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ABSTRACT: An efficient method for modifying the surface of
detonation nanodiamonds (5 and 100 nm) with thiol groups (−SH)
by using an organic chemistry strategy is presented herein. Thiolated
nanodiamonds were characterized by spectroscopic techniques, and the
atomic percentage of sulfur was analyzed by elemental analysis and X-ray
photoelectron spectroscopy. The conjugation between thiolated nano-
diamonds and gold nanoparticles was elucidated by transmission electron
microscopy and UV−vis spectrometry. Moreover, the material did not
show significant cytotoxicity to the human lung carcinoma cell line and
may prospectively be applied in bioconjugated technology. The new
method that we elucidated may significantly improve the approach to
surface modification of detonation nanodiamonds and build up a new
platform for the application of nanodiamonds.

KEYWORDS: thiolated, nanodiamond, detonation nanodiamond, surface modification, thiolated nanodiamond,
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■ INTRODUCTION

Nanotechnology has been applied in many fields of research,
such as surface science, materials, semiconductor, imaging, and
drug delivery. The use of nanoscale materials or devices in the
diagnosis or treatment of diseases is termed nanomedicine.1

Nanodiamond (ND), a carbon-based material, has attracted
much attention in the past decade.2 The nanoscale diamond
was accidentally discovered by Russian scientists in the 1960s
while studying diamond synthesis by shock compression.3 The
detonation nanodiamonds can be synthesized by exploding the
trinitrotoluene−hexogen mixture in a closed metallic chamber;
the shock wave will transform the graphite into nanodiamonds.4

Detonation nanodiamond exhibits biocompatibility and low
toxicity and is thus a promising candidate material for biological
and medical applications.4,5 Nanodiamonds can be applied for
controlled drug-delivery applications. Ho and co-workers
demonstrated that nanodiamond can be loaded and used for
the delivery of chemotherapy drugs.6−9 For specific purposes,
the nanodiamonds can also be conjugated with biomolecular
building blocks such as DNA10 and amino acids.11 Because of
their outstanding physical properties, stable photolumines-

cence, and lack of photobleaching and photoblinking, nano-
diamonds have been successfully applied as biomarkers or
tracers.12−18 It has been reported that fluorescein and magnetic
resonance imaging contrast agents can be conjugated onto
nanodiamonds to enhance imaging.19,20

To achieve the goal of multifunctionalization of nano-
diamonds, numerous techniques for surface modification of
detonation nanodiamonds to facilitate conjugation have been
developed. The surface of nanodiamonds can be modified with
halogens by plasma treatment or photochemical reaction.4,21−24

Moreover, Kruger and co-workers modified nanodiamonds by
exploiting a silane linker with an amino group, which could be
applied to peptide synthesis and biomolecular building block
conjugation.11 It has also been reported that detonation
nanodiamonds can be functionalized through diazonium
coupling to complete the Suzuki coupling reaction on the
nanodiamonds.26 In general, detonation nanodiamonds have
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been treated with acid or ozone (O3) to oxidize the surface of
the nanodiamonds to generate carboxyl (COOH)
groups.10,11,27,28 The carboxyl group can be converted to
carboxyl chloride for conjugation,10,29 or it can be reduced by
borane (BH3) to generate the hydroxyl group (OH) for further
application.11,30,31 Recently, Mutin and co-workers reported
surface phosphorylation of nanodiamonds, which enhanced
their thermal stability.32

The thiol group (−SH) can be found in proteins, antibodies,
and other biomolecules but in low numbers compared to
amines or carboxyl groups. Therefore, by using the thiol group
for conjugation with target molecules, the numbers and
positions of the modification sites can be controlled.33

Moreover, the thiol groups exhibit a strong affinity for gold
and thus have been applied for self-assembly and gold
nanoparticle (Au NP) conjugation.21,34 One method of
incorporating a thiol group onto the surface of the nano-
diamond involves conjugation of a space linker with the thiol
group.35−37 Nakamura and co-workers first reported a photo-
chemical reaction for direct modification of sulfur on the
surface of the diamond powder by treatment with elemental
sulfur and carbon disulfide.38 Fokin and co-workers reported an
organic reaction of diamondoids to replace the tertiary or
bridgehead hydroxyl groups with thiol groups.39,40 However,
there is currently no method for the synthesis of diamondoids,
which are only obtained from petroleum.41,42 On the other
hand, detonation nanodiamonds can be mass produced at low
cost by detonation of explosives in a specific chamber.4,23,32

Herein, we present a simple method for direct functionalization
of detonation nanodiamonds with the thiol group by applying a
modified Fokin’s method to diamondoids. Compared to the
photochemical reaction for thiol modification, the current
method is operationally facile and can be applied to mass
production. These new materials can be utilized for the
conjugation of antibodies, proteins, organic molecules, and gold
materials to produce a new series of nanodiamond materials.

