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Are Diamond Nanoparticles Cytotoxic?
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Finely divided carbon particles, including charcoal, lampblack, and diamond particles, have been used for
ornamental and official tattoos since ancient times. With the recent development in nanoscience and
nanotechnology, carbon-based nanomaterials (e.g., fullerenes, nanotubes, nanodiamonds) attract a great deal
of interest. Owing to their low chemical reactivity and unique physical properties, nanodiamonds could be
useful in a variety of biological applications such as carriers for drugs, genes, or proteins; novel imaging
techniques; coatings for implantable materials; and biosensors and biomedical nanorobots. Therefore, it is
essential to ascertain the possible hazards of nanodiamonds to humans and other biological systems. We
have, for the first time, assessed the cytotoxicity of nanodiamonds ranging in size from 2 to 10 nm. Assays
of cell viability such as mitochondrial function (MTT) and luminescent ATP production showed that
nanodiamonds were not toxic to a variety of cell types. Furthermore, nanodiamonds did not produce significant
reactive oxygen species. Cells can grow on nanodiamond-coated substrates without morphological changes
compared to controls. These results suggest that nanodiamonds could be ideal for many biological applications
in a diverse range of cell types.

With the recent development in nanoscience and nanotech-high specific area, and hardngs8.Recent progresses in the
nology, carbon-based nanomaterials (e.g., fullerenes, nanotubegjispersion of detonation nanodiamonds (NDs;12 nm) in
nanodiamonds) are receiving much attention due to their aqueous media made bys@wa and co-workers has facilitated
remarkable mechanical, electrical, and thermal propértieshe the use of NDs in physiological solutiofswhereas most
importance of carbon nanomaterials in biological applications previous studies have focused on polycrystalline chemical vapor
has been recently recognized. Examples include their potentialdeposited (CVD) diamond films for biomedical applicatiérig?
uses in drug, gene, and protein delivery; novel imaging methods, It has been recognized that a bulk material with good biocom-
coatings for implantable/corrosion resistant materials; biosen- patibility may not be as well-tolerated by the body once it is in
sors/biochips; purification of proteins; medical nanorobots; and a fine particulate or nanometer-sized form. Although the CVD

many other emerging biomedical technolodfiesin particulgr, diamond thin films are generally regarded as biologically inert,
carbon nanomaterials have recently been examined with bothnoninflammatory, and biocompatible, are diamond nanoparticles
in vivo studied® * and in vitro cell cultured?~8 Although the  also well tolerated by cells? The availability of the newly

scientific community has been so far primarily focused on the produced detonation NDs in aqueous dispersed forms facilitates
potential biological applications of fullerenes and/or carbon their possible use in nanomedicine (e.g., medical nanorobots
nanotubes, other carbon nanomaterials (especially nanodiamade of NDs) and biorelated studfeslowever, the environ-
monds) are beginning to emerge as alternative candidates formental impact of the detonation NDs, especially on humans and
similar and many other applications. Both carbon nanotubes andother biological systems, has not been properly studied.
nanodiamonds can be similarly modified for nanocomposite and In one recent study, Yu et al. investigated the biocompatibility

biological application#? It is envisaged that nanodiamonds may of relatively large synthetic abrasive diamond powders (100 nm)

iF;ron:nttgoz(;nar;neb\ilglg ki’f;}zr 312:7?5i%me;rég?g?u%rglgbisgé in cell culture and found very low cytotoxicity in kidney cefls.
P 9 9 Y P y These authors visualized their diamond nanoparticles with

nanomaterials due to its optical transparency, chemical inertness : .
P P y fluorescent confocal microscopy to enter the cells and localize

c p . 0372292670 9372293433 in the cytoplasm. For these nanodiamonds to be fluorescent,
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Figure 1. Incubation of cells with various nanoparticle concentrations after 24 h viewed with light microscopy: (A) control; (BgAdD

