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Abstract: Although Ultrananocrystalline diamond (UNCD) has

been proposed as a coating material for titanium biomedical

implants, the biological effects and toxicity of UNCD particles

that could eventually detach have not been studied to date. The

biokinetics and biological effects of UNCD compared to titanium

dioxide (TiO2) nanoparticles was evaluated in vivo using Wistar

rats (n 5 30) i.p. injected with TiO2, UNCD or saline solution.

After 6 months, blood, lung, liver, and kidney samples were his-

tologically analyzed. Oxidative damage by membrane lipidper-

oxidation (thiobarbituric acid reactive substances-TBARS),

generation of reactive oxygen species (superoxide anion-O2
2 ),

and antioxidant enzymes (superoxide dismutase-SOD, catalase-

CAT) was evaluated in lung and liver. Histologic observation

showed agglomerates of TiO2 or UNCD in the parenchyma of

the studied organs, though there were fewer UNCD than TiO2

deposits. In addition, TiO2 caused areas compatibles with foci of

necrosis in the liver and renal hyaline cylinders. Regarding

UNCD, no membrane damage (TBARS) or mobilization of enzy-

matic antioxidants was observed either in lung or liver samples.

No variations in O2
2 generation were observed in lung (Co:

35.1 6 4.02 vs. UNCD: 48 6 9.1, p>0.05). Conversely, TiO2 expo-

sure caused production of O2
2 in alveolar macrophages and con-

sumption of catalase (p< 0.05). The studied parameters suggest

that UNCD caused neither biochemical nor histological altera-

tions, and therefore may prove useful as a surface coating for

biomedical implants. VC 2016 Wiley Periodicals, Inc. J Biomed Mater

Res Part B: Appl Biomater, 105B: 2408–2415, 2017.
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INTRODUCTION

The clinical success of an implant depends not only on cel-
lular response at the tissue/implant interface and osseointe-
gration of the implant, but also on the reliability of the
surface coating. Hence, evaluating the physicochemical prop-
erties of the surface of coated and noncoated metallic bio-
medical implants and their interaction with the biological
milieu is key to biomaterials research, and poses a challenge
to implantology.

Titanium is one of the most frequently used metallic bio-
materials in the manufacture of biomedical implants.

Because the metallic implant is in contact with body tissues
and fluids, ions/particles can be released from the implant
surface into the biological milieu as a result of electrochemi-
cal processes (corrosion).1 These ions/particles can also
result from wear or friction processes (tribology). When cor-
rosion combines with wear (tribology), the process is known
as tribocorrosion, and when the latter process occurs in a
biological system, it is termed biotribocorrosion.2

Specifically, metallic titanium implants are a potential
source of release of titanium dioxide (TiO2) microparticles
(MPs) and nanoparticles (NPs) into the bioenvironment.3–7
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It is well known that NPs have a greater surface-to-volume
ratio than MPs, and are therefore biologically more reactive
and potentially more harmful to human health.6,8

With the aims to optimize implant biocompatibility,
improving osseointegration and reducing the likelihood of
biotribocorrosion by preventing or limiting the release of
MPs and NPs into the biological milieu, a number of coat-
ings and micro- and nanostructured surfaces have been
developed, and their properties are evaluated using different
biological parameters.9–12 As carbon is the basis of any bio-
logical system, carbon-based materials are ideal candidates
for these purposes.13 Among such coatings, Ultrananocrys-
talline diamond (UNCD) represents a new paradigm in mul-
tifunctional materials. UNCD presents a unique synergistic
combination of outstanding mechanical (greater hardness as
compared to any other material and high fracture resis-
tance/coefficient), tribological (one of the lowest coefficients
of friction (�0.022 0.04) of any coating developed today,
and wear),14,15 chemical (extreme resistance to corrosive
attack by acids or body fluids), electrical (highly conductive
with nitrogen atoms in the grain boundaries of films or
boron atoms substituting carbon atoms in the diamond lat-
tice of the film),16 and biocompatibility properties.15,17–20

Diamond films are of great interest and are being explored
on account of their many current and potential applications,
with the aims to obtain a new generation of multifunctional
devices.18 In this regard, there are a number of research
groups investigating the advantages of UNCD and its potential
use in biomedical and biotechnological applications. In com-
parison with other kinds of diamond, the nanotopography of
UNCD facilitates adhesion, proliferation, and metabolism of dif-
ferent cellular types, in line with the nanoscale extracellular
matrix of tissue.20 In this regard, studies assessing the interac-
tion between UNCD films and osteoblasts,21 fibroblasts,22 cor-
tical neurons,23 and cortical stem cells,24 have shown the
suitability and non-cytotoxicity of UNCD films as a support sur-
face for cell growth and proliferation.25,26 The usefulness of
UNCD for biosensing post-surface functionalization has also
been demonstrated.27,28 Moreover, Garret et al.29 recently dem-
onstrated excellent performance of N-UNCD-coated metallic
electrodes for neural stimulation. In line with this finding, oth-
er authors have evaluated the use of UNCD for ophthalmologi-
cal applications, aiming to restore sight to patients with
retinitis pigmentosa, a retinal disease.30–32