■ EXPERIMENTAL SECTION
Chemicals. ND (average diameter 5 and 100 nm; Nanodiamond,

TI, Switzerland) was synthesized from the detonation of a mixture of
trinitrotoluene and hexogen. All chemicals were used as received
without purification. Lithium aluminum hydride (LiAlH4), thiourea,
and hydrobromic acid were purchased from Sigma-Aldrich.
Approximately 13 nm Au NPs were prepared by citrate reduction of

HAuCl4. An aqueous solution of HAuCl4 (1 mM, 20 mL) was refluxed
at 110 °C with stirring in an oil bath. A solution of trisodium citrate (2
mL of a 38.8 mM aqueous solution) was added quickly, which resulted
in a series of color changes before finally achieving a wine red solution.
The mixture was refluxed for another 10 min and allowed to cool to
room temperature.
Instrumentation. The Raman spectra were acquired on the micro-

Raman system built in our laboratory, employing a 532 nm diode laser
as the excitation source. The scattered light was filtered using the long-
pass Semrock filter, and the signal was analyzed using a DK480
monochromator. High-resolution transmission electron microscopy
(TEM) images were recorded using a JEOL JEM-2100F electron
microscope operating at 200 kV. The UV−vis spectra were recorded
on NanoDrop 2000c spectrometer (Thermo Fisher Scientific Inc.)
using a quartz cuvette of 1 cm path length. The X-ray photoelectron
spectroscopy (XPS) spectra were acquired on an ULVAC-PHI
Quantera SXM system, using Al Kα as the X-ray source. The
excitation area was 100 × 100 μm; the step sizes for survey and
chemical state spectra were 1.0 and 0.050 eV, respectively. The survey
and chemical state scans were performed at 280 eV pass energy with a
1 eV step and 55 eV pass energy with a 0.05 eV step. Elemental

analysis (EA) data were obtained from Elementar vario EL III and
Elementar vario EL cube, Elementar Analysensysteme GmbH,
Germany.

■ RESULTS
Preparation of Carboxylated Nanodiamonds (ND-

COOH). A suspension of detonation nanodiamond particles
(500 mg) in a mixture of H2SO4 and HNO3 (80 mL, 3/1, 60
mL/20 mL) was stirred at 100 °C for 72 h. The reaction
mixture was poured into distilled water (500 mL) and
separated by centrifugation at 8000 rpm. The pellets were
rinsed with distilled water several times and dried in a vacuum
oven at 50 °C for 24 h.

Preparation of Hydroxylated Nanodiamonds (ND-
OH). ND-COOH (300 mg) and LiAlH4 (113.9 mg, 3.000
mmol) were combined in dried tetrahydrofuran (15 mL). The
reaction mixture was stirred under reflux for 24 h. After cooling
to room temperature, the mixture was hydrolyzed with 1.0 N
hydrochloric acid until no further evolution of hydrogen gas
was observed. The pellets were rinsed with distilled water and
acetone several times and separated by centrifugation at 8000
rpm. The resulting ND-OH was dried in a vacuum oven at 50
°C for 24 h.

Preparation of Thiolated Nanodiamonds (ND-SH). A
mixture of ND-OH (200 mg) and thiourea (11.4 g, 150 mmol)
in hydrobromic acid (25 mL) and glacial acetic acid (50 mL)
was stirred under reflux for 48 h. The hot reaction mixture was
poured in small portions into a cold (ice bath) 15% aqueous
sodium hydroxide solution (600 mL) and stirred overnight at
room temperature. The reaction mixture was acidified with 50%
aqueous H2SO4 to pH = 2−3 while maintaining the
temperature below 10 °C. The pellets were rinsed with distilled
water several times and separated by centrifugation at 8000
rpm. ND-SH was dried in a vacuum oven at 50 °C for 24 h.

Cell Culture and Cell Viability Assay. The human lung
carcinoma cell line (BCRC number: 60074) was purchased
from Bioresource Collection and Research Center (BCRC,
Taiwan) and had been isolated from a lung carcinoma of a 58-
year-old male. A-549 cells were cultured in a 90% Ham’s F12K
medium with 2 mM L-glutamine and adjusted to contain 1.5 g/
L sodium bicarbonate and 10% fetal bovine serum at 37 °C in a
humidified atmosphere with 5% CO2.
Powders of 5 nm ND-SH and 100 nm ND-SH were freshly

suspended in sterilized distilled water followed by ultra-
sonication for 20 min in a biological safety cabinet prior to
cell viability assay. Exponentially growing cells were seeded into
a 96-well plate at 5000 cells per well for 20 h. Then the cells
were treated with 0.1, 1.0, 10, and 50 μg/mL nanodiamonds for
24 h in a complete medium. After treatment, the medium was
replaced by 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) in a complete medium
at 37 °C for 3 h. Surviving cells converted MTT to insoluble
blue-purple formazan, and then dimethyl sulfoxide was added
to each well to dissolve formazan for 20 min. The absorbance
was measured at 570 nm using a microplate ELISA reader
(VersaMax, Molecular Devices). The percentage of cell viability
was calculated by dividing the absorbance of treated cells by
that of untreated cells.

