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Enhanced cytotoxicity and oxidative stress through reactive oxygen species (ROS) formation are dis-
cussed as relevant parameters regarding potential hazardous properties of nanomaterials. In this study,
the biocompatibility of five hydroxyapatite materials of different size and morphology, i.e., nano/needle-
shaped (HA-NN), nano/rod-like (HA-NR), nano/plate-like (HA-NP), fine/dull needle-shaped (HA-FN), and
a hydroxyapatite–protein-composite (HPC), was investigated in rat NR8383 and primary alveolar macro-
phages. Lipopolysaccharide (LPS) and DQ12 quartz served as positive controls. In the water-soluble tet-
razolium salt 1 (WST-1) and lactate dehydrogenase (LDH) assays with NR8383 cells, no cytotoxicity was
observed for HPC and the pure hydroxyapatite samples up to 3000 lg/ml, while HA-FN showed a signif-
icant effect at the highest dose in the LDH assay. In primary cells, no cytotoxicity was observed with all
samples up to 300 lg/ml. ROS generation measured by electron paramagnetic resonance (EPR) technique
was significantly enhanced with HA-NN and HPC in NR8383 cells. No effect was detected in primary cells,
which are considered more relevant to physiological conditions. All hydroxyapatites elicited TNF-a
release from the NR8383 cells, but with significantly lower potency than DQ12 quartz and LPS. In conclu-
sion, combined findings in both cell types support a good biocompatibility of the pure hydroxyapatite
samples as well as of the hydroxyapatite–protein-composite.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Cytotoxicity, inflammation and increased oxidative stress
through reactive oxygen species (ROS) formation are prominently
discussed to be relevant factors regarding the safety of small parti-
cles down to the nano-range (Brown et al., 2001; Donaldson et al.,
2005; Brunner et al., 2006; Aam and Fonnum, 2007; Pan et al.,
ll rights reserved.
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2007; Unfried et al., 2007; Lewinski et al., 2008). A complex pro-
cess involving a plethora of factors needs to be considered when
assessing these effects in macrophages, which in different organ
systems represent a highly efficient barrier in engulfing and clear-
ing pathogens as well as small particles. Thus, survival of macro-
phages is one of the key prerequisites for an effective elimination
of potentially harmful particles.

Cellular oxidative stress is a fundamental mechanism whereby
toxic particles like quartz exert their pathogenicity following inha-
lation (Donaldson and Tran, 2002; Knaapen et al., 2004). The phag-
ocytic process of such particles has been shown to result in cellular
activation (Albrecht et al., 2007), leading to the release of a wide
range of inflammogenic and cytotoxic mediators, specifically cyto-
kines, eicosanoids, chemokines and ROS (Schins and Borm, 1999;
Donaldson and Tran, 2002), which may in turn exert an adverse ef-
fect on the viability and functionality of macrophages themselves,
as well as on the surrounding tissue. The release of such inflamma-
tory mediators is considered to be driven by the induction of cellu-
lar oxidative stress and associated activation of redox-sensitive
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transcription factors (Duffin et al., 2001; Albrecht et al., 2004).
Whereas the release of cytokines and chemokines trigger the
inflammatory axis via recruitment and activation of additional
inflammatory cells, production of ROS is additionally implicated
as a major factor in oxidative tissue damage, e.g., to membrane
constituents, intracellular proteins and genomic DNA (Knaapen
et al., 2004; Donaldson et al., 2005).

On a cellular level the principal mode of particle–macrophage-
interactions and their associated response mechanisms are antici-
pated to be highly similar. Alveolar macrophages are therefore con-
sidered as a surrogate to assess the effects on macrophages in
various tissues.

It has been reported that different sizes and morphologies of
particles, including hydroxyapatite, have the potential to influence
the interaction with biological systems (Evans, 1991; Laquerriere
et al., 2003; Grandjean-Laquerriere et al., 2004, 2005; Ramesh
et al., 2007). In the present study, the biocompatibility of different
hydroxyapatite samples in the nano (<100 nm) and fine (0.1–
2.5 lm) range, including one hydroxyapatite–protein-composite,
was investigated. Engineered hydroxyapatite materials and com-
posites thereof, featuring small particle sizes down to the nano-
range, are intended for a variety of biomedical applications (Arts
et al., 2006; Huber et al., 2007). Although NR8383 cells potentially
represent the best currently available macrophage cell line for
studying macrophage function (Lane et al., 1998) studies compar-
ing NR8383 and other cell lines (e.g., RAW264.7 macrophages) to
primary macrophages emphasize the need to exercise caution in
extrapolating data from cell lines to primary cells (Rao et al.,
2002; Maurya et al., 2007). Since this is considered to be of partic-
ular importance for the investigation of mechanisms of ROS forma-
tion and oxidative stress (Yang et al., 2008), specific measurements
were also performed in primary rat macrophages. All samples were
evaluated for their ability to cause cytotoxicity and ROS generation
in both cellular systems, with primary macrophages being used to
verify the results obtained with NR8383 cells. Fine crystalline silica
(DQ12 quartz) and lipopolysaccharide (LPS) were used as particu-
late and ROS-inducing positive controls, respectively. Cytotoxicity
was determined using two complementary approaches, the LDH
assay as a marker of cell membrane integrity and the WST-1 assay
as an indicator of the metabolic competence of the cells. Release of
ROS was determined by electron paramagnetic resonance (EPR)
coupled to spin trapping. In addition, the release of TNF-a from
NR8383 cells was measured by enzyme-linked immunoabsorbent
assay (ELISA). The combined results should serve as screening
elements for the potential hazard of the materials in a weight-of-
evidence approach.