Hence, UNCD has been proposed as a coating for biomed-
ical devices, such as coxofemoral prostheses, dental implants,
cardiac valves, and ocular devices, among others.19

Adhesion of the coating to the substrate is a critical
issue from the perspective of the mechanical performance
and biocompatibility of the coated-implant.17,18,33 Although
UNCD shows strong adhesion17 to substrates, the potential
release of particulate material into the biological milieu can-
not be ruled out. It is therefore important to evaluate its
possible biological effects and degree of toxicity as com-
pared to TiO2 particles that could be released from titanium
implants. It must be pointed out that metallic implants
employed in the field of orthopedics and dentistry usually
remain in place over long periods of time. It is therefore

clinically relevant to investigate the possible short and long-
term cellular, tissue, and functional consequences of expo-
sure to UNCD. Hence, in order to evaluate biocompatibility
of UNCD nanoparticles, the aim of the present work was to
study the biokinetics (distribution, destination, deposition,
and biopersistence) and biological effects of UNCD nanopar-
ticles compared to response to TiO2 nanoparticles.

MATERIALS AND METHODS

Nanoparticles characterization
Ultrananocrystalline diamond nanoparticles (UNCD), with an
average particle size (APS) of 4 nm, manufactured by ITC
(International Technology Center, NC, USA) and TiO2 nano-
particles (NPs) (anatase - Nanostructured and Amorphous
Materials, Los Alamos, NM), APS 5 nm, were used. APS of
both particles was confirmed by SEM using a Supra 40 Zeiss
microscope (Oberkochen, Germany), equipped with a field
emission filament. Particles were chemically identified by
EDS using an Oxford Instrument detector Oxford (Bucks,
England).

Animal treatment protocol
Male Wistar rats, 100 g body weight, were used. The ani-
mals were housed under standard conditions, receiving
water and food ad libitum and under 12:12 light-dark cycles
and controlled temperature (22–248C) conditions. Biological
evaluation was performed following a protocol previously
developed and published by our research group.34 The ani-
mals were randomly divided into three groups and intraper-
itoneally (i.p.) injected as follows: (1) TiO2 Group: a TiO2

suspension (1.6 g/100 g of body weight); (2) UNCD Group:
a suspension of UNCD particles (1.6 g/100 g of body
weight); and (3) Control Group: an equivalent volume of
saline solution (0.9% NaCl vehicle). All animals were eutha-
nized at 6 months post-injection. Blood samples (2 ml)
were obtained by puncture of the tail vein, prior to euthana-
sia. Immediately following euthanasia, alveolar macrophages
(AM) were obtained by bronchoalveolar lavage,35 and the
lungs, liver, and kidneys were excised. Adequate measures
were taken to minimize animal pain and discomfort. All pro-
cedures were performed in compliance with the National
Institutes of Health (NIH) guidelines for the care and use of
laboratory animals (NIH Publication - Guide for the Care
and Use of Laboratory Animals: Eighth Edition, 2011) and
the guidelines of the School of Dentistry of the University of
Buenos Aires (Res. (CD) 352/02 and Res. (CD) 694/02).
The protocol was approved by the institutional experimen-
tation committee (School of Dentistry of the University of
Buenos Aires, Resolution Number 28/11/2012-37).

Histological study of blood and organ tissues
Blood smears were stained with safranin in order to deter-
mine the presence of particles in blood cells. The excised
organs (lungs, liver, and kidneys) were fixed in 10% forma-
lin and embedded in paraffin; histological sections were
obtained and stained with H-E or Grenacher’s carmine. To
rule out the presence of formalin pigment artifacts, the sec-
tions were treated with a saturated solution of picric acid.
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Body organ tissue sections were examined under a light
microscope.

Analysis of oxidative metabolism
Determination of superoxide anion (O2

-) in alveolar
macrophages. Superoxide anion (O2

2 ), a main reactive oxy-
gen species generated during the respiratory burst, was
evaluated in alveolar macrophages (AM) obtained by bron-
choalveolar lavage, using the Nitro Blue Tetrazolium (NBT)
reduction test, in all three groups.36 Cells showing a blue
formazan precipitate were considered reactive, whereas
those without precipitate were scored as non-reactive. Reac-
tive and non-reactive cells were counted using light micros-
copy, and the percentage of each was calculated.37

Determination of oxidative damage to lipids. Oxidative
damage to lipids was determined in lung and liver by mea-
suring thiobarbituric acid reactive substances (TBARS) lev-
els using a fluorometric assay. Tissue homogenates (0.5 mL)
were added to a medium consisting of 0.1 N HCl, 10% (w/
v) phosphotungstic acid and 0.7% (w/v) 2-thiobarbituric
acid. After incubation in boiling water for 60 min, TBARS
were extracted with n-butanol. The fluorescence of the buta-
nolic layer was measured in a Perkin Elmer LS 55 flourome-
ter at 515 nm (excitation) and 553 nm (emission). A
calibration curve was performed using 1,1,3,3-tetramethoxy-
propane as standard. Results were expressed as nmol
TBARS/mg protein.