ND-raw; (C) 100ug/mL ND—COOH; (D) 100ug/mL CB; (E) 2.5ug/mL CdO. Note that nanoparticles are seen surrounding the cell borders and
attached to neurite extensions whereas cell morphology is unaffected by the presence of nanodiamonds. Scale lans are 20

volume ratio associated with nanometer-sized materials, a(SEM, Hitachi S-4800), cells were first fixed and dehydrated
tremendous surface chemistry effect on the nanoparticle proper-as described above, mounted to aluminum stubs with double-
ties is also expectetiPrevious studies in our AFB laboratory sided carbon adhesive tape, and then air-dried and sputter-coated
have primarily concerned metal nanoparticle toxicity using in with gold.
vitro cell culture models for chemical toxicity screenifig?® The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
In the present study, we report the first biocompatibility study mide (MTT) assay was conducted to assess cellular viability
of small NDs (2-10 nm), synthesized by the detonation of based on mitochondrial functi&hwith a slight modification
carbon-containing explosives in an inert atmospRéf@and of removing nanopatrticles with centrifugation before microplate
possible effects of the surface chemistry by treating the NDs reading (vide infra). After 30 min of incubation with MTT, a
with acids or bases{COOH, —COONa,—SO;Na; see Sup- purple color developed within the cells, indicating the cleavage
porting Information). In conjunction with tests to determine of the tetrazolium salt (MTT) by mitochondrial reductase in
cytotoxicity, cells were grown on ND-coated substrates to live cells. The purple product (formazan crystals) was extracted
examine their interactions and sustained viability over time. into solution for homogeneous staining and the absorbance was
Nanodiamonds were generously supplied by NanoCarbonread on a Spectromax 190 microplate reader at-%8D nm.
Research Institute Ltd. and were synthesized according to The percent reduction of MTT was compared to controls (cells
previously reported detonation technigde®Nanometer-sized  not exposed to nanoparticles), which represented 100% MTT
carbon black (CB, Cabot) and submicron-sized cadmium oxide reduction. The CellTiter-Glo luminescent viability assay was
(CdO, Fluka Chemical Co.) were used as negative and positiveperformed to reconfirm data from the MTT assay. This assay
controls, repsectively. All nanoparticles were UV-sterilized and provides a homogeneous method for determining the number
then diluted to a stock concentration of 1 mg/mL in deionized of viable cells in culture based on quantitation of adenosine 5
water. Characterization of nanopatrticle size and morphology wastriphosphate (ATP), which indicates the presence of metaboli-
performed with transmission electron microscopy (TEM, Hitachi cally active cells.
H-7600 W-tip). The chemical nature of the functionalized NDs  Oxidative stress was measured in relation to the generation
was examined with X-ray photoelectron spectroscopy (VG of reactive oxygen species (ROS). Prior to dosing cells with
Microtech ESCA 2000) using monochromatic Mg iKadiation nanoparticles, the fluorescent prober2dichlorohydrofluores-
at a power of 300 W, Fourier transformed infrared spectroscopy cein diacetate (DCHF-DA, Sigma) was applied under a light
(FTIR, Perkin-Elmer, Spectrum One) and Raman spectroscopycontrolled environment as described by Wang and Jo%eph.
(Renishaw, inVia reflex microRaman, 514.5 nm laser). ND After nanoparticle treatment, the fluorescent intensity from each
substrates were prepared by drop casting solutions of ND ontowell was measured with a 485 nm excitation filter and a
collagen or poly(-lysine) coated glass coverslips and drying 530 nm emission filter on a SpectraMAX Gemini Plus micro-
for 1 h under UV light before plating cells. plate reader (Molecular Device) equipped with SOFTmax Pro
Neuroblastoma cells, a neuronal phenotype, were generously3.1.2 software (Molecular Devices Corp., Sunnyvale, CA). The
provided by Dr. David Cool's laboratory at Wright State positive control, hydrogen peroxide (30%®5, Fisher Scien-
University (Dayton, OH) and other cells were purchased from tific), was used to assess the reactivity of the probe. Biochemical
the American Type Culture Collection (ATCC). All cells were assays (MTT and ROS) were done in triplicate and the results
plated and grown according to standard cell culture techn#ues. were presented as meanstandard deviation.
After a desired growth period, cell cultures were dosed with  All nanoparticles in this study have average sizes ranging
freshly prepared nanoparticle working solutions at concentrationsfrom 2 to 10 nm for nanodiamonds (ND), 280 nm for
ranging between 5 and 10@/mL in cell culture media without ~ nanometer-sized CB, and up to hundreds of nanometers for
serum. pH values were controlled between 7.2 and 7.6 for both cadmium oxide (CdO). Characterization of nanoparticle size
control dosing media and nanoparticles in the cell culture distributions and morphologies was accomplished with trans-
solutions. Fluorescent microscopy was performed to examine mission electron microscopy (TEM; see Supporting Informa-
mitochondrial membrane permeability (Rhodamine 123, JC-1, tion). The morphology of neuroblastoma cells was round
Invitrogen and Mi -E-W membrane permeability detection kit, immediately after trypsinization. Upon attachment and growth,
BioMol). Both mitochondrial dyes entered the live cells after however, some of the cells developed elongated extensions and
15-30 min at 37°C. If the mitochondrial membranes have been others remained round, which is characteristic of these cells.
damaged after incubation with nanoparticles, then the dyes will For morphological examination of celhanoparticle interac-
disperse in the cytoplasm due to leakage, whereas intacttions, cells were incubated with media alone (control) or media
mitochondrial membranes will retain and aggregate the dye. containing nanoparticles at various concentrations. After 24 h
Fluorescence was visualized with TRITC and FITC filters on of incubation with NDs or CB nanoparticles, cells appeared
an Olympus IX71 epifluorescent microscope. Nanoparticle- similar to control cells with some cells displaying an elongated
treated cell samples for TEM study were fixed with glutaral- morphology (Figure 1A D). The ND and CB were irregularly
dehye/paraformaldehyde, stained with osmium tetroxide, de- shaped particles in the surrounding media, agglomerated at cell
hydrated through analytical grade ethanol, embedded in resin,borders, along their processes, and within the cells at concentra-
cured, and thin sectioned. For scanning electron microscopy tions ranging from 5 to 10@g/mL (Figure 1A-D). In contrast,