2. Materials and methods

2.1. Particle preparation

The test samples used in this study are listed in Table 1 together
with their abbreviations used in the following. HA-NR, HA-NP and
HPC were synthesized by precipitation in aqueous solution at con-
stant pH value. Chemical composition and morphology of the par-
ticles were determined by pH during precipitation and the absence
Table 1
Overview of test samples used in this study.

Test sample Abbr

Hydroxyapatite–protein-composite HPC
Nano-hydroxyapatite, plate-like HA-N
Nano-hydroxyapatite, rod-like HA-N
Nano-hydroxyapatite, needle-shaped HA-N
Fine hydroxyapatite, blunt-ended needles HA-F
or presence of protein. An amount of 44.10 g (0.30 mol) calcium
chloride dihydrate (p.a., Fisher Scientific GmbH, Schwerte, Ger-
many) was dissolved in 2 l deionized water at room temperature
in a precipitation vessel. In case of HPC preparation 35 g denatured
collagen (Gelatine, Gelita AG, Eberbach, Germany), was dissolved
in 350 ml deionized water at ca 50 �C and added to the calcium
solution under stirring. In a second vessel 0.6 mol ammonium
phosphate (Sigma–Aldrich, Taufkirchen, Germany) was dissolved
in 300 ml deionized water at room temperature. Solutions were
adjusted to pH 7 for HPC and HA-NP and pH 9 for HA-NR. The phos-
phate solution was then pumped into the calcium solution, which
was stirred during the whole reaction period. pH was kept constant
by adding base with a pH-controlled pump. The precipitate was
separated, washed, portioned and gamma-sterilized. HPC, HA-NR
and HA-NP were not dried prior to testing.

HA-FN was synthesized by precipitation in aqueous solution
using calcium hydroxide (Schaefer Precal 72, Schäfer Kalk, Diez,
Germany) and phosphoric acid (Sigma–Aldrich, Taufkirchen, Ger-
many). A volume of 3 l of deionized water was heated to 80 �C in
a 10 l precipitation vessel. A volume of 0.6 l calcium hydroxide
slurry (20% w/v suspended in water) was added while stirring at
constant flow rate. Phosphoric acid (5 M) was added with a pH-
controlled pump to maintain a pH of 10 during precipitation. The
controlled pump stops the addition of phosphoric acid if all cal-
cium is transformed into calcium phosphate. After 2 h of stirring
at 80 �C, the product was separated by decantation and subsequent
filtration. The precipitate was separated and dried under vacuum.
The resulting powder was portioned and gamma-sterilized.

HA-NN (trade name Ostim�), was purchased from Heraeus
Kulzer, Hanau, Germany.

DQ12 quartz (Dörentruper quartz, grinding 12) was provided by
IUF (batch 6) as dry material.

2.2. Particle characterization

2.2.1. Water and apatite content
The water content of the wet sediments of HPC, HA-NP and HA-

NR as well as of the powder HA-FN was analyzed using a Sartorius
MA 100 Moisture Analyzer. Approximate 5 g of the wet sediment
was weighed in a flat aluminum plate, homogeneously distributed
and immediately heated to 125 �C until the balance stops the pro-
gram by itself (weight loss below approximate 3 mg/30 s). The pro-
tein used for HPC is stable at a temperature of 125 �C. The measured
weight loss therefore corresponds to water only. In case of the pure
hydroxyapatites HA-NP, HA-NR and HA-FN the residue corresponds
to the apatite content. Each analysis was done in duplicate.

2.2.2. Apatite and protein content of HPC
The sediment of HPC consists of water, hydroxyapatite and pro-

tein. The content of hydroxyapatite was analyzed by calcination. A
dry crucible was filled with approximately 2 g of the wet HPC
sediment, heated gradually to 800 �C during 1 h, kept at high
temperature for further 30 min and then cooled down to room
temperature. The residue after calcination corresponds to the
hydroxyapatite content of HPC. The weight difference prior to
and after calcination corresponds to water and protein. The water
eviation Source

Synthesized at Sustech Darmstadt
P Synthesized at Sustech Darmstadt
R Synthesized at Sustech Darmstadt
N Purchased from Heraeus
N Synthesized at Sustech Darmstadt
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content was determined with the Moisture Analyzer (see Section
2.2.1). The protein content was calculated based on both analyses.
Each sample was analyzed in duplicate.

