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ABSTRACT

Titanium oxide (rutile, TiO,) and zircon (ZrSiO,4), known insoluble ceramic materials, are commonly used for coatings
of implant materials. We investigate the release of zirconium, titanium, aluminum, iron, and silicon from different mi-
cron-sized powders of 6 powders of natural rutile (TiO;) and zircon (ZrSiO,) from a surface perspective. The investiga-
tion includes five different synthetic body fluids and two time periods of exposure, 2 and 24 hours. The solution chemi-
cals rather than pH are important for the release of zirconium. When exceeding a critical amount of aluminum and sili-
con in the surface oxide, the particles seem to be protected from selective pH-specific release at neutral or weakly alka-
line pH. The importance of bulk and surface composition and individual changes between different kinds of the same
material is elucidated. Changes in material properties and metal release characteristics with particle size are presented

for zircon.
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1. Introduction

Titanium oxide (rutile, TiO,) and zircon (ZrSiO,), known
insoluble ceramic materials [1-5], play a large role for
implant materials and corrosion protection (coating) of
implant materials [2,5,6]. For example, the spontaneous
growth of rutile on titanium-based implant surfaces is fa-
vorable from a biocompatibility perspective and reduces
furthermore the extent of metal release. Even though stated
insoluble, very low amounts of metals, depending on the
surrounding solution (e.g. the solution pH), have been
reported to be released in human body fluids [3-5]. Po-
tential adverse effects induced by particles (e.g. released
from implant materials) of rutile and zirconia (ZrO,) have
been studied in the literature and mostly ascribed to their
particle characteristics (size and shape), rather than to their
solubility [1,7,8]. Adverse effects have also been report-
ed for nanometer-sized [8-12] and micron-sized particles
[1,8,12] of anatase (TiO,) of slightly lower solubility
compared with rutile [3]. When the particles are small
enough to be phagocytized (<5 um), they show a signifi-
cant increase in toxic response [1,8]. Below this size limit,
cytotoxicity for anatase and rutile TiO, and for ZrO, par-
ticles (pigments) has been reported to be size-indepen-
dent when normalized to volume, but to increase with in-
creasing particle size when normalized to surface area or
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particle number [8]. However, no surface area or size de-
pendence of pulmonary toxicity in rats have been observed
for TiO, pigments of different structure and size (10 to
300 nm) [13]. The lack of surface area dependence on
toxicity for nanometer sized particles has also been ob-
served for TiO, nanoparticles [14] showing a higher (100
times) cytotoxicity for anatase compared to rutile TiO,
pigments. The structure of TiO, was reported important
for the induced toxicity with slightly higher levels of
oxidative DNA damage induced by a mixture of rutile and
anatase ultrafine particles compared with anatase or rutile
alone [15]. Examples of reported adverse effects caused
by nano- and micron-sized particles of TiO, and ZrO,
observed in vitro and in vivo are cytotoxicity [1,7-8,14],
DNA damage [12,15], release of inflammatory cytokines
from macrophages [6], liver function damage in mice [9],
oxidative stress in the brain of mice [11], decreased rec-
ognition memory in mice [10], and toxicological effects
on major organs and knee joints of rats [16]. However,
compared with other nano- or micron-sized particles, ob-
served acute toxicity is generally low [12,17].

Literature on release mechanisms of rutile, zirconia, or
zircon particles in human or artificial body fluids is how-
ever scarce, mainly due to their very low solubility. It is
evident that the growth of titanium dioxide (rutile struc-
ture in comparison to anatase structure) on titanium im-
plant materials reduces the release of soluble titanium spe-
cies [2,5] and improves its biocompatibility properties [6].
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Rutile and anatase particles (TiO,) have been shown so-
luble up to 0.2% - 1.2% in very acidic aqueous solutions
when boiled for 30 minutes [3]. After 30 days in serum,
implant materials have shown titanium to be released to
an extent of 3.5% of the material (titanium) and 4.6%
(TiAl6V4) [18]. Other investigations have focused on the
dissolution kinetics of micron-sized zircon particles [4],
for example at 25°C in distilled water at pH 5.0 up to 714
hours. Non-measurable levels of dissolved zirconium (while
silicon could be measured) were explained by the preci-
pitation of ZrO, and later ZrSiO,.

Toxicity studies alone can however neither explain
observed differences in the induced toxic response of “in-
soluble” particles of different structure nor their induced
toxicity when taken up by the cell or when remaining in
the tissue over a long time period. Such investigations
require additional studies on material properties in vivo,
studies of the change of surface properties such as struc-
ture, composition and charge, and studies on the mecha-
nisms of metal release.

Several factors may be important for the metal release
mechanism of rutile and zircon particles in the human body:
1) surface structure and composition; 2) solution pH; 3)
solution composition, including organic species, proteins,
oxidants and reductants. Ligand-induced metal release
mechanisms, expected to play an important role in vivo
and in complexing artificial solutions [19], have been
shown to be dependent on protein adsorption and zeta po-
tential of the particles, parameters both influenced by pH
and surrounding chemical species (e.g. Ca ions) [20] and
by the surface structure [21].