■ DISCUSSION
Herein, we report a method of functionalizing the surface of
detonation nanodiamonds with the thiol group, which provides
a new platform for the conjugation of nanodiamonds with
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biocompatible materials. The detonation nanodiamonds were
treated with lithium aluminum hydride (LiAlH4) to reduce the
carboxyl and carbonyl groups on the surface to hydroxyl groups
(Scheme 1). The hydroxyl groups were then replaced with thiol
groups by treatment with thiourea in the presence of
hydrobromic acid and acetic acid. Under acidic conditions,
the hydroxyl groups were protonated; the sulfur atom of
thiourea subsequently attacked and replaced the hydroxyl
groups to give thiol groups (see the Supporting Information,
Figure S1, for details).
The ND-SH sample was characterized by TEM, EA, Raman

spectroscopy, and XPS. Raman spectroscopy is a technique to
monitor exciting vibrational modes of molecules. We take
advantage of this to analyze the nanodiamond. Raman spectra
of ND-SH were acquired in the ranges of 1000−1800 and
2400−2800 cm−1 to evaluate the characteristic peaks of the
thiol bond. The Raman spectrum of 5 nm ND-SH shows a
major diamond signal at 1328 cm−1 (Figure 1) along with
graphite (G band, 1580 cm−1) and distorted-graphite (D band,
1328 cm−1) signals. The graphite signal, G band, was
contributed from the partially covered thin layer of graph-
ite.24,25 On the other hand, the 100 nm ND-SH spectrum
showed a significantly strong diamond signal at 1329 cm−1, the
intensity of which obscured observation of other minor peaks
(see the Supporting Information, Figure S2, for the 100 nm
ND-SH detailed Raman data). The characteristic thiol group
signal at 2670 cm−1 was observed, which demonstrated the
successful introduction of the thiol group onto the surface of
the nanodiamonds. The TEM images of 5 nm nanodiamonds
before and after thiolation had no apparent difference of
morphology (see the Supporting Information, Figure S2). EA
showed a significant increase in the sulfur content after
thiolation of the materials (Table 1). The percentage of sulfur
was increased to 3.427% for 100 nm ND-SH and to 9.95% for 5
nm ND-SH. Compared to 100 nm ND-SH, 5 nm ND-SH had a
higher surface-to-volume ratio (specific surface area), which
provided more hydroxyl groups that could be replaced with
thiol groups. Moreover, 100 nm ND-SH contained more
carbon inside the core, which was indicated by a higher
percentage of carbon in EA.
Figure 2 displays the XPS spectra of ND-SH (100 nm) that

were used to evaluate the surface modification. The XPS results
show the main carbon peak (C 1s) at 285 eV and the S 2s and
2p peaks at 228 and 164 eV, consistent with the report by
Nakamura and co-workers38 and Shenderova and co-workers.43

Peak-fitting results show a band in the sulfur region at 164 eV,
corresponding to the C−SH bond, that contained contributions
from the bands at 164.15 (S 2p1/2) and 162.95 (S 2p3/2) eV.
Moreover, a minor peak was observed in the S 2p region at 168
eV, indicative of higher binding energy of sulfur, and was
attributed to the C−SO2 bonds. The surface percentage of thiol
groups was also estimated to be 1.07% for the surface of 100
nm ND-SH and 2.21% for 5 nm ND-SH based on XPS (see the

Supporting Information, Figure S4, for the detailed 5 nm ND-
SH XPS data).
Thiolation of ND-SH was evaluated by treating ND-SH with

Au NPs. The characteristic UV absorption of Au NPs was
observed upon evaluation of ND-SH (Figure 3), which
indicated that the Au NP was together with ND-SH. Another

Scheme 1. Direct Thiolation of the Surface of Detonation Nanodiamonds

Figure 1. Raman spectra (a) from 1000 to 1800 cm−1 and (b) from
2400 to 2800 cm−1 of 5 nm ND-SH.