Determination of enzymatic antioxidants. Antioxidant spe-
cies superoxide dismutase (SOD) and catalase (CAT) were
evaluated in lung and liver homogenates, as described by
Llesuy et al.38 SOD activity was determined spectrophoto-
metrically by following the inhibition of the rate of adreno-
chrome formation at 480 nm, in a reaction medium
containing 1 mM epinephrine and 50 mM glycine/NaOH
(pH 10.5).39 Enzymatic activity was expressed as SOD
units/mg protein. One unit was defined as the amount of
sample able to inhibit the rate of adrenochrome formation
by 50%. Catalase activity was evaluated by following the
decrease in absorbance at 240 nm in a reaction medium

consisting of 100 mM phosphate buffer (pH 7.4) and
20 mM hydrogen peroxide.40 Results were expressed as
pmol catalase/mg protein.

Protein content
Protein concentration was measured using bovine serum
albumin as standard, following the method described by
Lowry et al.41

Statistical analysis
The results were compared using one-way ANOVA and
Newman-Keuls or Bonferroni post-hoc test, accordingly. Sta-
tistical significance was set at p<0.05.

RESULTS

None of the animals showed alterations in body weight,
behavior, or general health throughout the study.

Physicochemical characterization of the particles
Morphological analysis by SEM confirmed TiO2 NPs APS
was 5 nm and UNCD APS was 4 nm. Elemental analysis by
EDS confirmed the presence of Ti in TiO2 NPs and of carbon
in UNCD [Figure 1(A,B)].

FIGURE 1. EDS. Spectra showing peaks corresponding to titanium (A) and carbon (B) in the analyzed TiO2 and UNCD nanoparticles samples,

respectively.

FIGURE 2. Blood smear. A monocyte containing intracytoplasmic TiO2

nanoparticles can be observed. Safranin Stain. Orig. Mag. 31000.
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Histological analysis of blood smears and organ tissue
samples
Histological analysis of blood smears showed the presence
of TiO2 or UNCD in the cytoplasm of mononuclear phagocyt-
ic cells in particle-injected animals. A case from the TiO2

Group is shown as an example (Figure 2). It is of note that
identifying phagocytic cells loaded with UNCD was more dif-
ficult than identifying TiO2 loaded cells. No loaded cells
were found in blood smears of control animals.

The histological study of lung, liver, and kidney tissue
samples showed the presence of TiO2 or UNCD particles
in the parenchyma of the studied organs [Figure 3(A–F)].
The particles formed agglomerates and were found in
intercellular spaces, phagocytozed by lung alveolar mac-
rophages or liver Kupffer cells, and in the cytoplasm of

cells of the convoluted tubules and glomeruli of
kidney samples. It is noteworthy that UNCD deposits
[Figure 3(B,D,F)] were scant as compared to TiO2 depos-
its [Figure 3(A,C,E)].

From a structural viewpoint; UNCD particles caused no
alterations in any of the studied organs [Figure 3(B,D,F)].
Conversely, TiO2 NPs caused morphological changes in the
liver and kidneys [Figure 4(A,B)]. Areas compatible with
foci of necrosis and hemorrhagic exudate with infiltration of
mononuclear cells and polymorphonuclear neutrophils were
observed in liver tissue samples [Figure 4(A)]. As regards
the kidneys, although hyaline cylinders were observed in
the proximal and distal tubules of control animals, they
were more abundant in the TiO2 Group [Figure 4(B)]. It
must be pointed out that though TiO2 NPs caused

FIGURE 3. Histological Study. Lung (A and B): Deposits of TiO2 (A) and UNCD (B) nanoparticles in alveolar macrophages (!). Liver (C and D):

Deposits of TiO2 (C) and UNCD (D) nanoparticles in Kupffer cells (!). Kidney (E and F): Scattered deposits of TiO2 (E) in renal glomerulus and of

UNCD (F) nanoparticles in macrophages in the capsule only (!). Note that TiO2 deposits are consistently more abundant than UNCD deposits.

H-E stain. Orig. Mag. 31000.
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alterations in the liver and kidneys, they caused no morpho-
logical changes in the lungs.