In this study, we investigate the release of zirconium,
titanium, aluminum, iron, and silicon from different na-
tural micron-sized (median diameter 104 pum - 130 pm)
rutile (TiO,, 2 types) and zircon (ZrSiOy, 4 types, of which
one was micronized to less than 6 um) powders. Main
focus of the investigation is placed on the importance of
bulk and surface composition for the release mechanisms
into five different artificial body fluids covering a pH
range from 1.5 to 7.4 (different possible endpoints), and
with different solution complexities (artificial gastric fluid,
artificial lysosomal fluid, artificial sweat, phosphate buff-
ered saline, and Gamble’s solution). Generated metal re-
lease data were performed within the Registration, Eva-
luation and Authorisation of Chemicals (REACH) regula-
tion even if rutile and zircon were exempt from REACH
as they are naturally occurring substances. They were there-
fore mainly investigated to reach a deeper understanding
of chemical-physical properties of these materials.

2. Materialsand M ethods
2.1. Materials and Particle Characterization

Six different materials, 2 natural rutile (TiO,) and 4 zir-
con powders were investigated, denoted “a”, “b”, “c”, “d”,
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“e”, and “f” (micronized zircon < 6 um).

The specific surface area (m?/g) per mass unit was de-
termined by means of BET-analysis (adsorption of nitro-
gen at cryogenic condition) using a Micromeritics Gem-
ini V instrument. Nitrogen adsorption measurements were
performed at five different partial pressures (p/po 0.10 -
0.25) with a standard deviation between replicas of less
than 1%. The specific surface area of all particles is gi-
venin Tablel.

Triplicate measurements of particle size distribution in
solution (PBS, see next section for composition) were con-
ducted by means of laser diffraction using a Malvern
Mastersizer 2000 equipment with a Hydro SM dispersion
unit. Refractive indices of zirconium dioxide or titanium
dioxide, and water (since it was the solvent of the test me-
dium), were used as input parameters applying standard
operational conditions. In Table 2, the measured median
particle diameter, and the 10% and 90% size distribution
cut off points (by volume%) are presented for the differ-
ent particles.

Surface compositional analyses were performed by
means of X-ray Photoelectron Spectroscopy, XPS. Spec-
tra were recorded using a Kratos AXIS UltraDLD x-ray
photoelectron spectrometer (Kratos Analytical, Man-
chester, UK) using a monochromatic Al x-ray source (150
W) on areas approximately sized 700 x 300 um. Wide spec-
tra were run to detect elements present in the outermost sur-
face of the test items. Wide and detailed high resolution
spectra (20 eV pass energy) were acquired for carbon (C
Is), oxygen (O 1s), zirconium (Zr 3d), silicon (Si 2p),
titanium (Ti 2p), iron (Fe 2p) and aluminium (Al 2p).

Table 1. Specific surface area [m?/g], measured by means of
BET.

Material a b c d e f

BETarea 3.16" 1.19 1.03 0.84 0.65 5.97

"This value is higher as expected from SEM and laser diffraction results.

Table 2. Measured median particle diameter (dos) and the
10% (do1) and 90% (dog) Size distribution percentiles, pre-
sented as a per centage of volume (mass) of the different par-
ticlesin PBSusing LD.

Material name do; [um] dos [um] doo [wm]
a 74 104 147
b 73 105 158
c 80 125 199
d 91 130 188
e 85 129 194
f 0.6 1.7 5.7
JBNB
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The test items were fixed on copper tape to avoid any
dispersion of the powder particles in the vacuum inside
the instrument chamber. All binding energies were cali-
brated by assigning the carbon Cls contamination peak
to 285 eV. All peak areas were determined by assigning a
linear baseline. Average results were calculated from se-
veral local areas, for each powder, respectively.

Differences in surface morphology of the investigated
particles were studied using a tabletop scanning electron
microscope (SEM) with backscattered electrons (Hitachi
TM-1000). The powder samples were fixed on carbon
tape to avoid any dispersion of particles inside the instru-
ment chamber and to assure appropriate conduction. The
morphology is shown in Figure 1 for all materials.

The chemical composition and structure (bulk infor-
mation) of the materials were investigated by means of
Raman spectroscopy in reflection mode. This configura-
tion is in essence similar to the Total Internal Reflection
Raman spectrometer described elsewhere [22]. Briefly, a
highly stable 532 nm laser (Quantum lasers) is delivered
to the sample in an external reflection configuration at an
angle of incidence of 78 degrees. The polarization of the
beam was S (perpendicular to the plane of incidence).
The Raman scattered light is collected using an ul-
tra-long high numerical aperture objective with 50%

magnification attached to a modified upright Axio micro-
scope from Zeiss. The scattered light is then passed through
a sharp long pass filter that blocks the 532 nm light and
finally focused to a spectrograph (ShamrockAndor) and
detected with a CCD camera (Newton 940Andor).