2.2.3. Calcium/phosphorus ratio
The ratio of calcium and phosphorus of HPC, HA-NP, HA-NR and

HA-FN was analyzed with inductively coupled plasma (ICP) spec-
troscopy using a Perkin Elmer Optima 3000 spectroscope. The sam-
ples were dissolved in 6 wt% hydrochloric acid and diluted 1:100
with deionized water. Calcium was measured at 316, 318, 397
and 423 nm wavelength. Phosphorus was measured at 213 and
214 nm wavelength. Each analysis was done in duplicate.

2.2.4. Specific surface
Specific surfaces of HPC, HA-NP, HA-NR and HA-FN were ana-

lyzed by the Brunauer–Emmet–Teller (BET) method (Brunauer
et al., 1938). The wet sediments of HPC, HA-NP and HA-NR were
snap frozen with liquid nitrogen, freeze-dried and ground manu-
ally thereafter. The specific surface was determined with a Quanta-
chrome Autosorb-3B. Prior to nitrogen adsorption the dried
samples were heated at 100 �C for 24 h. The measurement was
based on five points.

2.2.5. Particle size and morphology
Particle morphology and size were analyzed by transmission

electron microscopy (TEM) with a Philips CM12 transmission elec-
tron microscope. Wet sediments (HPC, HA-NP and HA-NR) and
powder (HA-FN) were dispersed in ethanol, sprayed onto a copper
grid and investigated at 120 kV acceleration voltage.

Environmental scanning electron microscopy (ESEM) was per-
formed using a FEI Quanta FEG 200 device. Samples were mounted
on a carbon-taped sample holder, vaporized with gold and scanned
with 15 kV acceleration voltage in an atmosphere of 1 mbar water
vapor.

Particle size distribution of DQ12 quartz (batch 6, IUF, Düssel-
dorf, Germany) was determined by scanning electron microscopy
(SEM), as described previously (Albrecht et al., 2002, 2004).

2.3. Preparation of particle suspensions

All particle suspensions were freshly prepared before each
experiment. Depending on the method, particles were suspended
either in Kaighn’s modified medium containing 15% fetal calf ser-
um (FCS), 1% penicillin/streptomycin and 1% glutamine (all pur-
chased from Sigma–Aldrich, Taufkirchen, Germany) for the
toxicity and cytokine assays or in Hank’s balanced salt solution
(HBSS(+/+)) (phenol red free, +Mg2+ and Ca2+) for ROS detection.
The HBSS(+/+) was used to avoid radical scavenging by serum con-
stituents in the ROS assay, while complete culture medium was re-
quired for all other assays to maintain appropriate cell viability for
24 h. Following overnight stirring at a frequency of 300 rpm (IKA-
MAG� RET-GS), all hydroxyapatite samples were added to the
NR8383 cells at final concentrations of 30, 100, 300, 1000 and
3000 lg/ml. Particle concentrations were calculated in respect to
the solids content of the synthetic products. DQ12 quartz, which
was used as positive control particle, was added at final concentra-
tions of 3, 10, 30, 100 and 300 lg/ml. Experiments with primary
macrophages were carried out using particle concentrations of 30
and 300 lg/ml.

2.4. Macrophage cell culture

NR8383 rat alveolar macrophages (ATCC, Manassas, USA) as
well as primary rat macrophages were cultured in Kaighn’s modi-
fied medium (F12-K Nutrient Mixture, Gibco, Eggenstein, Ger-
many) containing 15% FCS, 1% penicillin/streptomycin and 1%
glutamine (all purchased from Sigma–Aldrich, Taufkirchen, Ger-
many) and incubated in a humified incubator (Heraeus, BB 6060
CU) at 37 �C and 5% CO2.

2.5. Isolation and cultivation of primary rat macrophages

For preparation of primary macrophages 11-week-old female
Wistar rats (Janvier, France) were sacrificed by bleeding via Aorta
abdominalis following deep anesthetization with Pentobarbital
(Narcoren�, 50 mg/kg body weight). Primary cells were obtained
by broncho-alveolar lavage (BAL) with four times 5 ml phosphate
buffered saline (PBS; Sigma–Aldrich, Taufkirchen, Germany) con-
taining 1% penicillin/streptomycin. Cells were pooled, counted
and seeded into 96-well microtiter plates. After 2 h of incubation
at 37 �C and 5% CO2, cells were gently rinsed with medium to re-
move non-adherent cells. The adherent macrophage fraction was
cultivated for further 24 h (37 �C, 5% CO2) prior to treatment. Cyto-
spins of each preparation were used to determine cell yield and
purity. Therefore, 100 ll of cell suspension was mixed with
100 ll PBS and spun onto glass slides (600 rpm, 5 min) using a
cytospin 3 (Shandon GmbH, Frankfurt, Germany), dried and
stained by May-Gruenwald (Sigma–Aldrich, Taufkirchen, Ger-
many) and Giemsa (Merck, Darmstadt, Germany). Analysis of the
cytospin preparations using a BX Microscope (Olympus, Hamburg,
Germany) revealed a macrophage purity of P98%.