Oxidative Metabolism
Determination of superoxide anion in alveolar
macrophages. The percentage of reactive cells in samples
obtained by bronchoalveolar lavage (BAL) was significantly
higher in the TiO2 Group compared to controls. Conversely,
no significant differences in this parameter were observed
between UNCD-treated and control animals (Figure 5).

Determination of oxidative damage to lipids in lung and
liver. Determination of membrane damage, as assessed by
TBARS, showed no significant differences in any of the stud-
ied organs between either of the experimental groups and
control animals [Figure 6(A,B)].

Determination of enzymatic antioxidants. TiO2 NPs caused
significant changes in CAT levels in lung and liver homoge-
nates, as compared to homogenates of controls [Figure
7(A,B)]. Nevertheless, administration of TiO2 caused no
changes in SOD activity in either lung or liver samples com-
pared to controls (data not shown). UNCD caused no differ-
ences in levels of antioxidant enzymes SOD and CAT in any
of the studied organs compared to controls [Figure 7(A,B)].

DISCUSSION

The human population is exposed to different types of NPs
which either accidentally or not, can enter the body via
inhalation, oral, and dermal routes.42 The surface of
implanted metallic medical devices can be considered a
potential source of generation of particles inside the
body.43,44 Particles/ions can be released into the microenvi-
ronment as a result of electrochemical corrosion processes,
material wear, or a synergistic combination of the two. Sev-
eral transport mechanisms have been described for NPs,
that is, systemic dissemination by the vascular and/or lym-
phatic systems as free particles or as phagocytized particles
within macrophages.45 When in the blood stream NPs circu-
late within the body and are taken up in organs and tissues;

such particles particularly tend to accumulate in the reticu-
loendothelial system.46 In addition, NPs exhibit many new
and unexpected metabolism kinetic features in vivo.47,48

As a rule, particle toxicity correlates with particle shape,
size,49 chemical composition, and other characteristics such
as crystalline structure and chemical reactivity of the parti-
cle surface.50 The mobility of NPs shows dynamically chang-
ing properties in vivo, depending on the aforementioned
particle physicochemical characteristics. As a result, the
agglomeration, dissolution, adsorption, and biochemical
activities of NPs are altered, and consequently influence
their in vivo behavior.47 In an agglomerate state, NPs may
behave as larger particles, depending on the size of the
agglomerate. Hence, it is evident that NP agglomeration size
and surface reactivity must be taken into account when con-
sidering health matters.51 In this context, in a previous
study on gingival tissue we found that the agglomerates of
particles in the micro-size range did not cause an inflamma-
tory reaction.7 Similar results were observed in lung and
kidney tissue samples in the present study.

Given that particle size is one of the variables that influ-
ences the degree of cytotoxicity, TiO2 and UNCD particles of
similar average particle size (APS) were used in the present

FIGURE 4. TiO2. A: Liver; An area of necrosis can be observed. H2E stain. Orig. Mag. X400. B: Kidney; Kidney tubules containing hyaline cylin-

ders can be seen clearly (!). H-E stain. Orig. Mag. 3400.

FIGURE 5. Anion superoxide generation in lung tissue samples. Per-

centage of reactive cells in BAL of TiO2 and UNCD Groups. The histo-

grams show the mean 6 SD (n� 6), *p<0.05, compared to the

Control Group.
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study in order to control this potentially confounding
variable.

Histological analysis of body organs showed the particles
were agglomerated in interstitial spaces and/or phagocy-
tozed mainly by alveolar macrophages or Kupffer cells
(KCs). Qualitatively, there were more deposits in the studied
organs and in blood cells in the TiO2 injected group. More-
over, TiO2 NPs were found to cause foci of necrosis with
inflammatory infiltrate. Although it is well documented that
agglomeration of particles in tissues favors giant cell
recruitment,44,52 this cell type was not observed in any of
the TiO2 or UNCD -exposed organs studied here.

As regards the liver, it has been described that NP size
plays an important role in modulating target cell type and
the degradation pathway. Particles larger than �200 nm are
effectively cleared by KCs because slow blood flow in liver
sinusoids allows enough time for particle phagocytosis and
macropinocytosis. Because the endothelium of hepatic sinu-
soid is discontinuous, with fenestrations approximately
100–200 nm in diameter, NPs smaller than the fenestrations
can cross the endothelium into the Disse space, entering the
lymphatic circulation or being taken up by hepatocytes.46

Despite the lung having several particle clearance mech-
anisms such as mucociliary transport, phagocytosis,

pinocytosis and intracellular particle dissolution, NP
agglomerates were found to persist in lung tissue 6 months
after injection. Phagocytic uptake of NPs by macrophages
may be enhanced after the formation of the protein corona
which, in turn, can reduce interparticle agglomeration.53 In
comparison with the liver, the kidney is minimally involved
in intracellular catabolism. Renal excretion represents a
preferable clearance route for NPs from the body. Interest-
ingly, the results of the present study showed NP deposits
in the glomeruli, the first step in renal clearance.46

As mentioned previously, UNCD deposits were not only
less abundant than TiO2 deposits, but also caused no struc-
tural alterations in any of the studied organs. Hence, the
observed biological response can be thought to be associated
with the chemical composition of the studied nanoparticles.