2.2. Test Fluids

The powders were exposed to five different test fluids at
a pH range from 1.6 to 7.4. The composition of the fluids
and the pH prior to and after exposure is given in Table 3.
The solutions were selected to cover a wide and relevant

Figure 1. SEM images (backscattered electrons) at a magni-
fication of 1000x (powders (a) to (€)) and 10,000x (powder

().

Table 3. Composition of the different synthetic body fluids (in g/L), pH adjustment, and pH prior and after exposure.

Chemical PBS GMB ALF ASW GST
MgCl, - 0.0953 0.0497 - -
NaCl 8.77 6.0193 3.210 5.0 -
KC1 - 0.2982 - - -
Na,HPO, 1.28 0.126 0.071 - -
Na,SO, - 0.063 0.039 - -
CaCl-2H,0 - 0.3676 0.128 - -
C,H;0,Na H,0 (sodium acetate) - 0.7005 - - -
NaHCO; - 2.6043 - - -
C¢HsNa;0,-2H,0 (sodium citrate) - 0.097 0.077 - -
NaOH - - 6.000 - -
Citric acid - - 20.80 - -
Glycine - - 0.059 - -
C4;H4O¢Nay2H,0 (Na,Tartrate-2H,O) - - 0.090 - -
C;HsNaO; (NaLactate) - - 0.085 - -
C;Hs0;Na (NaPyruvate) - - 0.086 - -
(NH,),CO (urea) - - - 1.0 -
CH;CHOHCO,H (lactic acid) - - - 1.0 -
KH,PO, 1.36 - - - -
25% HCl - - - - 4.0
pH adjusted with 370 uL/L 50% NaOH 260 pL/L 25% HCl 1.7 mL/L 50% NaOH 1% ammonia -
Initial pH 7.38 7.40 - 7.43 447 -4.48 6.47 - 6.62 1.67
Final pH (2h) 7.39-7.42 7.66 - 7.91 445 -4.47 6.15-6.32 1.44-1.50
Final pH (24h) 7.36-7.43 7.88 - 8.66 4.43-4.46 5.59-5.72 1.44-1.53

PBS—Phosphate buffered saline; GMB—Gamble’s solution; ALF—artificial lysosomal fluid; ASW—artificial sweat; GST—artificial gastric fluid.

Copyright © 2012 SciRes.
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range of pH and relevant artificial body fluids for human
exposure via inhalation, ingestion, and skin contact. Phos-
phate-buffered saline (PBS, pH 7.4) is a standard physio-
logical solution that mimics the ionic strength of human
blood serum. Gamble’s solution (GMB, pH 7.4) mimics
the interstitial fluid within the deep lung under normal
health conditions [23]. Artificial sweat (ASW, pH 6.5) si-
mulates the hypoosmolar fluid, linked to hyponatraemia
(loss of Na" from blood), which is excreted from the body
upon sweating [24]. Artificial lysosomal fluid (ALF, pH
4.5) mimics intracellular conditions in lung cells occur-
ring in conjunction with phagocytosis and represents re-
latively harsh conditions [25]. Artificial gastric fluid (GST,
pH 1.6) simulates the very harsh digestion environment
of high acidity in the stomach [26].

2.3. Experimental Procedure and Metal Analysis

Triplicate samples were prepared for exposure in differ-
ent test fluids, each for two different time periods. In ad-
dition, one blank sample (without addition of any particles)
containing only the test solution was incubated together
with the triplicate samples for each time period. 5 = 0.5
mg of each material was weighed using a Mettler AT20
balance with readability of 2 pg, and placed in a PMP
Nalge® jar. 50 mL of the test solution was then added to
the Nalge® jar containing the material of interest, before
incubated in a Platform-Rocker incubator SI 80 regulated
at 37°C £ 0.5°C. The solution was gently shaken (bi-line-
arly) with an intensity of 25 cycles per minute for 2 and
24 hours, respectively. After exposure, the samples were
allowed to cool to ambient room temperature before the
final pH of the test solution was measured. The test fluid
was then separated from the powder particles by cen-
trifugation at 3000 rpm for 10 minutes (704 relative cen-
trifugal force, r.c.f.), resulting in a visually clear super-
natant with remaining particles in the bottom of the cen-
trifuging tube. The supernatant solution was decanted
into a polypropylene storage flask and acidified to a pH
less than 2 (not required in the case of artificial gastric
fluid) with 65% pure HNO; prior to solution analysis. All
vessels for exposure, centrifugation and storage of sam-
ples were acid-cleaned in 10% HNO; for at least 24 hours,
then rinsed four times with ultra-pure water and dried in
ambient air in the fume hood within a few hours to avoid
any risk of contamination.