4 J. Phys. Chem. B, Vol. 111, No. 1, 2007 Letters

F -
Figure 2. Fluorescent microscopy of neuroblastoma cells incubated with or without nanoparticles for 24 htkh-Mistains for mitochondrial

membrane permeability detection (A)D) or dual actin/nuclear staining to examine changes in cytoskeletal architectet@H)E)(A), (E) control;

(B), (F) 100ug/mL ND-raw; (C), (G) 100ug/mL CB; (D), (H) 2.5u4g/mL CdO. Note that the cells incubated without nanoparticles or with
nanodiamonds showed intact mitochondrial membranes whereas cells incubated with carbon black or CdO may have been damaged after nanoparticle

exposure, indicative of mitochondiral membrane leakage and the initiation of apoptosis. Additionally, NDs appear to increase neurite outgrowth
and branching. Scale bars are 4.

Figure 3. Interaction of neuroblastoma cells with nanodiamonds. (A) TEM image showing internalized nanodiamonds after expogtgérth 25
ND—COOH for 24 h. (B) Higher magnification of lower agglomerate in (A). (C) SEM image of cell growth on a control collagen substrate after
6 h. (D) SEM image of cells grown on a NBCOOH coated collagen substrate after 96 h. Scale bars are (A) 500 nm, (B) 100 nm, and (C), (D)
10 um.

cells incubated with the positive control CdO (Figure 1E) lacked dispersion of the dye due to mitochondrial membrane disruption
cellular extensions, were reduced in size, had irregular cell causes it to fluoresce green in the cytoplasm. Aggregation and
borders, and formed vacuoles, which are morphological indica- retention of the mitochondrial dye inside healthy cells was shown
tors of toxicity. For simplicity, only images of the highest in control cells (Figure 2A), cells incubated with 1@@/mL
concentrations of ND-raw and NBCOOH (100ug/mL) are ND-raw (Figure 2B), and to a lesser extent in cells incubated
included to represent unfunctionalized and acid-functionalized with 100ug/mL CB (Figure 2C). Cells incubated with CB had
NDs, respectively. Base-functionalized NDs, NBO;Na and noticeable dark CB nanoparticles attached to cell borders or
ND—COONa, displayed similar morphological characteristics internalized, which tended to block the fluorescent signal in
to ND-raw and ND-COOH. Additionally, only a low concen-  certain areas compared to cells incubated with NDs (Figure 2C).
tration (2.5ug/mL) of CdO was shown to demonstrate its strong The dispersion of the dye was apparent in cells treated with
toxicity. 2.5 ug/mL CdO, suggesting toxicity and the initiation of
To further examine interactions between the cells and apoptosis or programmed cell death (Figure 2D). Therefore,
nanoparticles, changes in mitochondrial membrane permeabilitythese results show that the mitochondrial membrane was clearly
and cytoskeletal architechure were examined with fluorescentmaintained in cells incubated with ND in support of the
microscopy (Figure 2). The MIE-W fluorescent reagent, when  biocompatibility of NDs. In the case of cytoskeletal alterations
aggregated inside healthy mitochondria, fluoresces red whereasfter incubation with NDs, distinct branching and extension of
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Figure 4. Cytotoxicity evaluation of cells incubated with various nanopatrticles for 24 h. (A) Mitochondrial function of neuroblastoma cells determined
by the reduction of MTT after nanoparticles were removed by centrifugation. (B) Similar reductions in MTT for neuroblastoma cells and macrophages
(ND-raw). (C) Generation of reactive oxygen species (ROS) from neuroblastoma cells determined by the hydrolysis of DCHF-DA after 24 h of
incubation with various nanoparticles (ND-raw, N@OOH, and CB). (D) Positive control hydrogen peroxide induces ROS production.