2.6. Cytotoxicity

The effects of the particles on cell viability were determined
using two independent approaches, i.e., the WST-1 assay and the
LDH assay. The WST-1 assay (Roche, Mannheim, Germany) is based
on the principle of reduction of the stable tetrazolium salt WST-1
to a soluble violet formazan product by viable cells. For this assay,
cells (10.000/50 ll/well) were seeded in octoplicate into wells of
96-well microtiter plates. Treatment was performed by adding
50 ll of the different particle dilutions to the cells or 50 ll medium
(controls). After 24 h of particle treatment 10 ll WST-1 solution
(Roche, Mannheim, Germany) was added to five wells per treat-
ment or control, and cells were incubated for a further 4 h (37 �C,
5% CO2). The other three wells were used to control for absorption
by the particles and were, therefore, measured without WST-1 sub-
strate application. Optical density was then measured at 450 nm
using a Multiskan ELISA reader (Thermo Fisher Scientific, Dreieich,
Germany). For data calculation the mean of the obtained values of
the wells without WST-1 was then subtracted from the mean of
the values with WST-1 substrate and expressed as percentage of
control cells.

The LDH assay (Roche, Mannheim, Germany) is based on the
measurement of the leakage of the cytosolic, cell impermeable
enzyme LDH through damaged cell membranes. For this assay,
cells (10.000/50 ll/well) were seeded into wells of 96-well micro-
titer plates and treated as described for the WST-1 assay, after
which the assay was performed and data were calculated accord-
ing to manufacturer’s instructions (LDH kit, Roche, Mannheim,
Germany).

2.7. TNF-a release

Cells (50.000/50 ll/well) were seeded into wells of 96-well
microtiter plates and treated as described for the cytotoxicity as-
says. After 24 h treatment cell-free supernatants were collected,
centrifuged at 1000g for 10 min at 4 �C and aliquots were frozen
at �20 �C until measurement. Supernatants were analyzed using
a commercial TNF-a kit (R&D Systems, Wiesbaden, Germany)
according to the manufacturer’s manual using a Multiskan ELISA
reader (Thermo Fisher Scientific, Dreieich, Germany).
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2.8. Electron paramagnetic resonance (EPR)

Cells were seeded in complete culture medium in 96-well plates
for 3 days (NR8383 cells) or 24 h (primary macrophages). Medium
was then replaced with HBSS(+/+) 30 min prior to treatment. Cells
were treated with particle suspensions at the indicated concentra-
tions in the presence of the spin trapping agent 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO, 0.11 M, Sigma–Aldrich, Taufkirchen,
Germany). Since pilot experiments revealed a gradual increase of
the DMPO-signal measured 0.5, 1, 2, and 3 h after cell treatment
with HPC, DQ12 or LPS, radical formation was measured at the lat-
ter time point in the cell-free supernatants using a MiniScope
MS200 Spectrometer (Magnettech, Berlin, Germany) with the fol-
lowing instrumental settings: room temperature, microwave fre-
quency = 9.39 GHz, magnetic field = 3360 G, sweep width = 100 G,
scan time = 30 s, number of scans = 3, modulation amplitude = 2 G,
and receiver gain = 900. Quantification was carried out on first der-
ivation of EPR signal generated as a characteristic DMPO–OH quar-
tet, as the mean of amplitudes, and outcomes are expressed in
arbitrary units (a.u.).

2.9. Statistical analysis

All biological assays were performed in three independent
experiments. Statistical analysis was performed using SPSS 14.0
for Windows. For all assays, concentration-dependent effects of
the various treatments were evaluated using ANOVA testing fol-
lowed by Dunett t post hoc comparison. LPS effects were evaluated
by the Student’s t-test. Statistically significant effects are indicated
in the figures with *, **, and *** and represent significance at cut off
levels of p < 0.05, p < 0.01, and p < 0.001, respectively.

3. Results

3.1. Particle characteristics

Test samples were characterized through a variety of parame-
ters, from thorough chemical description to surface characteristics,
morphology and size.

The Ca/P-ratio of the synthesized hydroxyapatites (HA-NR, HA-
NP, HA-FN) as well as of the composite material HPC are shown in
Table 2. Stoichiometric hydroxyapatite Ca10(PO4)6(OH)2 has a Ca/P-
ratio of 1.67. This value only applies to the purchased needle-
shaped nano-hydroxyapatite (HA-NN) (Huber et al., 2006). All
other synthesized hydroxyapatites (HA-NR, HA-NP, HA-FN) as well
as the composite material HPC show a higher Ca/P-ratio, indicating
a higher Ca-content. HPC and HA-NP, which are synthesized under
similar conditions (with the only difference in the presence (HPC)
or absence (HA-NP) of protein), have an identical Ca/P-ratio of 1.95.
Hydroxyapatites synthesized at higher pH, i.e., HA-NR at pH 9 and
HA-FN at pH 10, revealed an even higher Ca/P-ratio of approximate
2.1. The protein content of HPC was determined to 36.2 wt%.