Dissolved/released concentrations of metals were ana-
lysed by means of inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES), using a Varian Vista
Ax with an axial plasma with CCD detector using stan-
dard operational procedures with multiple standards for cali-
bration and triplicate measurements of each sample (rela-
tive standard deviation 1% — 8%). The sample matrixes and
standard matrixes were adjusted to the same sodium chlo-

Copyright © 2012 SciRes.

ride content by eventually adding sodium chloride on-line.
The released elements considered in this paper are zirco-
nium, titanium, aluminium, iron, and silicon. Calcium, mag-
nesium, and phosphorus, measured to significant extent,
were not considered, since these elements are present in
the test fluid, are non-toxic, and easily dissolved. Limits
of detection (calculated from the three-fold background
concentration) for the metal elements taken into account
were: Al-0.68 pg/L, Fe-0.80 pg/L, Si-5.1 pg/L, Ti-0.12
png/L, Zr-0.34 pg/L.

3. Results and Discussion
3.1. Particle Characterization

The chemical composition and structure of the natural
rutile TiO, and zircon (ZrSiO,4) powders were investigated
using Raman spectroscopy. Peak positions and relative
intensities are given in Table 4 and Raman spectra shown
in Figure 2. For the rutile powders (“a” and “d”), main
peaks were as expected assigned to rutile TiO, (145, 246,
440, 607 cm ') [21,27,28]. Differences in relative peak
intensities, and also the occurrence of peaks in the 700
cm ' - 800 cm ' region for the rutile powder “a” could be
due to differences in grain size implying bulk TiO, for
the rutile particle “d”, and smaller grains (possibly nano-
sized) for the rutile powder “a” [29].

The spectra of the zircon powders “b”, “c”, and “¢”
were similar (Figure 2), with main peak positions at ap-
proximately 215, 355, 439, 822, 995, 2250, and 2540
cm ', all except the band at 822 cm ' assigned to zircon
[30]. A significantly different Raman spectrum was gen-
erated for the zircon powder “f” with broader and shifted
peaks, but also with differences in relative peak intensi-
ties when compared with the other three zircon powders
“b”, “c”, and “e” (Figure 2). The latter three powders
revealed few weak bands at 461 cm™' (only “b”), at 503
em ' - 510 cm™, and at 572 cm ™' - 577 cm™' (only “c”
and “e”), possibly assigned to monoclinic ZrO, [31]. The
same bands, of significantly stronger relative intensity
(462, 510, and 575 cm '), were observed for the mi-
cronized zircon powder “f’. The strong peaks observed
for the zircon powders “b”, “c”, and “e” were in contrast
very weak or not present for the zircon powder “f’. The
only exception was that the band at approximately 995
em' (“b”, “c”, “e”) was slightly shifted to 978 cm ' in a
broader peak. It is unclear why the zircon powder “f”
disclosed a different spectrum. However, similar to the
other zircon powders, most peaks were assigned to zircon
and monoclinic ZrO,. A plausible explanation could be a
larger fraction of monoclinic ZrO, and smaller grain size
(broader peaks), compared with the zircon powders “b”,
“c”, and “e” [31].

Differences in bulk (Table 5) and surface composition
(determined by means of X-ray Photoelectron spectros-
copy, XPS), are shown for the investigated powders in
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Table 4. Raman peak positions and relativeintensities (strong, medium, weak) of thetwo rutile powders (“a” and “d”) and the
four zircon powders (“b”, “c”,"“€", and “f"). Reference peak positions areincluded for comparison.

Material Peak positions References
a (rutile) 150 w, 245 s, 440 s, 603 s, 705 m, 800 m, 1632 m
b (zircon) 154 w,2155,272 w, 351 5,439 5,461 w, 503 w, 577 m, 627 m, 711 m, 822 s, 864 w, 965 w, 992 s, 1180 w,
1457 w, 2250 s, 2315 w, 2450 w, 2536 s, 3221 w, 3297 w, 3430 m, 3480 w, 3545 w, 3636 m, 3752 w
¢ (zircon) 215's,355s,438's, 510 w, 630 w, 712 w, 823 m, 866 w, 970 w, 998 s, 1181 m, 1315 w, 1460 w,
2250's, 2541 s, 3310 w, 3420 m, 3640 m, 3752 w
d (rutile) 145 w, 246 s, 440 s, 607 s, 832 w, 1602 w
e (zircon) 154 w, 218 5,356 5,439 5,474 w, 510 w, 572 w, 592 w, 709 w, 820 m, 868 m, 969 w, 996 s, 1180 m,
1310 w, 1458 w, 2007 w, 2246 s, 2544 s, 3220 w, 3303 w, 3420 m, 3633 m, 3752 m
f (zircon) 183 w, 267 s, 342 w, 382 w, 462 m, 510's, 575 s, 620 w, 750 w, 978 s, 1015 w, 3410 w, 3650 w
145 S, 243 S, 449 S,610$ [2]]
147s,236 m, 447 s, 611 s [28]
rutile TiO,
(references)
147 w, 235 m, 446 s, 610 s [27]
1055, 237 m, 447 s, 612 m, 700 w (fine crystallites) [29]
zircon (reference)  202.5, 215.5, 225.5, 265.5, 357.5, 393.5, 439.5, 547, 641.5, 925.5, 975.5, 1009 s [30]
145, 268, 314, 463, 604w, 639 (tetragonal) [40]
710, (references)  192. 335,347,382, 4765, 617, 638 (monoclinic) [41]
101 m, 1785, 191 5,224 m, 306 m, 334 s, 350 s, 382 s, 475 s, 504 m, 539 m, 560 m, 618 s, [31]

