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Abstract

and an antibacterial powder assay.

released and finally plateaued at 24 weeks.

PD catheter.

Background: Catheter-related infection of peritoneal dialysis (PD) is one of the serious factors of peritonitis.
However, an antibacterial PD catheter has not been commercially available in Japan yet. From an infection control
viewpoint, it is necessary to develop an antibacterial coating material for catheters with a long-term effectiveness.

Methods: Fluorinated hydroxyapatite (F-HAp) nanoparticles were prepared by a wet chemical process. F-HAps with
different F substitution contents were prepared by adjusting the feed ratio of F ions versus sites of OH groups in
HAp structures. The characterization and evaluation of F-HAps were conducted using several analytical equipment

Results: The F-HAp nanoparticles possessed highly crystalline and dispersibility. The F-HAps were named as F(30)-
HAp, F(50)-HAp, and F(100)-HAp and were 24, 52, and 84% of the actual F substitution content, respectively. The
nanomaterials showed acidic resistance, i.e,, chemical stability, compared to normal HAp. In an antibacterial assay of
F(100)-HAp with 50 mg in 0.2 mL of NaCl aqueous solution, four types of causative bacteria of catheter-related
infections, Pseudomonas aeruginosa, Staphylococcus aureus, Enterobacter aerogenes, and Klebsiella pneumoniae were
used. The antibacterial activities of F(100)-HAp showed 50-60% against the microorganisms. F ions were gradually

Conclusions: The retention possibility of the antibacterial effect of F(100)-HAp potentially lasted for 24 weeks based
on the F ions release behavior. It is expected that the antibacterial performance can be improved by the precise
control of material engineering technology, although the duration of the effect has not yet been satisfactory for a
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Background

During peritoneal dialysis (PD), peritonitis is one of the
most serious complications that often occur [1]. One
cause of this complication may be catheter infection.
Exit-site infection (ESI) and tunnel infection are also
well-known risk factors [2]. P. aeruginosa and S. aureus
are cited as causative bacteria of these infections [3]. In
addition, former studies using conventional silicone
catheters suggest that silver ion-coated catheters could
minimize bacteria colonization and reduce the rate of
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catheter-related infections. It has also been reported that
catheters impregnated with antimicrobial agents reduced
PD catheter infections in rats [4, 5]. However, these
types of catheters are not widely available in clinical
fields.

Other methods for deterring catheter-related infec-
tions that use antibacterial agents, such as chlorhexidine-
impregnated dressings which have been proved to be
effective in preventing catheter-related infections for intra-
vascular catheters, have not been adequately evaluated for
PD treatment [6]. As a countermeasure against infections,
an antibacterial catheter impregnated with chlorhexidine-
silver sulfadiazine has been used as a central venous cath-
eter. However, the use of the antibacterial catheters in
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Japan have been discontinued due to thirteen cases of
serious anaphylactic shock related to the catheters [7].

Considering this information, Furuzono et al. developed a
hydroxyapatite (HAp) nanoparticle-coating technology for
medical devices aiming to control infection from a catheter
[8]. The coating method used the highly dispersible and
crystalline HAp nanoparticles showing biocompatibility
that led the catheter to close tightly around the exit site of
skin. However, since HAp exhibits no antimicrobial prop-
erty, microorganisms may migrate and proliferate in a living
body when the HAp barrier is broken. Therefore, it is
necessary to provide HAp with a persistent antibacterial
activity without damaging the body.

It is well-known that F ions are used in additives in
toothpastes in oral care [9]. Highly dispersible and crystal-
line fluorinated HAp (F-HAp) was previously synthesized
using an anti-sintering agent [10]. The F-HAp with 90% of
F substitution content possessed weak antibacterial activ-
ity against wild-type E. coli. Although the preliminarily
report showed effective results, more detailed information
is necessary to develop a novel antibacterial-coating ma-
terial with long-term effectiveness.

In this study, three types of dispersible F-HAp nanopar-
ticles with different F substitution contents were prepared.
The chemical and biological properties of F-HAps, such
as chemical stability, antibacterial activity, and release be-
havior of the F ions, were evaluated in order to determine
its potential as a coating material on a catheter.

