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Abstract — Nanodiamonds (NDs) are often considered as
inert platforms with high interests for biomedical applications.
They are well adapted for drug delivery, and may display
embedded fluorescence. We report here on a new way to
consider these nanocarbon particles, by revealing therapeutic
capacities coming from electronic properties of NDs. With an
optimized surface chemistry, the generation of Reactive
Oxygen Species (ROS) occurs when those hydrogen-terminated
NDs are exposed to photon irradiation, thus opening up the
field towards the radiosensitization of tumor cells.

Index Terms — Nanodiamonds, hydrogen, zeta potential,
radiosensitization, drug delivery

1. INTRODUCTION

Nanodiamonds are constituted of a diamond core
surrounded  with  amorphous carbon and surface
terminations, i.e. chemical functions which saturate the
dangling bonds of the diamond lattice. In that sense, they
reproduce at the nanoscale the typical bulk diamond
structure. Then, applications of NDs usually focus on these
diamond bulk properties translated at the nanoscale. For
example, the hardness of NDs is used to increase the
stability of supercapacitors [1] or the mechanical properties
of new composite materials [2]. Toward more biological
uses, NDs benefit from the biocompatibility of the bulk
material and its intrinsic luminescent properties, arising from
highly stable nitrogen vacancy (NV) colored centers [3-5].
They also take advantage of their diamond surface
chemistry, based on covalent carbon-carbon chemistry,
highly convenient for functionalization. These bulk
properties combined to their high surface-to-volume ratio
make them of great interest for nanomedical applications.
For instance, starting from efficient plasma, chemical or
thermal treatments to homogenize their surface chemistry
[6], NDs have been successfully conjugated with
oligonucleotides [4], [5], antibodies [7] or anti-cancer drugs
[8]. Here, the diamond core is considered as an inert
platform, often housing luminescence properties for
diagnostic.
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However, unexpected surface properties related to
nanoscaled effects may occur on the smallest NDs. In
particular, NDs synthesized by detonation method,
exhibiting a size of approximately 5 nm, have shown
astonishing properties such as an exceptional colloidal
stability [9], [10], a giant permittivity [11] or unusual charge
exchange properties [12] which are hardly explained by the
assets of their diamond core only. Furthermore, these
phenomena are thought to result from interactions with
surrounding molecules, enhanced by their high surface-to-
volume ratio, and thus may depend strongly on the NDs
surface chemistry. Among typical surface terminations of
diamond, hydrogen is known to confer specific properties to
the material. In particular, hydrogen-terminated bulk
diamond exhibits a negative electron affinity (NEA), at the
origin of a p-type surface conductive layer after air exposure
[13], [14] leading to a unique chemical reactivity [15], [16].
In water, an electrochemical exchange with a redox couple
involving oxygen occurs even with intrinsic diamond [17].
In this study, we propose to investigate in which extent such
hydrogenated terminations can affect the colloidal and
electronic properties of 5 nm NDs toward drug delivery and
radiosensitization applications.

II. EXPERIMENTAL

Materials: Detonation nanodiamonds (NDs) were provided
by the Nanocarbon Research Institute. Hydrochloric acid,
sulfuric acid and sodium hydroxide (Sigma-Aldrich) were
used as received.

Plasma hydrogenation of nanodiamonds: 80-100 mg of NDs
were deposited in a quartz tube and inserted in a plasma
Downstream source (Sairem) (Figure 1). High purity
hydrogen gas (®*N70) was injected in the tube at a pressure
of 15 mbar and plasma was generated in the quartz tube with
a microwave power of 300 W (2.45 GHz). During the
plasma, the tube was air cooled. NDs were exposed to
hydrogen plasma for 15 minutes and were cooled down
under hydrogen, leading to H-NDs.
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Figure 1. Experimental set-up for nanodiamond hydrogenation

Preparation of nanodiamond dispersions: NDs-H were
dispersed in ultrapure water by sonication (Hielscher
UP400S, 300W, 24 kHz) for 2h under cooling. Larger
aggregates were removed from the solution by 1h
centrifugation at 4000 rpm. Oxidized NDs are obtained by
air annealing (400°C for 2 hours) and dispersed in ultrapure
water by a similar method.

Zeta Potential/Titration: Size and Zeta potential (ZP)
measurements of NDs-H suspensions were performed in
ultrapure water on a Nanosizer ZS (Malvern) in the back
scattering configuration (173°). pH-titration of the ZP was
monitored using a Malvern autotitrator module (MPT-2)
with HCl 0.1 M and NaOH 0.1 M as acidic and basic
titrants. Acid titrations where also performed using the same
autotitrator module with HCI1 0.1 M and H2SO4 0.05 M
under mild magnetic steering. For each pH value or acid
concentration, three independent ZP and size measurements
were made after recirculating the solution.