multiple neurites was found after 24 h (Figure 2F) compared in the cytoplasm in aggregates approximately 500 nm in size
to control (Figure 2E), CB (Figure 2G), or CdO (Figure 2H) (Figure 3A,B). Although the internalization of nanodiamonds
treated cells. Again, noticeable black CB nanoparticles could into the cells could provide new nanotherapeutics with the
be seen attached to the cells (Figure 2G) or cell shrinkage duenanodiamonds as biological transportérg or internalized cell
to the toxic effects of CdO (Figure 2H). killers 3> as is the case of carbon nanotubes, they may be difficult
Because individual NDs were too small to be resolved inside to clear from the cell. The possible long-term pathologic effects
the cells with conventional light or fluorescent microscopy, the of the internalized nanodiamonds on the cells and the related
internalization of NDs into the cells after 24 h was examined long-term and acute toxicology data on the animal model are
with TEM. As can be seen in Figure 3A,B, NDs were found still pending for further investigation.
inside the cells after incubation with 2&/mL of ND—COOH Additionally, cells were plated on ND substrates to determine
for 24 h. Although these representative images do not specify if they could adhere and grow while maintaining morphologies
the exact location of the ND patrticles, they appear to localize similar to control cells. After 96 h, cells grown on the ND
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COOH coated collagen substrates (Figure 3D) were viable with relatively low level of ROS generation produced in cells
morphologies similar to control cells (Figure 3C), suggesting incubated with NDs is consistent with the MTT and ATP results.
that these substrates allow cell attachment and growth. Therefore, these results further support the biocompatibility of

To more quantitatively determine the toxicity or biocompat- NDs and suggest that ND does not induce ROS generation in
ibility of NDs, colorimetric (MTT), luminescent (Cell-titer Glo),  thisin vitro cell model system.
and fluorescent (ROS) assays were performed. The MTT assay [n summary, we have demonstrated thatl® nm nanodia-
was selected to assess the mitochondrial function of neuroblasmonds, with and without surface modification by acid or base,
toma cells. Mitochondria are vulnerable targets for toxic injury are biocompatible with a variety of cells of different origins,
by a variety of compounds because of their crucial role in including neuroblastoma, macrophage, keratinocyte, and PC-
maintaining cellular structure and function via aerobic ATP 12 cells. Several methods for assessing toxicity were used to
production?* The reduction of MTT dye occurs only in rigorously test the cytotoxicity of the nanodiamonds {® nm)
functional mitochondria, therefore, a decrease in MTT dye Using carbon black (2630 nm) and cadmium oxide (160
reduction is an indication of damage to mitochondria. CdO 1000 nm) as negative and positive controls, respectively.
exhibited strong toxicity with its capability to sharply decrease Although the cell types used may have different mechanisms
cell viability, compared to the control, leading to a strong of internalization of the nanodiamonds and the long-term effect
concentration dependence over the whole concentration rangé)f the internalized nanodiamonds on the cells needs to be further
from 5 to 100ug/mL (Figure 4A). Nanometer-sized carbon investigated, the resultant retention of mitochondria membrane
black showed slightly reduced cell viability, but no significant &long with low levels of ROS suggests that once inside the cell
difference from controls at concentrations up to ZagmL. the nanodiamonds remain nonreactive. In conjunction with the
However, cells incubated with various concentrations of func- toxicity testing of nanodiamonds, cells were grown on ND-
tionalized or unfunctionalized nanodiamonds had some slightly coated substrates to examine their interactions and sustained
higher values, but again no significant difference in viability Viability over time, which provided further assurance for the
Compared to controls at concentrations up tO/lgan (Figure Ut|l|ty of nanodiamonds as bIO|Oglca||y Compa“ble materials.
4A). To further confirm the low cytotoxicity of NDs, three other . .
cells types (macrophages, keratinocytes, and PC-12 cells) were Acknowledgment. We thank Col. J. Riddle for his strong
investigated and found to display similar trends of low cyto- SUPPOrt and encouragement for this research. TEM work was
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To further verify the biocompatibility of nanodiamonds, we
measured luminescence, corresponding to ATP production, a
a marker of cell viability (see Supporting Information). Similar
trends for nanoparticle toxicity were found, but surprisingly,
the luminescence value for ND-raw was lower than nanometer-
sized CB, though these values were not significantly different
from the control. It is worthwhile to point out here that our
recent work (see Supporting Information), along with otHers,
has indicated that nanoparticles could interfere with various
colorimetric cytotoxicity assays, such as the MTT and CellTiter-
Glo luminescent viability assays, probably due to light scattering _ _
and/or direct nanoparticle interaction with the chemical com- 297(98;5‘37“992“’“3”' R. H.; Zakhidov, A. A.; de Heer, W. 8cience2002
pon.ents of thq assays. All q§ta in Flgure 4A,'B were taken after ’(2) Zhand, M.; Fang, S.; Zakhidov, A. A.; Lee, S. B.; Aliev, A. E.;
the incorporation of an additional centrifugation step to remove williams, C. D.; Atkinson, K. R.; Baughman, R. Kscience2005 309,