Specific surface values analyzed by BET are also displayed in
Table 2. The specific surfaces of the nano-sized hydroxyapatites
Table 2
Chemical composition and specific surface of the test samples.

Test
sample

Ca/P-ratio Protein content
(wt%)

Specific surface
(m2/g)

HPC 1.95 ± 0.28 36.2 67
HA-NP 1.95 ± 0.07 – 154
HA-NR 2.02 ± 0.20 – 166
HA-NN 1.67 (Huber et al.,

2006)
– 106 (Huber et al.,

2006)
HA-FN 2.12 ± 0.13 – 27
HA-NR (166 m2/g) and HA-NP (154 m2/g) are highly similar. The
specific surface of HA-NN (106 m2/g, Huber et al., 2006) is slightly
lower, but still comparable with HA-NR and HA-NP. These results
are in good agreement with the particle size data of all three
nano-sized hydroxyapatites (Table 3). HA-FN is approximately
ten times larger than the nano-sized hydroxyapatites and in
correlation with its larger size possesses a specific surface of only
27 m2/g. The BET value of HPC was found to lie in between those
of the nano-sized and the larger hydroxyapatites. It cannot be ex-
cluded that the protein content might also influence nitrogen
adsorption, which is the basic principle of BET. The drying neces-
sary for BET inevitably leads to an altering of the test samples.
Thus, results of BET provide relative values which might be consid-
ered on their own, but are not direct characteristics of the dis-
persed samples as they have been used in the macrophage assays.

Particle size and morphology were analyzed by TEM and in case
of HPC and HA-NP additionally by ESEM. The results are listed in
Table 3 and shown in Figs. 1 and 2. Statements regarding particle
morphology and particle size are limited by the method of electron
microscopy, i.e., very big particles or agglomerates cannot be de-
tected by electron microscopy, since the electron beam will not
pass through. Also, the size of very small particles may not be mea-
surable. In addition, the analyzed particles represent only a tiny
fragment of the whole sample. Therefore, it is not feasible to pro-
vide statistically valid information about the size distribution.
The results listed in Table 3 indicate the main fraction of the
imaged particles.

Although HPC and HA-NP were synthesized under almost iden-
tical conditions, the only difference being that protein was present
(HPC) or absent (HA-NP), their resulting particle size and morphol-
ogy were found to be extremely different (Figs. 1a and b). Whereas
HA-NP forms nano-sized plate-like particles, HPC consists of
micro-sized particles of irregular shape. This clear difference was
confirmed by ESEM as shown in Fig. 2. While TEM was performed
using non-dried sediments, thus preserving the original particle
morphology, the freeze-drying and grinding procedures used for
ESEM samples led to an agglomeration of particles. HA-NP showed
a rough surface, formed by single plate-like nanoparticles. In con-
trast, HPC exhibited a smooth surface with no fine structure, due to
the protein content of approximately 36%.

Specific surface (9.4 m2/g), particle size (average 960 lm) and
morphology of DQ12 quartz are described elsewhere (Albrecht
et al., 2002, 2004), as well as the characteristics of HA-NN (Huber
et al., 2006), which are referenced in Tables 2 and 3.

3.2. Macrophage assays

3.2.1. WST-1 assay in NR8383 cells
No cytotoxic effects were observed with any of the test samples

either in the fine or in the nano-size range (Fig. 3). HA-FN showed a
tendency for a concentration-dependent decrease of formazan for-
mation, indicating lower viability, however this did not reach sta-
tistical significance in the concentration range tested. In contrast,
the positive control DQ12 quartz showed clear concentration-
dependent effects in the WST-1 assay. A significant effect was ob-
served with 30 lg/ml, and the highest concentration (300 lg/ml)
resulted in a nearly complete (>90%) viability loss. An amount of
10 lg/ml LPS resulted in a viability reduction of about 50%.

3.2.2. LDH release from NR8383 cells
No significantly enhanced LDH release was detected after 24 h

following treatment with the nano-hydroxyapatites (Fig. 4). The
LDH release at 100 lg/ml of HPC, HA-NN, HA-NR and HA-FN was
very similar, i.e., around 10%, whereas DQ12 quartz-induced LDH
release was approximately five times higher (50%). Although HPC
elicited a significant LDH release at this concentration, a cytotoxic



Table 3
Particle size and morphology of the test samples.