Cell cultures : Caki-1 cells (ATCC number: HTB-46) were
grown at 37°C in a humidified atmosphere of 5% CO2 and 9
% air, in Dulbecco's modified Eagle medium (DMEM)
glutamax supplemented with 10% (v/v) heat inactivated fetal
bovine serum and 1 mM antibiotic-antimycotic (penicilline-
streptomycine; Invitrogen).

Cytotoxicity real-time follow-up (XCelligence, Roche
Diagnostics) and treatments : Cells were seeded on 96 wells-
microplate (5x103 cells/well) in contact with electrodes for
continuous measuring cell impedance (E plates, Roche
Diagnostics)), incubated for 30 min at 37°C and placed in
the Real-Time Cell Analyzer (RTCA) station (Roche
Diagnostics). Cells were grown for 24 h before H-NDs
exposure to at concentrations of 10, 100, and 500 pg/ml.
Cells were exposed to gamma-rays at 4 Gy, 1Gy/min using a
cesium irradiator (IBL637 CisBio irradiator), 15 minutes
after H-NDs addition,. Cytotoxicity of H-NDs and of
radiation was monitored by measuring cell impedance every
5 min for 6 h and then every 10 min for 24 h. Cell index (CI)
was calculated as follows: Zi-Z0 [Ohm]/15[Ohm]; where
70: is the background impedance and Zi: the individual
time point impedance. Cell index was normalized as
function of the CI value measured just before the exposure
with nanoparticles.

Reactive oxygen species (ROS) quantification by flow
cytometry : One hour and 24 h after treatment, either H-
NDs, irradiated, or both, cells were washed twice in PBS,
trypsinized, centrifuged for 5 min at 300xg and then re-
suspended in 5 mL of complete medium. For ROS analysis,
5x10° cells per condition were incubated with H2DCFDA
probe (final concentration of 2uM) (Molecular Probes,
Invitrogen) at 37°C for 10 min,centrifuged for Smin at
300xg, re-suspended in 500uL of PBS containing 5% serum,
incubated at 37°C for 20 min and washed again in PBS just
before flow cytometry analysis (BD Facscalibur and FlowJo
7.5.5 software). Multi-parametric analyses were performed:
a first analysis was done according to cell size/granulometry,
discriminate living and dead cells while removing
fragmented cells. This first step allowed us to gate at least
2x10* cells per replica. Then, once tuned on this setting, the
ROS/H2DCFDA signal was collected on FL1 ( A em: 517/27
nm) after laser excitation at 488 nm (H-NDs do not interfere
with this dye). The results were reported as the mean
distribution of cell fluorescence (3 replicas ,(with at least
2x10* gated cells per replica).

III. RESULTS & DISCUSSIONS

Hydrogenated NDs (H-NDs) are obtained from oxidized
NDs by microwave-enhanced plasma treatment [18-20].
Such plasma treatments efficiently passivate the ND surfaces
with hydrogen atoms while etching non-diamond carbon and
oxygen species. From a raw hydrogenated powder, a
suspension of H-NDs can be prepared. Dynamic light
scattering (DLS) measurements were performed (Malvern
Nanosizer ZS) to investigate the size distribution and the
zeta potential of H-NDs, as shown in Fig. 2. DLS
characterizations of oxidized NDs are also reported for
comparison. On oxidized NDs, a mean diameter of 10 nm is
measured, which is close to the primary size of the particles
(5 nm). They exhibit a negative zeta potential below -30 mV
from pH=4 to at least pH=10, linked to their carboxylated
surface. After hydrogenation, NDs are slightly more
aggregated, with a mean diameter close to 30 nm. In the
same time, their zeta potential switches to positive values,
reaching over +30 mV from pH=4 to pH=10. This positive
zeta potential directly originates from surface electronic
properties of hydrogenated diamond. As for hydrogenated
bulk diamond, an electrochemical equilibrium with adsorbed
oxygen species is created on H-NDs surface when exposed
to air or water. As a consequence, a surface band bending
occurs at the H-NDs surface, generating a hole
accumulation, similar to a p-doped layer. This phenomenon,
well known on hydrogenated bulk diamond, leads on H-NDs
to a high positive zeta potential between pH=4 to pH=10, as
shown on Fig. 2. Above pH=10, the electrochemical
equilibrium is modified, resulting in a weaker band bending
and consequently a lower zeta potential, as described by
Chakrapani and coworkers [17]. In this model, a high
concentration of adsorbed oxygen on H-NDs is required to
generate the equilibrium. X-ray Photoemission Spectroscopy
(XPS) analysis performed on H-NDs after dispersion in
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water confirmed the presence and of this oxygen species on
their surface and their role on their surface electronic
properties [21]. Furthermore, it has been shown that this
oxygen can be removed by flushing the suspension of H-
NDs with N,, which results in the flocculation of the

particles.
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Figure 2. (a) Size distribution and (b) Zeta potential evolution versus pH for
NDs-H and NDs-COOH in water.