Zr0O, small grains
(5 nm) (reference)

638 s, 758 w (monoclinic)

114 m, 178 s, 220 w, 328 m, 338 w, 380 m, 479 m, 534 w, 554 w, 612 m, 704 w, 714 w,

725 w, 760 w, 1038 s (31

s—strong, m—medium, w—weak.

Table 5. Nominal bulk composition [wt%] of natural rutile and zircon powdersinvestigated based on supplier information.

Material name TiO, 7r0, SiO, ALO; Fe,0; others (>1 wt%)
a 92.8 1.31 2.45 0.51 0.95 -
b 0.57 64.2 33.9 0.47 0.10 HfO,:1.25
c 0.32 65.4 325 0.20 0.10 -
d 94.6 0.94 1.66 N/A 0.66 -
e 0.37 439 36.8 16.7 0.11 HfO,:1.43
f 0.08 66.06 N/A 1.58 0.10 N/A

N/A: data not available.

Copyright © 2012 SciRes. JBNB
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Figure 2. Raman spectra of the natural rutile (“a” and “d”—top) and zircon powders (“b”, “c”, and “€’—middle, and “f"—

bottom). The spectra were offset for clarity.
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Figure 3. The main oxygen Is peaks correspond both to
oxidized metal compounds and to a small extent also to
oxidized carbon components in the layer of atmospheric
surface contamination. The oxygen peaks for Fe,O3/Fe;0,/
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Figure 3. Bulk and surface composition based on metals only (no oxides) for the natural rutile ((a) and (d)) and the zircon
powders ((b), (c), (€), and (f)). Bulk composition is based on supplier information (Table 5) and surface composition of the
outermost surface (<5 nm) is based on XPS results. “Si*” shown for the powder (f) indicates that no bulk information on Si

was available but it ismost probably present.
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In the case of the zircon powder “f”, where informa-
tion on the SiO, content was not available, it can be ex-
pected that the major part of the remaining composition
to 100 wt% is Si, as for the other zircon particles “b”, “c”,
and “e”, also indicated by the Raman results and by the
surface compositional analysis. As expected, the bulk metal
composition consisted mainly of titanium in the case of
the rutile powders “a” and “d”, and of zirconium and si-
licon (ZrSiOy) in the case of the zircon powders “b”, “c”,
“e”, and “f”. In addition, the zircon powders “e” and “f”
also contained a small amount of Al. The surface metal
composition (<5 nm) was however significantly different
for the powders “a”, “b”, “c”, and “d”, and enriched in
oxidized iron, silicon, and aluminium (in the case of par-
ticles “d” only) while depleted in oxidized zirconium and
titanium, respectively. The zircon powders “e” and “f”
revealed similar bulk and surface composition. Contra-
dictory to the findings for the powders “d”, “e”, and “f”,
no significant amounts of oxidized aluminium were ob-
served in the surface oxide of the powders of “a”, “b”,
and “c”. These findings are, as will be discussed in the
following sections, of large importance for the metal re-
lease behaviour.

3.2. Zirconium and Titanium Release—
Dependency on Solution pH, Material,
and Solution Chemicals

Consistent with literature findings [3,4,18], the measured
release of zirconium and titanium into the five different
artificial body fluids of varying pH and complexity, was
generally very low after 2 and 24 hours of exposure. Most
concentrations measured were close to the limit of detec-
tion for titanium (0.12 pg/L) and zirconium (0.34 ug/L),
respectively. All materials investigated released less than
4.1 pg/L Ti (powder “f’) and 180.7 pug/L Zr (powder “f”),
at rates corresponding to less than 0.00024 pg/cm*/h Ti
(powder “d”) and 0.0049 pg/cm*h Zr (powder “f”). With
the exception of the fine- sized powder “f”, the concentra-
tions and release rates were significantly lower: less than
2.1 pg/L Ti (powder “a”) and 1.6 pg/L Zr (powder “a”),
and less than 0.00024 pg/em’h Ti (powder “d”) and
0.00027 pg/cm*h Zr (powder “b”). It should be noticed
that there is a large difference in specific surface area
(Table 1) and particle diameters (Table 2) between the
different powders, with the zircon powder “f” having the
smallest mean particle size and the largest specific sur-
face area. Nevertheless, the largest amounts of zirconium
and silicon were released from this powder, even when
normalized to the specific surface area.