Metallic particles can cause an increase in reactive oxy-
gen species, which can result in oxidative stress. As pointed
out by Knaapen et al.54 ROS production could result from
interactions at the particle-cell level, mainly in the lung
where neutrophils and macrophages are powerful ROS gen-
erators. In agreement with their observations, our results
showed that TiO2 nanoparticles induced an increase in O2

2

generation by alveolar macrophages. Catalase consumption
in lung tissue was greater in TiO2-treated animals. This

FIGURE 6. Determination of oxidative damage to lipids in lung (A) and liver (B). Thiobarbituric Acid Reactive Substances (TBARS) levels for con-

trol, TiO2 and UNCD treated animals. No statistically significant differences were observed among groups.

FIGURE 7. Determination of enzymatic antioxidants. Lung (A) and liver (B). Catalase (CAT) levels in control, TiO2 and UNCD-treated animals.

Note: Only TiO2 NPs caused significant changes in CAT levels in lung and liver homogenates. The histograms show the mean 6 SD (n� 6)

*p< 0.05, compared to the Control Group.
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decrease in catalase levels may be associated with the
increase in superoxide anion production, indicating an adap-
tive mechanism that does not result in oxidative imbalance
or in membrane lipoperoxidation and subsequent tissue
damage. The absence of histomorphological changes in lung
tissue confirms this hypothesis.

As observed in lung, CAT consumption was also
observed in liver tissue samples. No significant changes in
TBARS were observed in liver tissue, suggesting that, as
found in the lung, the oxidative stress condition does not
affect membrane phospholipids, due to the compensatory
activity of CAT antioxidant enzyme in this organ. Neverthe-
less, it must be pointed out that foci of necrosis were found
in some of the studied histological samples.

Exposure to UNCD caused no changes in oxidative metab-
olism in the lung, as shown by the absence of O2

2 generation,
mobilization of antioxidant enzymes (SOD and CAT) and
membrane damage (TBARS). Likewise, no SOD or CAT con-
sumption or membrane damage was observed in liver sam-
ples. These biochemical parameters are in agreement with
the lack of histopathological alterations in the studied organs.

The scant amount of UNCD deposits in the parenchyma
of the organs studied here, the absence of morphological
alterations, and the lower oxidative inductions as compared
to observations in nanoparticles animals suggest that, in the
event that the UNCD coating detached from the implant sur-
face, tissue response would be less aggressive or negligible.
These differences in biological response may be associated
with the presence of carbon in the composition of UNCD,
since it would favor biocompatibility. In this regard, Mitura
et al.55 suggested that due to the highest biocompatibility of
carbon resulting from the presence of this element in the
human body, it appears to be a potential biomaterial for use
in biomedical implants. In addition, it was previously dem-
onstrated that UNCD coated-Si microchips implanted inside
rabbit eyes19 could be employed to restore partial vision in
blind people suffering genetically-induced degeneration of
the photoreceptors. Moreover, Garret et al.29 demonstrated
excellent performance of N-UNCD-coated metallic electrodes
for neural stimulation. Our findings are in agreement with
Aspenberg et al.56 who showed that diamond particles are
harmless to tissues. Furthermore, the use of carbon-coated
implants protects them from biological corrosion and metal-
losis.57 Shi B et al.24 studied cell culture cytotoxicity of dif-
ferent types of UNCDs thin films. They showed that UNCD
films could support cell growth, as shown by no or little
inhibition of cell proliferation, and were potentially appeal-
ing as substrate/scaffold materials.

Given the current surge in the use of nanocoatings,
nanofilms, and nanostructured surfaces to enhance biocom-
patibility of biomedical implants, the results of the present
study contribute valuable data for the manufacture of UNCD
coatings as a new generation of superior medical implants.

CONCLUSION

The scant amount of UNCD deposits in the parenchyma of
the organs studied here, the absence of morphological

alterations, and the lower oxidative induction as compared
to observations in animals exposed to TiO2 nanoparticles
suggest that, in the hypothetical case that UNCD particles
detached from the surface of a UNCD-coated metallic
implant, tissue response would be less aggressive. The stud-
ied parameters suggest that Ultrananocrystalline diamond
(UNCD) may prove useful as a surface coating for implants
exposed to the biological environment.

ACKNOWLEDGMENTS

The authors specially thank Dr. Sandra Renou for her assis-
tance in editing the photographs.