Table 1. Elemental Composition (%) of Functionalized
Diamond Materials

N % C % H % S %

5 nm ND 2.087 85.103 1.224 0.492
5 nm ND-OH 1.774 63.249 2.418 0.394
5 nm ND-SH 0.964 40.239 1.100 9.950
100 nm ND 0.236 96.600 0.223 0.265
100 nm ND-OH 0.206 84.671 0.719 0.447
100 nm ND-SH 0.235 96.771 0.182 3.427
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UV absorption experiment showed that of the Au NP peak was
shifted from 525 to 528 nm when ND-SH was added to the Au
NP solution (see the Supporting Information, Figure S5, for

details). This phenomenon indicated that the surface plasma
resonances of Au NPs were changed because of conjugation
with the thiol groups to the surface of Au NPs.34 Compared to
most examples of surface conjugation of Au NPs in the
literature, the surface of Au NPs was fully covered with
substrates, and then an obvious red shift of UV absorption of
Au NPs could be observed. Therefore, in our conditions, the
shorter red shift (3 nm) of UV absorption of Au NPs was due
to only part of the surface of Au NPs conjugated with the thiol
groups of ND-SH. Within 30 min, the UV absorption intensity
dropped to half of the original (see the Supporting Information,
Figure S5, for details). Because each nanodiamond bears
numerous thiol groups on the surface, the nanodiamonds can
conjugate with several Au NPs to form a cross-linking bulky
cluster and thus precipitate. The TEM results provide solid
evidence that the thiol groups of ND-SH were conjugated with
Au NPs (Figure 4). Currently, multifunctional nanocomplexes

are being extensively developed in various biomedical
applications due to their different functions and extensive
thermal stability. Au NPs are the most popular nanomaterials
for biomedical applications such as photothermal therapy,
contrast agents of CT (computed tomography), cancer therapy,
and drug carriers. Because of their low toxicity and ease of
detection, gold nanomaterials have been approved for use in
clinical tests.44 In most methods of surface modification of gold

Figure 2. (A) XPS spectrum, (B) C 1s spectra, and (C) S 2p spectra of
100 nm ND-SH.

Figure 3. UV spectra of Au NPs after treatment with ND-SH, Au NPs
alone, and ND-SH alone.

Figure 4. (a) TEM image of ND-SH conjugated with Au NPs. (b)
EDS pattern of ND-S-Au on the surface of a copper holey carbon
support grid.
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nanomaterials, thiol groups are usually selected to conjugate to
the surface of Au NPs with formation of a covalent bond. In
this manuscript, we demonstrated our ND-SH could be
successful to conjugate with Au NPs, and these results also
confirmed that ND-SH actually has thiol groups after our
synthetic method.
The toxicity of detonation nanodiamonds toward various cell

lines has previously been investigated, illustrating that
detonation nanodiamonds were not cytotoxic. Herein, we
present a new type of nanodiamond; thus, the toxicity is a
serious concern for prospective applications. The viability of the
human lung carcinoma cells treated with ND-SH was analyzed
by MTT assay. The viabilities of cells treated by 5 nm ND-SH
and 100 nm ND-SH are similar (more than 90%). There is no
significant difference in the cytotoxicity between cells treated by
5 nm ND-SH and 100 nm ND-SH with various concentrations
(0.1, 1.0, 10, and 50 μg/mL) of NDs in a culture medium
(Figure 5). Man et al. and Liu et al. have indicated outstanding

biocompatibility of pristine NDs based on more than 90% cell
viability.45,46 Lien et al. have reported the cell viability of A549
cells treated by a fluorescent and magnetic nanodiamond
(FMND) particle (surface grafting with polyacrylic acids and
fluorescein o-methacrylate), showing ∼90% of viable cells
incubated with 50 μg/mL NDs for 24 h.47 In comparison with
previous works of pristine NDs and surface-modified NDs, the
directly thiolated NDs in our present work do not show
significant cytotoxicity, which makes them promising platforms
for nanomedicine.

■ CONCLUSIONS
In conclusion, this study presents a simple and easy approach
for modification of the surface of detonation nanodiamonds
with thiol groups (−SH). ND-SH possess numerous surface
thiol groups that facilitate reaction with Au NPs or can be easily
conjugated with functional groups with thiol affinity. The
material was characterized by various spectroscopic techniques,
including UV−vis, EA, TEM, XPS, and Raman spectroscopy,
demonstrating successful modification of the surface of NDs
with thiol groups. The atomic percentage of sulfur was 3.427%
for 100 nm ND-SH and 9.95% for 5 nm ND-SH, as determined
by EA. The surface percentage of thiol groups was 1.07% for
100 nm ND-SH and 2.21% for 5 nm ND-SH, as estimated from
XPS. This material did not show significant toxicity to the
human lung carcinoma cell line and may prospectively be
applied in the biological field. This study may significantly

improve the approach toward surface modification of
detonation nanodiamonds and provide a new platform for
the application of nanodiamonds.
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