Test sample Morphology Average particle size (nm) Figure

HPC Irregular shaped 1200 � 2100 1a
HA-NP Mainly nano-sized plates 3 � 20 � 45 1b
HA-NR Mainly nano-sized rods 5 � 90 1c
HA-NN Needles (Huber et al., 2006) 3 � 20 � 100 (Huber et al., 2006) Huber et al. (2006)
HA-FN Intermediate morphology between rods and needles (‘‘blunt-ended needles”) 95 � 740 1d

Fig. 1. Effect of the synthesis conditions on the particle size and morphology investigated by TEM. Particles were dispersed in wet form (no prior drying) in ethanol, sprayed
onto a copper grid and investigated at 120 kV acceleration voltage. (a) The protein in HPC is contrasted with uranyl acetate and analyzed at a magnification of 10000,
(b) HA-NP at a magnification of 45000, (c) HA-NR at a magnification of 45000 and (d) HA-FN at a magnification of 10000.
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effect is not supported since concentration-dependency was not
observed. In contrast, a clear dose-dependent increase of LDH
was detected in the culture supernatants of HA-FN treated
NR8383 cells. A significant effect was also observed with DQ12
quartz in a dose-dependent manner and with LPS, tested at a single
dose of 10 lg/ml. Detailed results are shown in Fig. 4.

3.2.3. TNF-a release from NR8383 cells
All treatments were found to elicit significant release of TNF-a

after 24 h (Fig. 5). When comparing the different particle treat-
ments DQ12 quartz appeared to be the most potent one causing
a significant TNF-a release already at 30 lg/ml. HPC, HA-NR and
HA-NP were found to be effective at 100 lg/ml, whereas HA-NN
and HA-FN induced a significant TNF-a release starting at
300 lg/ml. Notably, at the latter concentration the release of
TNF-a by DQ12 quartz was found to be impaired. Similarly, most
other compounds also showed a tendency for reduced cytokine
values at the highest concentrations. LPS was found to be by far
the most potent activator of NR8383 cells, inducing 300 times
higher TNF-a levels than the negative control.

3.2.4. ROS generation by NR8383 cells
Significant increases in ROS generation were observed for HPC,

HA-NN, HA-FN and DQ12 quartz (Fig. 6). HPC induces significant



Fig. 2. Effect of the synthesis conditions on the morphology, investigated by ESEM.
The freeze-dried, grinded samples were mounted on a carbon-taped sample holder,
vaporized with gold and scanned at 15 kV acceleration voltage in an atmosphere of
1 mbar water vapor. Both samples are scanned at a magnification of 40000; (a)
shows HPC and (b) HA-NP.
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ROS generation starting at a concentration of 100 lg/ml in contrast
to DQ12 quartz and HA-FN, which were only effective at 300 lg/
ml. For HA-NN, a significant increase in ROS generation was only
found at the highest concentration, i.e., 3000 lg/ml. Although LPS
elicited increased ROS generation, this did not reach statistical sig-
nificance when compared to the control.

3.2.5. LDH release from primary alveolar macrophages
Results of the LDH assay in the primary macrophages following

24 h treatment with the particles as well as LPS are shown in Fig. 7.
Effects of the various particles were evaluated at two concentra-
tions, 30 and 300 lg/ml. Treatment of the primary cells with
DQ12 quartz resulted in a significant and concentration-dependent
increase in LDH release. None of the other treatments (particles,
LPS) were found to cause significant cytotoxicity towards the pri-
mary macrophages at the tested concentrations.
3.2.6. ROS formation by primary alveolar macrophages
Results of the analysis of the ROS generation by the primary

macrophages upon the different treatments are shown in Fig. 8.
Neither HPC nor any of the hydoxyapatite samples did show in-
creased ROS production. Significant effects were observed with
LPS, which was tested at a concentration of 10 lg/ml as well as
with DQ12 quartz at the concentration of 300 lg/ml.
4. Discussion

The main focus of this study was to evaluate ROS generation by
macrophages in response to different hydroxyapatite dispersions,
while cytotoxicity and, for NR8383 cells, the production of TNF-a
were also determined to obtain an overall picture of macrophage
responsiveness. This approach is in agreement with observations
that a combination of in vitro parameters of cytotoxicity and mac-
rophage activation (i.e., TNF-a, ROS) has been a better predictor of
the in vivo biocompatibility of particles after intratracheal instilla-
tion in rat lungs than a single parameter (Bruch et al., 2004). Thor-
ough chemical and morphological characterization should provide
the basis to investigate possible relations between physicochemi-
cal properties of the particles and the biological response. Inherent
limitations of the available analytical methods must also be con-
sidered. In particular, electron microscopy does not allow for sta-
tistical evaluation of particle sizes and size distributions, and BET
generates relative values that may correlate to the particle sizes,
but should not be used to interpret the results of in vitro macro-
phage experiments using dispersed materials. It also needs to be
considered that the presence of particulate material may affect
readouts in in vitro assays, for instance enhanced absorption or
interaction with specific testing reagents. This was addressed in
this study by taking the particle background into account when
evaluating the readouts of LDH and WST-1 assays. Moreover, the
specific composition of the suspension fluid is likely to affect the
reactivity of particles towards the macrophages due to changes
in their agglomeration status and/or coating of surfaces by specific
components. For instance, serum could act as a dispersion stabi-
lizer for titanium dioxide and decreases the size distribution of dis-
persed nanoparticles compared to buffer (Bihari et al., 2008), and
medium composition was demonstrated to influence nanoparticle
agglomeration and associated ROS production in a human mono-
cyte cell line (Foucaud et al., 2007). Such effects may also have
influenced the results in the present study, where experiments
were performed using complete cell culture medium except for
ROS measurements which require HBSS(+/+) to avoid ROS scaveng-
ing effects by medium components (data not shown).