REFERENCES
1. Jacobs JJ, Gilbert JL, Urban RM. Corrosion of metal orthopaedic

implants. J Bone Joint Surg Am 1998;80:268–282.

2. Mathew MT, Kerwell S, Lundberg HJ, Sukotjo C, Mercuri IG. Tri-

bocorrosion and oral and maxillofacial surgical devices. Br J Oral

Maxillofac Surg 2014;52:396–400.

3. Olmedo DG, Fern�andez MM, Guglielmotti MB, Cabrini R.L. Macro-

phages related to dental implant failure. Implant Dent 2003;12:75–

80.

4. Olmedo DG, Paparella ML, Spielberg M, Brandizzi D, Guglielmotti

MB, Cabrini RL. Oral mucosa tissue response to titanium cover

screws. J Periodontol 2012;83:973–980.

5. Olmedo DG, Nalli G, Verd�u S, Paparella ML, Cabrini R.L. Exfolia-

tive cytology and titanium dental implants: a pilot study.

J Periodontol 2013;84:78–83.

6. Bruno ME, Tasat DR, Ramos E, Paparella ML, Evelson P,

Rebagliati RJ, Cabrini RL, Guglielmotti MB, Olmedo DG. Impact

through time of different sized titanium dioxide particles on bio-

chemical and histopathological parameters. J Biomed Mater Res

A 2014;5:1439–1448.

7. Guglielmotti MB, Domingo MG, Steimetz T, Ramos E, Paparella

ML, Olmedo DG. Migration of titanium dioxide microparticles and

nanoparticles through the body and deposition in the gingiva: An

experimental study in rats. Eur J Oral Sci 2015;123:242–248.

8. Oberd€orster G, Oberd€orster E, Oberd€orster J. Nanotoxicology: An

emerging discipline evolving from studies of ultrafine particles.

Environ Health Perspect 2005;113:823–839.

9. Xiao X, Birrell J, Gerbi JE, Auciello O, Carlisle JA. Low tempera-

ture growth of ultrananocrystalline diamond. J Appl Phys 2004;

96:2232–2239.

10. Guizzardi S, Galli C, Martini D, Belletti S, Tinti A, Raspanti M,

Taddei P, Ruggeri A, Scandroglio R. Different titanium surface

treatment influences human mandibular osteoblast response.

J Periodontol 2004;75:273–282.

11. Franchi M, Orsini E, Trire A, Quaranta M, Martini D, Giuliani

Piccari G, Ruggeri A, Ottani V. Osteogenesis and morphology of

the peri-implant bone facing dental implants. Scientific World J

2004;4:1083–1095.

12. Franchi M, Bacchelli B, Giavaresi G, De Pasquale V, Martini D,

Fini M, Giardino R, Ruggeri A. Influence of different implant surfa-

ces on peri-implant osteogenesis: Histomorphometric analysis in

sheep. J Periodontol 2007;78:879–888.

13. Ivanovaa L, Popovb C, Koleva I, Shivachevc B, Karadjovd J,

Tarassovc M, Kulische W, Reithmaierb J, Apostolovaa MD. Nano-

crystalline diamond containing hydrogels and coatings for accel-

eration of osteogenesis Diam Relat Mat 2011;20:165–169.

14. Auciello O, Birrell J, Carlisle JA, Gerbi JE, Xiao X, Peng B,

Espinosa HD. Topical review—Materials science and fabrication

processes for a new MEMS technology based on ultrananocrys-

talline diamond thin films. J Phys Condens Matter 2004;16:539–

552.

15. Auciello O, Gurman P, Berra A, Zaravia M, Zysler R. Ultrananoc-

rystalline diamond (UNCD) films for ophthalmological applica-

tions. In: Narayan R, editor. Diamond Based Materials for

Biomedical Applications. Cambridge: Elsevier; 2013. pp 151–169.

16. Zhanga J, Zimmer JW, Howe RT, Maboudian R. Characterization

of boron-doped micro- and nanocrystalline diamond films

2414 TASAT ET AL. TISSUE RESPONSE TO ULTRANANOCRYSTALLINE DIAMOND NANOPARTICLES



deposited by wafer-scale hot filament chemical vapor deposition

for MEMS applications. Diam Relat Mater 2008;18:23–28.

17. Auciello O, Sumant A. Status review of the science and technolo-

gy of ultrananocrystalline diamond (UNCDTM) films and applica-

tion to multifunctional devices. Diam Relat Mater 2010;19:699–

718.

18. Auciello O, Gurman P, Guglielmotti MB, Olmedo DG, Berra A,

Saravia MJ. Biocompatible ultrananocrystalline diamond coatings

for implantable medical devices, MRS Bulletin 2014;39:621–629.