Methods

Materials

Analytical grade calcium nitrate tetrahydrate [Ca(NO3),-
4H,0], sodium fluoride [NaF], and 85% phosphoric acid
[H3PO,] were purchased by Wako Pure Chemical Indus-
tries Ltd. (Osaka, Japan) and were used as synthetic re-
agents of F-HAp. Polyacrylic acid (PAA, Mw = 6000) for
an anti-sintering agent was obtained from Toagosei Co.,
Ltd. (Tokyo, Japan). Normal HAp was donated from
SofSera Co., Ltd., Tokyo, Japan.

Preparation and characterizations of F-HAp

The preparation of F-HAp nanoparticles was carried out
using a wet chemical method. First, 30 mmol of Ca(NO3),-
4H,0 in 200 mL anhydrous ethanol and 6.0 mmol NaF in
200 mL ethanol were mixed together and stirred at room
temperature. Next, 18 mmol of H3PO, in 50 mL ethanol
was added to the solution and reacted at 80°C in water
bath for 1h. Then, the solution was washed three times
with deionized water. F-HAp was mixed in an aqueous
solution with PAA and Ca(NO3), (PAA-Ca) as an anti-
sintering agent for the purpose of improving the dispersi-
bility of the nanoparticles. After this step, the wet cake was
calcinated at 800°C for 1h. The products were washed
with an ammonium nitrate solution (1.0 w/v%) until the F-
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HAp suspension was pH7.0. Then, the products were
washed three more times with deionized water
followed by drying. F-HAps with different F substitu-
tion contents were prepared by the same method by
adjusting the molar ratio of NaF from 1.8 to 3.0
mmol. The powder samples were named F(100)-HAp,
F(50)-HAp, and F(30)-HAp based on their F contents.
In addition, normal HAp was used for the control
material and was abbreviated into NHAp.

Measurements

X-ray diffraction (XRD) (MiniFlex, Rigaku Co. Tokyo.,
Japan) analysis was performed on a RAD-X diffractometer
with Cu Ka (A = 1.5418 A)to determine the crystalline struc-
ture of the samples. The diffraction patterns were collected
in the 20 range of 10-80°, with a step size of 0.01°. The sur-
face (-potential of the F-HAp nanoparticles in 10 mM KNO;
as supporting electrolytes was measured by an electrophor-
etic light-scattering spectrophotometer (ELS) (ELS-8000
equipped with a flat-plate sample holder; Otsuka Electronics
Co., Ltd,, Osaka, Japan) at room temperature using a stand-
ard polystyrene latex particle with a size of 204nm [11].
Fourier-transform infrared spectroscopy (FT-IR) (Spectrum
One, Parkin-Elmer Japan Co., Ltd., Yokohama, Japan) meas-
urement was used for sample identification. The measure-
ment was prepared by pressing the powder mixture with
KBr, and the spectra were captured in the 400-4000 cm™
range with 16 scans. The morphologies of nanoparticles were
observed using a field emission scanning electron microscope
(FE-SEM)(JSM-6301F, JEOL Ltd., Tokyo, Japan) operating at
5kV with an emission current of 8 mA. The particle sizes
were also determined by SEM observation (1 = 50). F substi-
tution content was determined using a fluoride meter (F-
10Z) (Kasahara Chemical Instruments Co., Saitama, Japan).

Acid resistance

The acid resistance of F-HAps was carried out using a
UV-Vis spectrometer V-550 (JASCO Co., Tokyo, Japan).
The transmittance of 0.04 w/v% sample solutions with
dispersed F-HAp and NHAp was measured in different
pH phosphate buffer solutions adjusted by 1 M HCL

Antimicrobial assay

F-HAp powder was used to evaluate the antimicrobial ac-
tivity. P. aeruginosa PAO1 was cultivated in 3.0 mL of a
Luria-Bertain (LB) liquid medium (1% tryptone, 1% NaCl,
and 0.5% yeast extract) at 37 °C for 20 h, and the culture
was diluted with 140 mM NaCl to adjust ODggy to 0.01,
which was expected to 1.0 x 107 cells/mL. The bacterial
suspension with 0.1 mL was mixed with 0.1 mL of F-HAps
in 140 mM NaCl. The sample suspensions were incubated
at room temperature for 2 h with gentle agitation. After the
preparation of a 10-fold dilution series of P. aeruginosa sus-
pensions with 140 mM NaCl, 5puL of each sample was
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dropped onto a plate containing a LB agar medium (LB
medium with 1.5% agar). Viable cells grew into colonies
after incubation at 37 °C for 12 h.