Trends in cytotoxicity as observed for the various treatments
were overall highly similar using the two independent assays in
NR8383 cells. A particular contrast was observed for HA-FN which
induced a pronounced LDH release at the highest concentration,
however clearly below the DQ12 quartz effect, but no significant
effect in the WST-1 assay. Potential size-specific effects on cytotox-
icity as observed with HA-FN have been shown for various types of
particles (Choi et al., 2005; Yin et al., 2005; Schwarze et al., 2007).
The size of primary particles or their aggregates can be considered
a potential determinant for uptake and subsequent macrophage re-
sponses which could explain for the observed differences, since
particles in the fine size range may induce more pronounced re-
sponses than in the nano-range (Rothen-Rutishauser et al., 2007),
and the ‘‘ultrafine hypothesis” has been challenged previously by
experimental studies (Schins et al., 2004).

In primary macrophages, no cytotoxic effects were observed
with any test sample in the LDH assay, except for the positive
control DQ12 quartz. Since the survival of macrophages is one of
the key prerequisites for an effective elimination of particles, the



Fig. 3. Cytotoxicity in NR8383 macrophages after treatment with HPC, HA-NP, HA-NR, HA-NN, HA-FN, DQ12 quartz and LPS was investigated by WST-1 assay. Data are
presented as mean ± SD (n = 3). Statistical significance of concentration-dependent particle effects was tested by Anova post hoc Dunett t. LPS effect was examined by
Student’s t-test (*p < 0.05; ***p < 0.001).

Fig. 4. Cytotoxicity in NR8383 macrophages treated with HPC, HA-NP, HA-NR, HA-NN, HA-FN, DQ12 quartz and LPS was tested by LDH assay. Data are demonstrated as
mean ± SD (n = 3). Statistical significance of concentration-dependent particle effects was tested by Anova post hoc Dunett t. LPS effects were tested by Student’s t-test
(**p < 0.01; ***p < 0.001).
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observed low cytotoxicity provides evidence for a good biocompat-
ibility of the tested materials.

TNF-a release, measured in NR8383 cells, showed significant ef-
fects for all materials albeit with different potency. Most notably,
the effects of all particle samples on TNF-a production were
approximately 35- to 50-fold lower than those induced by LPS,
for which TNF-a is considered as a dominant mediator of its
patho-physiological effects (Bauss et al., 1987; Tracey et al.,
1988). DQ12 quartz was also found to be more potent than all
hydroxyapatites as shown by a significant induction of TNF-a re-
lease after treatment with 30 lg/ml. Importantly, although quartz
is known for its inflammatory properties (Bruch et al., 2004; Albr-
echt et al., 2007) and pathogenicity after high or chronic exposures
(Porter et al., 2004), TNF-a is shown not to be the main mediator of
these inflammatory effects (Albrecht et al., 2004, 2007). In fact, ad-
verse quartz effects have been associated with its surface reactivity
(Fubini, 1998; Albrecht et al., 2004) which is considered to drive
the chronic, persistent inflammatory response by orchestrating
the activation of multiple mediators. These, apart from TNF-a, in-
clude interleukin 1 and 10, macrophage inflammatory protein 2/
interleukin 8, interferon-c, as well as inflammatory cell-derived
ROS (Driscoll et al., 1998; Porter et al., 2002; Srivastava et al.,
2002; Knaapen et al., 2004). Previous investigations in our labora-
tory with surface-modified DQ12 quartz particles confirmed that



Fig. 5. TNF-a release from NR8383 macrophages after treatment with HPC, HA-NP, HA-NR, HA-NN, HA-FN, DQ12 quartz and LPS was investigated by ELISA. Data are shown as
mean ± SD (n = 3). Statistical significance of concentration-dependent particle effects was tested by Anova post hoc Dunett t. LPS effect was tested by Student’s t-test
(*p < 0.05; ***p < 0.001).