the nanoparticles from the plate before reading. 1215-1219.

. . . . S (3) Dai, L., Ed.Carbon Nanotechnology: Recent iopments in
To investigate nanoparticle-induced oxidative stress as mecha-chemistry, Physics, Materials Science ande Applications Elsevier:

nistic changes, we assessed the generation of reactive oxygemmsterdam, 2006. _
species (ROS¥ ROS are naturally generated byproducts of (4) Huang, L.-C. L.; Chang, H.-Q.angmuir2004 20, 5879-5884.

; ; ; : _ (5) Yu, S. J.; Kang, M.-W.; Chang, H.-C.; Chen, K.-M.; Yu, Y.-C.
cellular redox/enzymatic reactions such as mitochondrial res- » . *cpam S0@005 127, 17604-17605.

piration, phagocytosis, and metabolism. However, they can also  (6) Yang, W.; Auciello, O.; Butler, J. E.; Cai, W.; Carlisle, J. A.; Gerbi,

unregulate generation, leading to a condition known as oxidative J. E.;hGruen, D. M.; Knickerbocker, T.; Lasseter, T. L.; Russell, Jr., J. R.;
i i Smith, L. M.; Hamers, R. NNat. Mater.2002 1, 253-257.

stress, wh|_ch_can Cﬁuls,e numerou_sdpathologmal conditions. (7) Poh. W. C.: Loh. K. P.+ Zhang, W. D.- Triparthy, S.: Ye, J-S.

Increases in intracellular ROS (oxidative stress) represent agspey,'r.-sLangmuir2004 20, 5484-5492.

potentially toxic insult which, if not neutralized by antioxidant (8) Bondar, V.; Pozdnyakova, I. O.; Puzyr, A. Phys. Solid State

defenses (e.g., glutathione and antioxidant enzymes) could leack004 46, 758-760.

to membrane dysfunction, protein degradation, and DNA dam- 20029)16P_a1n7tar0tto, D.; Briand, J.-P.; Prato, M.; Bianco Gnem. Commun

89838742 (10) Muller, J.; Huaux, F.; Moreau, N_.; Misson_, P.; Heilier, J.-F; Delos,
The fluorescence intensity of dichlorofluorescein (DCF), an M- Arras, M.; Fonseca, A.; Nagy, J. B.; Lison, Doxicol. Appl. Pharmacol.

o - ; 2005 207, 221-231.
oxidized form of 2,7'-dichlorofluorescein, can be used as a (11) Gharb, N.; Pressac, M.; Hadchouel, M.; Szwarc, H.; Wilson, S.

measure of the cumulative production of ROS over a period of R.: Moussa, FNano Lett.2005 5, 2578-2585.
nanoparticle exposure. We found that CB shows a higher level = (12) Ding, L.; Stilwell, J.; Zhang, T.; Elboudwrej, O.; Jiang, H.; Selegue,

of ROS production than ND (Figure 4C). The positive control %-4;-1? Cooke, P. A.; Gray, J. W.; Chen, F.Nfano Lett.2005 5, 2448~

for this assay, hydrogen peroxide AB}), showed a dose- (13) Cui, D.; Tian, F.; Ozkan, C. S.; Wang, M.; Gao, Fbxicol. Lett.
dependent increase in ROS production (Figure 4D). The 2005 155 73-85.

Supporting Information Available: Experimental details
for nanoparticle characterization, nanoparticle interference as-
says, and bacterial growth in nanodiamond-containing solutions.
This material is available free of charge via the Internet at http:/
pubs.acs.org.
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