A high positive zeta potential is provided by hydrogenation
to the particles, which is highly desirable, notably for gene
delivery. If a negative charge can be easily conferred to NDs
by a carboxylation, the generation of a positive zeta potential
still constitutes an issue. Indeed, previous works reported on
the use of cumbersome polymeric coating to obtain such
positive charges on NDs [5], but accompanied with a raise of
diameter and possible toxic drawbacks. Here, the diameter is
preserved and the suspensions remain perfectly stable,
rendering our H-NDs ideal candidates for drug delivery
matters.

In addition to the transfer doping at the origin of their
positive charge, hydrogenated NDs also exhibit a negative
electron affinity. The presence of this NEA has already been
demonstrated onto 50 nm H-NDs [20] and is in accordance
with the transfer doping which occurs on our 5 nm NDs. The

combination of this NEA and the high concentration of
oxygen species adsorbed on H-NDs surface may be
advantageous toward biomedical application. Under
irradiation, this NEA can facilitate the emission of electrons
at the surface of the particle, rich of oxygen species, thus
generating an efficient source of reactive oxygen species
(ROS) for radiosensitization.

Kidney human cancer cell line Caki-1 were thus exposed to
different doses of H-NDs, ranging from 10 to 500 pg/mL,
and irradiated or not with 4Gy gamma rays. Note that this
cell line was chosen because it is representative of the
kidney tumor radiosensitivty. The cytotoxicity was measured
by impedancemetry since it permits a continuous real time
analysis of cell response (CI) and it was shown that
nanoparticles alone do not induce any artifactual variation of
impedance [22]. Variation of cell impedance reflects
changes in cell morphology, proliferation, adhesion and
membrane potential. CI measured 96h are reported in Figure
3 for H-NDs treated cells with or without radiation exposure.
First, without irradiation, one can notice the absence of
cytotoxicity of H-NDs up to 100 pg/mL and the very low
cytotoxicity at the high concentration of 500 pg/mL. After
irradiation, a strong radiosensitizating effect is observed,
even for the lowest dose of H-NDs of 10 pg/mL. It should
be noticed that the effect is not a dose dependent
radiosensitization, suggesting that the induced effect is
already maximum at the lowest dose.

H-NDs + 4 GymH-MDs
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Figure 3. Evolution of the cellular indexes (impedance) at 96h of Caki-1
cells treated with H-NDs alone or combined with y-irradiation (4 Gy).

Control 10pg/mL
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Figure 4. Intracellular ROS quantification in cell line Caki-1 following H-
NDs single treatment or H-NDs combined with y-irradiation (4Gy). Probe :
(2°,7’-dichlorofluorescein, DCF)

In order to determine the role of the oxidative stress in the
radiosensitizing effect of H-NDs, we analysed by flow
cytometry the level of intracellular ROS (H2DCFDA probe)
after H-NDs or combined H-NDs-radiation exposure. As the
measurements were performed one hour after radiation
exposure, the level of ROS cannot be ascribed to the primary
radiation oxidative stress effect, which occurs within
seconds after radiation exposure, but rather to a secondary
oxidative stress related to the irradiation of H-NDs. In H-
NDs exposed cells, an increased level of ROS is observed
compared to the control, that can be due to a high
concentration of oxygen species surrounded NDs. However,
taking into account the profiles of cytotoxicity for equivalent
doses (Figure 3), these levels of ROS does not seem to
induce significant cellular effects. On the opposite, when
cells are exposed to both H-NDs and irradiation, a clear raise
of the ROS generation is observed in the treated cells, in a
concomitant way with the drop of the cellular indexes,
suggesting that ROS effectively participate to the
radiosensitizating effect. These original data suggest
potential application of H-NDs in bio-medical domain that
warrants further biological investigations.

IV. CONCLUSIONS

Carrying a positive zeta potential desirable for delivery, and
offering a diamond core with therapeutic potentialities, H-
NDs have now reached a maturity for nanomedicine. Instead
of an efficient but inert platform, we demonstrated that NDs
and more specifically H-NDs should now be considered as
an active nanomaterial.
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