Fig. 6. Measurement of ROS generation by NR8383 macrophages upon treatment with HPC, HA-NP, HA-NR, HA-NN, HA-FN, DQ12 quartz and LPS was investigated by EPR.
Data are demonstrated as mean ± SD (n = 3). Statistical significance of concentration-dependent particle effects was tested by Anova post hoc Dunett t. LPS effect was tested
by Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001).
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particles can elicit significant TNF-a release from macrophages
in vitro without causing significant inflammation in vivo (Albrecht
et al., 2007). Thus, TNF-a induction per se does not represent a
determinant for an adverse effect, but inflammatory reactions
can be regarded as critical when they persist over a longer period
of time. In an independent study with the same HA samples
(excluding HA-FN) in murine macrophages (Scheel et al., 2009),
which focused on toxicity and cytokine production, a significant
but transient TNF-a induction was observed for HPC, HA-NP and
HA-NR. HA-NN which still showed a significant induction after
42 h in the macrophages was demonstrated to be safe and biocom-
patible in preclinical and clinical studies (Huber et al., 2006, 2007).
Reduced TNF-a release as observed with the majority of the com-
pounds at the higher treatment concentrations may be explained
by TNF-a absorption on the relatively large particle surfaces, as
has been reported for specific particles and cytokines (Woerle-
Knirsch et al., 2006; Veranth et al., 2007), or by enhanced cytotox-
icity affecting synthesis and secretion of TNF-a.

A major goal of this study was to investigate the production of
ROS, for which EPR has been proved to be a suitable method. Two
other methods, DHR (dihydrorhodamine 123) oxidation combined
with flow cytometry (FACS analysis) and lucigenin-enhanced
chemiluminescence were also evaluated. However these methods
could not be validated for the tested materials. In the FACS analy-



Fig. 7. Cytotoxicity in primary macrophages after treatment with HPC, HA-NP, HA-NR, HA-NN, HA-FN, DQ12 quartz and LPS tested by LDH assay. Data are presented as
mean ± SD (n = 3). Statistical significance of concentration-dependent particle effects was tested by Anova post hoc Dunett t. LPS effects were tested by Student’s t-test
(*p < 0.05; ***p < 0.001).

Fig. 8. Reactive oxygen species (ROS) generation of primary macrophages after treatment with HPC, HA-NP, HA-NR, HA-NN, HA-FN, DQ12 quartz and LPS was investigated by
EPR. Data are presented as mean ± SD (n = 3). Statistical significance of concentration-dependent particle effects was examined by Anova post hoc Dunett t. LPS effects were
tested by Student’s t-test (*p < 0.05; **p < 0.01).
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sis, particle events resulting from HPC, HA-NR and HA-NP mostly
overlapped with cell events, thus impairing the necessary discrim-
ination, while in the chemiluminescence assay particles interfered
by quenching the signal (data not shown). Such artefacts were not
observed with the EPR method.

Using this assay, the lack of ROS production by primary macro-
phages observed for all test samples did not confirm the initial
findings with NR8383 cells, where significant ROS generation could
be seen upon treatment with various materials, particularly HA-FN
and HPC. As discussed before, particle size can modify the macro-
phage response. However, the overall trends in LDH effects were
found to be rather similar at the tested concentrations, as noted
above. Despite the partial tendency of HA-FN and HPC for a more
pronounced activation of NR8383 macrophages compared to the
nano-sized HA samples, overall no clear correlation between bio-
logical response and the specific physicochemical properties of
the different test samples could be detected.

The NR8383 cell line is derived from rat macrophages, and has
been used routinely in many investigations (Chen et al., 1997; Gao
et al., 2001; Diabate et al., 2002; Biggs et al., 2003; Albrecht et al.,
2007; Pulskamp et al., 2007; Wagner et al., 2007). The contrasting
observations in NR8383 cells and primary macrophages may be ex-
plained by the modified characteristics (immortalization, antioxi-
dant status, differentiation, surface receptor expression, etc.) of
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the cell line compared to primary cells, which obviously resemble
more closely the in vivo situation (Welborn et al., 1993; Fisher
et al., 2000; Valles et al., 2006; Haberzettl et al., 2007). In this re-
gard, both LPS and DQ12 quartz caused a stronger ROS generation
by primary macrophages compared to NR8383 cells. These findings
support the consensus that preferably, primary cells should be
used for such measurements (Rao et al., 2002; Maurya et al.,
2007; Yang et al., 2008). In general, in vitro cellular systems will
need to be further developed, standardized and validated (relative
to in vivo effects) in order to provide increasingly useful screening
data on the relative toxicity of particulate materials (Sayes et al.,
2007) and to potentially gain official regulatory acceptance.

5. Conclusions

Various tested hydroxyapatite materials in NR8383 cells and
primary macrophages demonstrated an overall low toxicity. Differ-
ences could be observed within these cell types regarding the pro-
duction of ROS, pointing out to inherent differences in both test
systems, with primary macrophages being considered more rele-
vant for assessing the physiological situation. Present findings sup-
port a good biocompatibility of the various pure hydroxyapatite
materials as well as the hydroxyapatite–protein-composite. The
usefulness of in vitro methods as screening tools to assess the po-
tential hazard of small particles has been demonstrated. Obviously
however, future work needs to focus on further development and
standardization of the testing of nanomaterials using in vitro
systems.
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