Initially, various quantities of F(100)-HAp, 0, 25, 50,
75, and 100 mg were used in the antibacterial assay with
P. aeruginosa. Then, the antibacterial activities of the
four types of F substitution contents of F-HAps, such as
F(100)-HAp, F(50)-HAp, F(30)-HAp, and NHAp, were
evaluated. In addition, E. aerogenes with clinical isola-
tion, K. pneumonia ATCC 27736 and S. aureus 209P
were examined in order to confirm the F-HAp anti-
microbial activity against the infectious bacteria [12].

Data resulting from the antibacterial assay were pre-
sented as means * SD (# = 3 or more). Statistical com-
parisons were performed with the use of a Student’s ¢
test. The level of statistical significance was defined as p
< 0.05. This work was fully approved by the Kindai Uni-
versity Bio-safety Committee and was conducted in ac-
cordance with the regulations for use of pathogens.

F ions release behavior

The release behavior of F ions from the F-HAp nanopar-
ticles was measured by a sustained release evaluation.
50 mg of F(100)-HAp in 100 mL of PBS were added to a
sample tube. Each sample tube was incubated at 37 °C
for 48 weeks. The sample was taken out from the incu-
bator at predetermined periods, and washed with deion-
ized water and dried. Afterwards, the release ratio of F
ions from the F-HAp was determined by measuring F
ion concentration in the suspension samples.

Results

Material characterizations

Material characterizations of F-HAps were conducted by
XRD, FT-IR, and SEM. XRD and FT-IR were used to
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determine the material crystal structures and molecular
structures, respectively. SEM was also used to observe
the material morphologies.

Figure 1 shows the XRD profiles of F-HAps calcinated
at 800 °C for 1h. All peaks in F-HAps with highly crys-
talline were of HAp structure, and a peak of crystalline
impurities of other calcium phosphate was not observed.
In Table 1, the F substitution contents of F(30)-HAp,
F(50)-HAp, and F(100)-HAp were 24, 52, and 84%, re-
spectively. The unit cell parameters of F-HAps and
NHAp are also shown in Table 1. The a-axis lengths of
F-HAps decreased nearly linearly as the F substitution
contents increased, and the c-axis showed an almost
constant value.

In FT-IR spectra of F-HAps and NHAp as shown in
Fig. 2, the adsorption bands of the samples at around
607/570 and 472 cm™" indicated the presence of v4(PO,>
7) and v»(PO,3") in the lattice, respectively. The bands at
1470-1420 and 876cm™' which were assigned to
v3(CO5%27) and v5(CO3%7). The bands at 3570 and 640—
630 cm ™" in the spectra of NHAp (a) and F(30)-HAp (b)
was attributed to v(OH) and {(OH), respectively. As the
F substitution content of F(50)-HAp (c) and F(100)-HAp
(d) increased, the bands diminished and eventually dis-
appeared. For the bands at 3537 and 745cm™, OH-F
appeared. The spectrum of F(30)-HAp (b) appeared to
be more complicated. The bands at 712 and 658 cm™
exhibited OH-F-HO [13, 14]. The existence of this ad-
sorption was associated with the appearance of the two
bands of v(OH) and OH-F at 3570 and 3537 cm™%, re-
spectively, in the spectrum of F(30)-HAp (b).