19. Xiao X, Wang J, Carlisle JA, Mech B, Greenberg R, Freda R,

Humayun MS, Weiland J, Auciello O. In vitro and in vivo evalua-

tion of ultrananocrystalline diamond for coating of implantable

retinal microchips. J Biomed Mater Res B Appl Biomater 2006;77:

273–281.

20. Tong W, Tran PA, Turnley AM, Aramesh M, Prawer S, Brandt M,

Fox K. The influence of sterilization on nitrogen-included ultrana-

nocrystalline diamond for biomedical applications. Mater Sci Eng

C Mater Biol Appl 2016;61:324–332.

21. Miksovsky J, Voss A, Kozarovad R., Kocourekb T, Pisarikb P,

Cecconee G., Kulischa W, Jelinekb M, Apostolovad MD,

Reithmaiera JP, Popova C. Cell adhesion and growth on ultrana-

nocrystalline diamond and diamond-like carbon films after differ-

ent surface modifications. App Surf Sci 2014;297:95–102.

22. Shi B, Jin Q, Chen L, Woods AS, Schultz AJ, Auciello O. Cell

growth on different types of ultrananocrystalline diamond thin

films. J Funct Biomater 2012;3:588–600.

23. Fox K, Prawer S. Neural circuits and in vivo monitoring using dia-

mond. In: Prawer S, Aharonovich I, editors. Quantum Information

Processing with Diamond: Principles and Application. Cambridge:

Elsevier; 2014. pp 291–300.

24. Chen YC, Lee DC, Hsiao CY, Chung YF, Chen HC, Thomas JP,

Pong WF, Tai NH, Lin IN, Chiu IM. The effect of ultra-

nanocrystalline diamond films on the proliferation and differentia-

tion of neural stem cells. Biomaterials 2009;30:3428–3435.

25. Amaral M, Dias AG, Gomes PS, Lopes MA, Silva RF, Santos JD,

Fernandes MH. Nanocrystalline diamond: In vitro biocompatibility

assessment by MG63 and human bone marrow cells cultures

J Biomed Mat Res A 2008;87:91–99.

26. Clema WC, Chowdhurya S, Catledgea SA,Weimerd JJ, Shaikhf

FM, Hennessyf KM, Konovalova VV, Hilla MR, Waterfeldg A,

Bellisa SL, Vohraa YK. Mesenchymal stem cell interaction with

ultra-smooth nanostructured diamond for wear-resistant ortho-

paedic implants. Biomaterials 2008; 29:3461–3468.

27. H€artl A, Schmich E, Garrido JA, Hernando J, Silvia C. R.

Catharino SCR, Walter S, Feulner P, Kromka A, Steinm€uller D,

Stutzmann M. Protein-modified nanocrystalline diamond thin

films for biosensor applications. Nat Mater 2004;3:736–742.

28. Aramesh M, Shimoni O, Fox K, Karle TJ, Lohrmann A, Ostrikov K,

Prawer S, Cervenka J. Ultra-high-density 3D DNA arrays within

nanoporous biocompatible membranes for single-molecule-level

detection and purification of circulating nucleic acids. Nanoscale

2015;7:5998–6006.

29. Garrett DJ, Ganesan K, Stacey A, Fox K, Meffin H, Prawer S.

Ultra-nanocrystalline diamond electrodes: optimization towards

neural stimulation applications. J Neural Eng 2012;9:1–10.

30. Ganesan K, Garrett DJ, Ahnood A, Shivdasani MN, Tong W,

Turnley AM, Fox K, Meffin H, Prawer S. An all-diamond, hermetic

electrical feedthrough array for a retinal prosthesis. Biomaterials

2014;35:908–915.

31. Hadjinicolaou AE, Leung RT, Garrett DJ, Ganesan K, Fox K,

Nayagam DA, Shivdasani MN, Meffin H, Ibbotson MR, Prawer S,

O’Brien BJ. Electrical stimulation of retinal ganglion cells with

diamond and the development of an all diamond retinal prosthe-

sis. Biomaterials 2012;33:5812–5820.

32. Ahnood A, Escudie MC, Cicione R, Abeyrathne CD, Ganesan K,

Fox KE, Garrett DJ, Stacey A, Apollo NV, Lichter SG, Thomas CD,

Tran N, Meffin H, Prawer S. Ultrananocrystalline diamond-CMOS

device integration route for high acuity retinal prostheses.

Biomed Microdevices 2015;17:1–11.

33. Kuwabara A, Hori N, Sawada T, Hoshi N, Watazu A, Kimoto K.

Enhanced biological responses of a hydroxyapatite/TiO2 hybrid

structure when surface electric charge is controlled using radio-

frequency sputtering. Dent Mater J 2012;31:368–376.

34. Olmedo DG, Guglielmotti MB, Cabrini RL. An experimental study

of the dissemination of titanium and zirconium in the body.

J Mater Sci Mater Med 2002;13:793–796.