The measured release expressed as the released amount
of metal per amount of metal loaded, Figure 4, allows the
possibility to refer to the dissolved percentage of the re-
spective metal (titanium and zirconium). While the mea-
sured concentrations of titanium and zirconium were fairly

Copyright © 2012 SciRes.

similar for all materials except powder “f” with slightly
higher concentrations of titanium and significantly higher
concentrations of zirconium, the released amount nor-
malized to the bulk content of the respective metal gives
another picture (Figure 4). Most titanium per titanium
content, as much as 10% for the “f’-powder and less than
0.3% for the “b”, “c” and “e”-powders, was actually re-
leased from the zircon powders (“b”, “c”, “e”, and “f”),
and most zirconium per zirconium content was released
from the rutile TiO, powders (“a” and “d”) with the ex-
ception of the zircon powder “f” that also showed the
highest amounts of released zirconium (<0.4 wt% of bulk
content) between the investigated materials. These results
clearly show a selective release/dissolution of impurities.
Similar findings have previously been observed for other
insoluble powders, where impurities of e.g. iron were
released to a larger extent compared with chromium from
trivalent insoluble chromium oxide particles into artifi-
cial lysosomal fluid (ALF, the same fluid as used in this
study) [32]. This could be a result of less stable incorpo-
ration of impurities within the matrix. Other findings have
shown a higher release of nickel when incorporated in a
structure of stainless steel of lower solubility to nickel
(ferrite) compared with a structure of higher solubility of
nickel (austenite) [33]. Another more obvious reason
could be that some impurities were enriched at the sur-
face, as evident from Figure 3. The surface enrichment of
the impurity elements Ti or Zr was clearly seen for the
powders “a”, “b”, and “c”, but not for the other powders
(Figure 3). Another possible reason for the selective re-
lease of impurities can be that there is a critical amount
of bulk concentration required to form a stable surface
oxide. This phenomenon is well known for alloys such as
stainless steel, where a critical bulk concentration of about
11 to 13 wt% of chromium is necessary to form a stable
mixed Fe,05/Cr,0; surface oxide [34]. It is difficult to
compare alloys with bulk oxide materials, which are in
their stable thermodynamic form, but as will be seen in
the next section, the amount of aluminium oxide in the
bulk may play a decisive role for the entire dissolution/
release process.

The very low release of titanium and zirconium (rutile
TiO, powders “a” and “d”: <0.004% of Ti content; zir-
con powders “b”, “c”, and “e”: <0.002% of Zr content;
micronized zircon powder “f”: <0.36% of Zr content) is
in agreement with literature findings (if not indicated dif-
ferently, exposure temperature and solutions are similar
to this study) showing rates lower than 0.0005 pg/cm’/h
Ti (surface of rutile structure on implants) [5], non-de-
tectable amounts of Ti released from massive rutile TiO,
[2] and micron-sized Ti particles [1], less than 1.2 wt%
dissolved for micron-sized rutile TiO, particles (7 M ni-
tric acid, in an autoclave) [3], and non-detectable amounts
of zirconium released from micron-sized zircon powders
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into water at pH 5 [4]. For comparison, the release of ti-
tanium from commercially pure (c.p.) titanium and tita-
nium alloy used for implants into similar solutions has been
reported significantly higher, less than 4.6 wt% dissolved
[18].

All reported investigations, and also this study, meas-
ure the dissolved concentration of metal ions or metal
species in fluids after different time periods. However,
the released fraction that precipitates as insoluble phases
is seldom measured. Precipitation processes in water
systems are known for zirconium [4,35] but are expected
to be negligible at a solution pH lower than 3 [35]. This
means, that it would be of major importance for the mea-
sured release of zirconium in this study. Despite the ex-
pected high release of zirconium in Gastric fluid (GST)
at pH 1.5 when considering the pH dependence of the
solubility in the zirconium-water system, all particles,
with the exception of the fine-sized zircon powder “f”,
revealed non-detectable concentrations in GST. In addi-
tion, the measured concentration of zirconium increased
with time (Figure 4) in all cases (with the exception of
some concentrations close to the limit of detection). This
implies that precipitation processes, if any, are slower
than the metal release process. However, in the weakly
alkaline (pH 7.4) solutions, the measured concentrations
of zirconium were always slightly lower (often non- de-
tectable) after 24 hours compared with 2 hours of expo-
sure, although most values are close to the detection limit.
These findings imply that vital precipitation processes are
taking place at this pH level.