SEM observation
The SEM image of F-HAp is shown in Fig. 3. The parti-
cles of F-HAps powders were dispersed with slight
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Fig. 1 XRD profiles of a NHAp, b F(30)-HAp, ¢ F(50)-HAp, and d F(100)-HAp
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Table 1 Fluoride ion content, unit cell parameters, and (-potential of F-HAp and HAp
Sample Fluoride ion content (%) ** Unit cell parameters (-

Feed Measured a-axis (A c-axis (A potential

u Xis (A) Xis (A) V)

NHAp* 0 0 9439 6.895 143
F(30)-HAp 30 24 9431 6.886 -032
F(50)-HAp 50 52 9407 6.905 -1.63
F(100)-HAp 100 84 9382 6.892 —21.1

*NHAp refers to normal hydroxyapatite
**Fluoride ion content (%) shows [F/(F+OH) x100] in Ca;o(PO4)sOH,Fx

agglomerates. The average lengths of the long and short
axes of the primary particles in the samples of F(30)-
HAp, F(50)-HAp and F(100)-HAp were 216 + 98 nm/
150 + 32 nm, 519 + 310 nm/216 + 51 nm and 810 + 275
nm/255 + 50 nm, respectively, as determined by SEM
images.

Acid resistance

The acid resistance test of F-HAps was performed by
visible spectrometric turbidity in different acidic solution
conditions from pH5.0 to 2.0 (Fig. 4). Low values of
light transmittance indicate an insoluble state of a pow-
der solution, while high values indicate a soluble state.
The initial soluble points of F-HAps decreased as F sub-
stitution contents increased.

Antibacterial effect

In the antibacterial test, Fig. 5 and Additional file 1:
Figure S1 show the survival ratios and antibacterial effect
against P. aeruginosa for F-HAps and NHAp. While
NHAp powders used as the negative control showed no
antibacterial activity, the cell survival ratios of F-HAps
were significantly lower than that of NHAp. The ratio of
F(100)-HAp was, moreover, the lowest of all sample

powders. Fifty to sixty percent of the antimicrobial activ-
ities of F(100)-HAp indicated against the other three
types of causative bacteria of catheter-related infection,
such as S. aureus, E. aerogenes, and K. pneumoniae as
shown in Fig. 6.

F ions release behavior

The F ions release behavior of F(100)-HAp was investi-
gated for 48 weeks. F ions were gradually and continu-
ously released and finally plateaued at 24 weeks as
shown in Fig. 7.

Discussion

F-HAps were prepared using an anti-sintering agent in
order to prevent agglomerates during calcination. From
these results of XRD and F ion content measurements as
shown in Fig. 1 and Table 1, it was confirmed that the
OH groups were replaced from 80 to 100% with F ions
in the F-HAp preparation. This was because F ions were
adequately substituted in HAp structures in an anhydrous
synthesis system. The a- and c-axis values trends were in
agreement with former reports [13, 15]. The phenomenon
was dependent on the F ion radius (1.32A) being
smaller than that of the OH group (1.68 A) [16].
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Fig. 2 FT-IR spectra of a NHAp, b F(30)-HAp, ¢ F(50)-HAp, and d F(100)-HAp* OH-F, ** OH-F-OH
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Fig. 4 Acid resistance curves of F-HAp and HAp powders. The solid lines of closed circles a NHAp, the closed squares b F(30)-HAp, the closed
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In the FT-IR measurements, the carbonate ions in the
F-HAp structure were derived from the decomposition
of the PAA anti-sintering agent, indicated a biological B-
type of carbonate apatite [14, 17]. The interaction be-
tween F ions and OH groups may imply the existence of
random interactions between partially substituted F ions
and OH groups in the HAp crystalline structure.

From the SEM observations, the particle sizes of F-HAp
increased with increasing of F substitution of content.
Nathanael et al. reported that the tendency of the crystal-
line growth of F-HAp particles depends on the increase of
the crystallinity [18]. However, the crystallinities of the F-
HAps in this study were almost the same as shown in Fig.
1. Therefore, further study of the crystalline growth of F-
HAp with increasing F substitution content is necessary.

The material stability was evaluated by the acid resist-
ance test. Okazaki et al. found that the solubility of fluo-
rinated carbonate apatite at pH 4.0 in an acetate buffer
solution decreased with an increase in the degree of
fluoridation [19]. The solubility behavior coincided with
our result. The chemical stability of F-HAps in acidic
conditions depended on the strong interactions between
F ions and H ions of OH groups in the crystalline struc-
ture [20].

