that bacterial biofilm
is only slightly formed on the surface of pellets. However,
viable cells (green fluorescence) were observed on the surface
of undoped hydroxy- and fluorapatites. Virtually no cells were
found on the apatites doped with Ag+ (Figure 11). The
antibiofilm activity of these materials was confirmed with
bacterial solution absorbance measurement (Figure 13). The
results obtained for pure HAp (A = 0.86) and FAp (A = 1.1)
were similar to that of the control (A = 1.0), and the bacterial
reduction was very high for each of the tested Ag+-doped
compounds. The photographs of the PTFE-apatite composites
did not show any bacterial cells (Figure 12). The analysis of
absorbance measurements (Figure 13) revealed that the
addition of PTFE reduced the antibacterial activity of Ag+-
doped materials. The growth reduction for HAp (5 and 10 mol
% of Ag+) and for FAp-based apatites was not significant (even
weak stimulation of growth was detected for FAp doped with
2.5 mol % Ag+) so the antibiofilm activity observed in confocal
microscopy might be a result of an antiadhesive hydrophobic
surface of PTFE-based pallets instead of ion release. The pure

PTFE sample did not cause any growth reduction, but dead
adherent cells were observed (Figure 12).
The antibiofilm activity of Ag+-doped HAp composites was

also confirmed previously by other researchers using common
oral pathogens: Streptococcus mutans, Streptococcus sanguinis,
and Lactobacillus acidophilus. The strongest activity was
observed for 5.0 and 10.0 % dopants, and 1.0 % was not
very effective.50 Such activity against S. sanguinis was also
confirmed by Besinis et al., who tested bacterial adhesion to
the surface of titanium alloy implants coated with silver-doped
HAp composites.51 A weak adhesion was also observed by
Zhao and Ashraf on the surface of silver-doped materials.52

They also detected many bacterial cells on the surface of pure
HAp material, which was very similar to the results obtained in
present work.52 Silver-doped composites in a form of
microbeads, as well as polymeric poly(methyl methacrylate)
(PMMA) materials, were also reported to have an ability to
prevent the formation and eradicate preformed bacterial
biofilms (S. aureus and P. aeruginosa).53,54

3.8. Hemolytic Activity. Hemolysis assay is one of the
tests performed in vitro to check the safety of the chemical
compounds. It is necessary to evaluate the hemolytic potential
of new substances with the possible application in direct
contact with human tissues to eliminate potentially harmful
ones. None of the tested compounds was hemolytic above the
acceptable level of 5% (p < 0.05), which indicates that all of
them could be regarded as nonharmful (Figure S6).55

Nevertheless, it is necessary to confirm their safety with
other toxicity tests using eukaryotic cell lines. Generally, other
authors also reported that apatite-based compounds are not
hemolytic. Apart from the hemolysis assays, they also
performed tests like morphology observation of platelets and
measurement of blood clotting time. Each of them confirmed
that pure hydroxyapatite is safe in this respect.56

4. CONCLUSIONS
The aim of this study was to investigate the structural and
antibacterial activity of silver-doped hydroxyapatite and
fluorapatite. The successful incorporation of silver ions into
the obtained matrix was confirmed by X-ray diffraction and the
EDS technique. The SEM and TEM images were recorded to
confirm the nanometric size of the obtained materials. The
typical active vibrational bands were ascribed to the apatite
structure in the infrared spectrum. The studied hydroxy- and
fluorapatites doped with 1.0, 2.5, and 5.0 mol % Ag+ have
demonstrated the antibacterial activity, especially against
Gram-negative species. In the present research, comparison
of the antimicrobial activity between hydroxy- and fluorapatites
was not possible because of the uneven silver content between
corresponding samples. All materials have inhibited the growth
of P. aeruginosa, preventing biofilm formation on the pellets’
surface. The nanopowder and PTFE composition have

Figure 12. Bacterial biofilm on the surface of PTFE mixed with hydroxy-/fluorapatites with different dopant concentrations of 5 and 10% Ag+

pellets: (A) surface and (B) profile (scale bar = 100 μm).

Figure 13. Influence of tablets on P. aeruginosa growth compared with
the control sample: (a) Ag+-doped HAp/Fap; (b) Ag+-doped HAp/
FAp mixed with PTFE (mean ± SD, n = 3; * statistically different
from the control (p < 0.05).
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decreased the ability to prevent bacterial growth, but the
hydrophobic surface of the PTFE has played the antibiofilm
role. All materials might be considered safe because of a lack of
hemolysis. The apatite might be considered as a promising
bone- or teeth-filling material after studies of their biocompat-
ibility and toxicity.
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