It is evident from observed metal release findings that
the solution composition is more important than the solu-
tion pH for the release of zirconium for all particles in-
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vestigated. With some exceptions, this was in contrast to
the other metals released (titanium, silicon, iron, and alu-
minium), (Figure 5), further discussed in the following
section. The fluids of ALF (pH 4.5) and GMB (pH 7.4)
seemed to be more aggressive compared with the other
solutions. This observation became evident when com-
paring the release of zirconium into ALF and GST (pH
1.5), with always a larger extent of release in ALF com-
pared to GST, despite the expected higher solubility in
the fluid of lower pH. When comparing the two solutions
at weakly alkaline conditions (pH 7.4), GMB and PBS,
the release of zirconium into PBS was non-detectable
with one exception (powder “f” after 2 hours), while its
release into GMB was detectable for all powders after at
least one exposure period. GMB and ALF are both solu-
tions simulating lung fluids, normal deep lung conditions
and inflammatory conditions, respectively. Both solu-
tions are of relatively high complexity when considering
the number of chemical components and contain citrate
or citric acid, ALF at a very high concentration (20.8 g/L
citric acid and 0.077 g/L sodium citrate) and GMB at
significantly lower concentration (0.097 g/L sodium cit-
rate). Zirconium-citrate complexes are very stable at pH
values below 7 and expected at a pH less than 8 [35].
Higher amounts of released zirconium in GMB and ALF
compared to the other fluids investigated could have two
probable reasons: 1) stabilization of soluble zirconium by
citrate in the solution (hence, avoiding precipitation) and
ii) citrate-induced dissolution of oxidized zirconium. The
latter seems more reasonable, at least in the case of ALF
(pH 4.5), since no or limited precipitants are expected in
the GST solution of very low pH (1.5), which resulted in
lower concentrations of released zirconium compared
with ALF for all powders.
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Figure 4. Released amount of metal per amount metal loaded [pg/pg] (corresponding to the dissolved percentage of that

metal) for titanium (left) and zirconium (right) of the natural rutile (“a” and “d”) and the zircon powders (“b”, “c”,

U

e’, and

“f"). For each material, therelease into all fluidswith increasing pH (GST, pH 1.5; ALF, pH 4.5; ASW, pH 6.5; PBS, pH 7.4;
GMB, pH 7.4) is shown after 2 hours (white bars) and 24 hours (grey bars) of exposure. Specific surface areas are 3.16, 1.19,
1.03, 0.84, 0.65, 5.97 m2/g for the particles“a”, “b”, “c”,“d”, “e", and “f", respectively.
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3.3. Release of Total Metals—Dependency on pH
and Surface Structure

While the measured release of titanium and zirconium
generally was very low, the release of other metals (sili-
con, iron and aluminium) was generally significantly
higher (Figure 5). The release of all five metals (denoted
total metal release) was strongly pH, solution, and mate-
rial dependent. For powders “a”, “b”, and “c”, the total
release of metals decreased with decreasing solution pH,
mainly due to the high release of silicon at near-neutral
pH conditions. The total metal release into PBS and GMB
(both pH 7.4) was in these cases also significantly higher
(factor 3 - 24) compared to the total release from the other
powders “d”, “e”, and “f”, when normalized to the spe-
cific surface areas. The non-proportional release of sili-
con at near-neutral pH, also observed in previous zircon
dissolution studies [4], could be attributed both to the se-
lective release of silicon and to precipitation of zircon-
nium species, as previously discussed. Selective release
of silicon would be in concordance with the enrichment
of oxidized silicon on the surface for the powders of “a”,
“b”, “c”, and “d” (Figure 3) and similar to the selective
release of other metals observed for alloy particles and
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oxide particles into the same solutions [32,36,37].

In contrast, the pH dependence of the total amount of
metals released for powders “d”, “e”, and “f” showed the
opposite results, with increasing metal release with de-
creasing pH. At the same time, the release of silicon was
significantly less relevant for the total metal release
compared with the “a”, “b”, and “c” powders and the re-
lease of iron and aluminium more important in the ALF
and GST fluids (pH 4.5 and pH 1.5, respectively). In the
case of the “c”, “e”, and “f” (all zircons) powders, the
total metal release was higher in ALF compared with
ASW (pH 6.5) and GST (pH 1.5), results not expected
from the general pH dependence. As previously dis-
cussed for zirconium, the complexation ability of ALF
(with high amounts of citric acid) could be important. It
has previously been shown that the complexation ability
of citric acid in ALF is the main factor governing the
release of metals from stainless steel particles [19].