For the first antibacterial test, P. aeruginosa as a causa-
tive bacterium of catheter-related infections was used in
order to determine the optimal adding amount of F(100)-
HAp powder. The lethal dose 50 (LDso) of F(100)-HAp
powder was observed at approximately 50 mg in 0.2 mL of
NaCl aqueous solution as shown in Additional file 1:
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mean p < 0.01 by unpaired Student t test
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Figure S2. Based on this result, the concentration of
all F-HAps for the following tests of antibacterial
activity was determined at 50 mg/0.2 mL.

It was clear that the sterilization rate of F-HAp
depended on the F substitution content in Fig. 5. Based on
the result in the antibacterial assay against the other three
types of causative bacteria of catheter-related infections,
such as S. aureus, E. aerogenes, and K. pneumoniae, it was
also suggested that F ions contributed to the antibacterial
activity of F-HAp as shown in Fig. 6. It is well-known that
F ions inhibit enolase and subsequently suppress the pro-
duction of pyruvic acid in glycolysis systems [16, 21, 22].
As the mechanism for the antimicrobial effects of F-HAp,
F ions released from the nanoparticles were assumed to
come in contact with or migrate into bacterium mem-
branes, prohibit enolase activity in the cytoplasm, and
damage cell growth. Especially, S. aureus is known as the
most common pathogen of PD catheter-related infections
[23]. The detailed examinations regarding S. aureus, such
as quantitative experiments and the mechanism of action,
is planned for an advanced research.

The F ions release behavior of F(100)-HAp may be ex-
plained by the (-potential value as shown in Fig. 7 and
Table 1. The (-potential value of F-HAps decreased as
increasing with F substitution content, and the value of
F(100)-HAp showed much lower than that of other F-
HAps. It was thought that a layer with high F ion content
might exist in the outermost surface of a F(100)-HAp
nanoparticle, whereas the actual F ion content of the bulk
samples was 84%. In addition, the nanoparticles showed
high dispersibility. It was thought that the outermost layer
containing F ions in F(100)-HAp nanoparticles might
initially gradually dissolved in the aqueous solution. F ions
attributed to the crystalline layer of the nanoparticle
seemed to be slowly released until 24 weeks.

Schierholz et al. reported that the half-life antibacterial
activity of a central venous catheter coated with micona-
zole and rifampicin exceeded 3 weeks in vitro [24]. In
contrast, F(100)-HAp potentially held the antibacterial
activity for 24 weeks. The difference in release behavior
between such an antibiotic coating and our F-HAp
nanoparticles depended on substantial in vivo stability.
Therefore, the nanoparticles might be useful as an anti-
bacterial coating material for a long-term indwelling
catheter.

The findings of encapsulating peritoneal sclerosis have
decreased by using a neutral PD solution in Japan [25]. Oc-
casionally, PD treatment is prolonged for a decade due to
the sustainment of residual kidney function. Although the
retention possibility of the antibacterial effect of F(100)-
HAp was about 24 weeks, the period of the effectiveness is
still unsatisfactory for PD catheters. However, the antibac-
terial effectiveness can potentially be prolonged by the pre-
cise control of crystallinity, chemical stability, coating
density and multi-layer coating of F-HAp nanoparticles.

Conclusions

Highly dispersible and crystalline fluorinated hydroxyapatite
nanoparticles were prepared by a wet chemical processing
using an anti-sintering agent. F-HAps were substituted with
F ions to different degrees. The acid resistance, i.e., chem-
ical stability, of F-HAps increased with increasing of F
substitution content. The antibacterial effect of F-HAps
suggests the possibility of controlling the sterilization rate
by varying the F ion content. The potential retention period
of the antibacterial effect of F(100)-HAp was for 24 weeks.
While the duration of the antibacterial effect has not yet
satisfied the requirements for PD catheters, it is expected
that the performance might be improved by more precise
control using of material engineering technology.



Gyotoku et al. Renal Replacement Therapy (2020) 6:3

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/541100-019-0251-6.

Additional file 1: Figure S1. The antibacterial effects of F-HAp against
P. aeruginosa using the agar spot method. This figure corresponds to
experimental repetition 1 out of n = 4 in Fig. 5. Figure S2. Survival ratio
of P. aeruginosa in contact with F(100)-HAp powder (0-100 mg/0.2 mL).
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