35. Tasat DR, de Rey B. Cytotoxic effects of uranium dioxide on rat

alveolar macrophages. Environ Res 1987;44:71–81.

36. Segal AW. Nitroblue-tetrazolium tests. Lancet 1974;2:1248–1252.

37. Tasat DR, Orona NS, Mandalunis PM, Cabrini RL, Ubios AM.

Ultrastructural and metabolic changes in osteoblasts exposed to

uranyl nitrate. Arch Toxicol 2007;81:319–326.

38. Llesuy S, Evelson P, Gonzalez-Flecha B, Peralta J, Carreras M,

Poderoso J, Boveris A. Oxidative stress in muscle and liver of

rats with septic syndrome. Free Radic Biol Med 1994;16:445–451.

39. Misra H, Fridovich I. The generation of superoxide radical during

the autoxidation of hemoglobin. J Biol Chem 1972;247:6960–6962.

40. Chance B. Special methods: Catalase. In: Por Glick R, editor. The

Assay of Catalase and Peroxidases. New York: Interscience; 1954.

pp 408–424.

41. Lowry O, Rosebrough A, Farr A, Randall R. Protein measurement

with the phenol reagent. J Biol Chem 1951;193:265–275.

42. Oberd€orster G, Maynard A, Donaldson K, Castranova V,

Fitzpatrick J, Ausman K, Carter J, Karn B, Kreyling W, Lai D, Olin

S, Monteiro-Riviere N, Warheit D, Yang H. Principles for charac-

terizing the potential human health effects from exposure to

nanomaterials: elements of a screening strategy. Part Fibre Toxi-

col 2005;2:8.

43. Flatebø RS, Johannessen AC, Grønningsaeter AG, Bøe OE,

Gjerdet NR, Grung B, Leknes, KN. Host response to titanium den-

tal implant placement evaluated in a human oral model.

J Periodontol 2006:77:1201–1210.

44. Revell P.A. The biological effects of nanoparticles. Nanotechnol

Percept 2006;2:283–298.

45. Olmedo DG, Tasat DR, Guglielmotti MB, Cabrini RL. Titanium

transport through the blood stream. An experimental study on

rats. J Mater Sci Mater Med 2003;14:1099–1103.

46. Wang B, He X, Zhang Z, Zhao Y, Feng W. Metabolism of nanoma-

terials in vivo: Blood circulation and organ clearance. Acc Chem

Res 2013;46:761–769.

47. Stark WJ. Nanoparticles in biological systems. Angew Chem Int

Ed Engl. 2011;50:1242–1258.

48. Sahay G, Alakhova D, Kabanov A. Endocytosis of nanomedicines.

J Control Release 2010;145:182–195.

49. Yamamoto A, Honma R., Sumita M., Hanawa T. Cytotoxicity eval-

uation of ceramic particles of different sizes and shapes.

J Biomed Mater Res A 2004;68:244–256.

50. Warheit DB, Webb TR, Reed KL, Frerichs S, Sayes CM. Pulmonary

toxicity study in rats with three forms of ultrafine-TiO2 particles:

Differential responses related to surface properties. Toxicology

2007;230:90–104.

51. Buzea C, Pacheco II, Robbie K. Nanomaterials and nanoparticles:

Sources and toxicity Biointerphases 2007;2:17–71.

52. Winter GD. Tissue reactions to metallic wear and corrosion prod-

ucts in human patients. J Biomed Mater Res A 1974;8:11–26.

53. Geiser M. Update on macrophage clearance of inhaled micro-and

nanoparticles. J Aerosol Med Pulm. Drug Deliv 2010;23:207–217.

54. Knaapen AM, Born PJ, Albercht C, Schins RP. Inhaled particles

and lung cancer. Part A: Mechanisms. Int J Cancer 2004;109:799–

809.

55. Mitura S, Niedzielski P, Jachowicz D, Langer M, Marciniak J,

Stanishevsky A, Tochitsky E, Loudad P, Couvrat P, Denis M,

Lourdin P. Influence of carbon coatings origin on the properties

important for biomedical application. Diam Relat Mater 1996;5:

1185–1188.

56. Aspenberg P, Antilla A, Konttinen YT, Lappalainen R, Goodman

SB, Nordsletten L, Santavirta S. Benign response to particles of

diamond and SiC: Bone chamber studies of new joint replace-

ment coating materials in rabbits. Biomaterials 1996;17:807–812.

57. Mitura K, Niedzielski P, Bartosz G, Moll J, Walkowiak B,

Pawłowska Z, Louda P, Kieć-�Swierczy�nska M, Mitura S. Interac-

tions between carbon coatings and tissue. Surf Coat Technol

2006;201:2117–2123.

ORIGINAL RESEARCH REPORT

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH B: APPLIED BIOMATERIALS | NOV 2017 VOL 105B, ISSUE 8 2415