To explain the similar metal release behaviour (pH
dependence) of the powders “a”, “b”, and “c”, in contrast
to the contradictory behaviour of particles “d”, “e”, and
“f”, similarities between the powders of each group were
identified.
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Figure 5. Total amount of released metal (Ti, Zr, Fe, Al, and Si) per amount of powders loaded [ug/ug] after 24 hours of ex-
posure for the natural rutile ((a) and (d)), and zircon powders ((b), (c), (€), and (f)), into the different synthetic body fluids
with decreasing pH (GMB, pH 7.4; PBS, pH 7.4; ASW, pH 6.5; ALF, pH 4.5; GST, pH 1.5). Note the difference of the scales.
Specific surface areasare 3.16, 1.19, 1.03, 0.84, 0.65, 5.97 m?/g for the powders (a), (b), (c), (d), (€), and (f), respectively.
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The same material components, rutile TiO, and zircon
(ZrSi0,), confirmed by Raman spectroscopy and bulk
composition, c.f. Figures 2 and 3, were present in both
groups with one natural rutile powder and two zircon pow-
ders, respectively. However, there were clear similarities
for the “a”, “b”, and “c” powders, and for the “d”, “e”,
and “f” powders, respectively, when considering the sur-
face composition (Figure 3). No significant amounts of
oxidized aluminium was observed in the surface oxide of
the “a”, “b”, and “c” powders, whereas present for the
“d”, “e”, and “f” powders. Aluminium oxide is most so-
luble at low pH while oxidized silicon is most soluble at
the highest pH investigated (pH 7.4). For alloys it is
known that a stable mixed surface oxide (that combines
the positive material properties of each oxide) forms
when exceeding a critical bulk and hence surface compo-
sition. This is for example true for stainless steels where
the bulk chromium content has to exceed 11 - 13 wt% in
order to form a stable mixed Fe,O5/Cr,O; oxide layer
which is protective in most ambient environments at both
low and high pH (Fe,O; would dissolve at low pH and
Cr,0; at high pH) [34].

It is therefore proposed that the different metal release
behaviour between the “d”, “e”, and “f’-powders com-
pared to the “a”, “b”, and “c” powders is due to the
presence of a mixed surface oxide of silicon and alumin-
fum. Its presence would explain why silicon for these ma-
terials mostly was released at acidic conditions, opposite
to its natural pH dependence. At acidic conditions deg-
radation of this mixed oxide could take place with the in-
creased release of aluminium and silicon as consequence
(clearly observed for these particles, Figure 5 bottom).
However, to prove the presence of this mixed surface oxide
and this hypothesis, other very surface-sensitive techni-
ques are required that are able to analyse the structure
and phase of the outermost (<5 nm or less) surface.

Since phagocytosed (<5 pm) particles (for instance
pigments of rutile TiO, and ZrO,) previously have shown
to be toxic in several studies [1,8], increasingly with in-
creasing volume of particles (below that size limit) [8],
the release of metals from particles engulfed by cells (high
complexing capacity and lower pH) may be an important
mechanism, as previously suggested for nanoparticles of
different materials by a Trojan-horse type mechanism
[38,39]. The particles studied in this study are larger than
5 um (median size about 100 to 130 um) with the excep-
tion of powder “f” (median size of 2 um), but the release
behaviour studied may be of importance for smaller par-
ticles as well. It was also shown in the case of the zircon
powders that the size is important for the metal release.
An in-depth understanding of the complexity of the metal
release behaviour of the different rutile and zircon pow-
ders is therefore shown to be governed by 1) surface
composition, phases, and structure, 2) size, 3) presence

Copyright © 2012 SciRes.

of impurities, 4) solution pH, and 5) solution complexa-
tion ability.

4. Conclusions

The release of zirconium, titanium, aluminum, iron, and

silicon from different micron-sized natural rutile (TiO,, 2

types) and zircon (ZrSiOy, 4 types) powders was investi-

gated. The importance of bulk and surface composition
for the release mechanisms into five different synthetic
body fluids was emphasized, covering a pH range from

1.5 to 7.4 (hence different possible endpoints), and dif-

ferent solution complexities (artificial gastric fluid (GST,

pH 1.5), artificial lysosomal fluid (ALF, pH 4.5), artifi-
cial sweat (ASW, pH 6.5), phosphate buffered saline

(PBS, pH 7.4), and Gamble’s solution (GMB, pH 7.4)).

The following main conclusions were drawn:

e The surface oxide composition revealed the enrich-
ments of minor bulk elements for both natural rutile
(TiO,) powders and two zircon powders, but not for
the other two zircon powders. One of the rutile and
two of the zircon powders showed a significant amount
of oxidized aluminum in the surface oxide which pro-
bably determines their different release behavior.

e QGenerally, very low amounts of released titanium and
zirconium from both natural rutile and zircon powders.
Their release is selective when present as a minor ele-
ment. While the release of titanium is strongly pH
dependent (increasing with decreasing pH), the mea-
sured release of zirconium is caused by complexation
processes (increasing in complexing solutions) and
precipitation processes (at near-neutral pH).

e The total metal release was dominated by silicon in
near-neutral solutions. The release of titanium, iron,
aluminum, and zirconium increased with decreasing
pH, but was also dependent on the complexation abil-
ity of the solution (especially for zirconium).

e The total metal release decreased with decreasing pH
for the powders with no significant amounts of oxi-
dized aluminum in the surface oxide. In contrast, the
total metal release is increasing with decreasing pH for
the powders with a stable mixed surface oxide rich in
silicon and aluminum.

e To conclude, the metal release behavior for natural
rutile and zircon powders is determined by 1) surface
composition, phases, and structure; 2) size; 3) impu-
rities; 4) solution pH; and 5) solution complexation
ability.
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