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Abstract
Nanodiamonds (NDs) are amongst the most investigated carbon-based nanostructures due to their chemical stability 
and favorable mechanical properties. Despite the number of works on methods for NDs production, one of the main chal-
lenges is to achieve their colloidal stability in aqueous suspension. Additionally, NDs are normally obtained by expensive, 
complex and time-consuming process. Herein, it was presented a facile method to obtain NDs in aqueous suspension 
by using columnar structure diamond from Hot-Filament Chemical Vapour Deposition reactor (HFCVD). CVD diamond 
leftover thick film from CVDVale Company was used. Therefore, this method has the advantage of being not only practical 
but also cost-effective since it brings a profitable use of CVD diamond leftover. The Diamond thick film was submitted 
to ultrasonic cavitation in the presence and absence of  ZrO2 microbeads in aqueous medium. The NDs hydrodynamic 
diameter and the stability in aqueous suspension were monitored by light scattering, size and morphology were analyzed 
by transmission electronic microscopy. Considering the wide application of NDs in biomedical devices, cytotoxicity of 
aqueous suspensions of NDs was evaluated against murine embryonic fibroblast cells. Furthermore, NDs were func-
tionalized with hydrogen and carboxyl groups. NDs aqueous suspension of straight size distribution was obtained even 
in the absence of  ZrO2 beads, indicating that they may be dispensable in order to decrease NDs size. NDs of average 
hydrodynamic diameter of 22 nm and − 35 mV of Zeta-potential were obtained after ultrasonic cavitation followed by 
2 h of centrifugation, not demonstrating cytotoxicity to cells at very low (0.05–0.5 μg/mL) nor at higher concentrations 
(116 μg/mL). Nevertheless, NDs showed a moderate cytotoxicity at intermediary concentration range (0.5–2.2 μg/mL). 
From our knowledge, this is the first work that reports on a facile method for providing NDs aqueous suspension with 
high colloidal stability from HFCVD diamond leftover.
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1 Introduction

Carbon-based nanomaterials are extremely interesting 
for biomedical applications since carbon is the main 
constituent of living organisms. Fullerenes, carbon nano-
tubes, graphene and nanodiamonds (NDs) are among 
the most investigated carbon-based nanomaterials. 
More specifically, the NDs, have outstanding mechani-
cal properties, low toxicity, high biocompatibility [59] 
and high stability due to chemical inertia of the diamond 
core [47, 59]. When Nitrogen Vacancy centers are pre-
sent in the diamond crystalline lattice, they become fluo-
rescent and useful in optical, sensorial and bioimaging 
applications and also as quantum sensors because fluo-
rescence is sensitive to environmental parameters such 
as temperature, electric and magnetic fields [2–4, 23, 28].

NDs applications can be further extended by surface 
functionalization with a diverse type of chemical groups, 
modulating NDs hydrophobicity and (bio)molecular 
affinity. Recently, studies showed that the NDs bacte-
ricidal activity against the E. coli bacteria was afforded 
by oxidized and partially oxidized surface groups by 
promoting interactions with the cellular components, 
whereas the anisotropic distribution of the charges on 
the surface of the NDs, facilitates changes on the cell 
membrane of gram negative bacteria [51]. Although 
there is little information regarding the NDs cytotoxicity 
there is some evidences that NDs are not toxic to eukary-
otic cells [26, 29, 37, 55], which has encouraged several 
works towards the use of NDs as drug delivery platforms 
[11, 15, 39, 45, 58].

Diamonds and NDs have been synthesized by dif-
ferent techniques, for example: high pressures high 
temperatures (HPHT) [27], plasma-enhanced chemical 
vapor deposition (PECVD), hot filament chemical vapor 
deposition (HFCVD), etc., and explosive detonation [27], 
laser ablation [3, 12, 56], chlorination of carbides [52], 
ultrasonic cavitation [9, 16], etc.… respectively.

The stability of NDs is compromised by their small size 
(~ 5 nm) and surface chemistry [33]. The presence of oxi-
dized groups on the surface of NDs induces the aggre-
gation by hydrogen bonds and NDs aggregates of 100 
to 200 nm are commonly observed [21, 22]. Therefore, 
methodologies for NDs disaggregation and stabiliza-
tion of NDs in suspension have attracted much effort of 
researchers. However, the establishment of a cost-effec-
tive method is still challenging since most part of the 
methods requires expensive equipment, and reactants.

One of the most used techniques for improving NDs 
stability in suspension is the Bead-Assisted Sonic Dis-
integration (BASD) [5, 7, 20, 24, 34]. In this technique, 
dense  ZrO2 microbeads of 30 μm are used in order to 

break NDs aggregates by collision driven by the energy 
of ultrasonic [24]. However, the use of these microbeads 
brings the disadvantage of contamination with  ZrO2 resi-
dues, requiring additional purification steps with acids 
or bases. In addition to the time-consuming, these steps 
may compromise the safety and costs in the production 
of NDs [7, 30, 31, 49].

Alternative techniques for NDs disaggregation include 
Salt Assisted Ultrasonic Disaggregation (SAUD) [32, 36, 
46], which uses salts such as NaCl, KCl, sodium acetate, 
among others. In this case, the stability of NDs in suspen-
sion is enhanced by the interaction of the cationic ions 
with the negative groups, such as carboxyl on the surface 
of the oxidized NDs. Another alternative for the NDs dis-
aggregation is the surface hydrogenation of NDs [53]. The 
monofunctionalization of the NDs surface decreases the 
interaction between particles and prevents NDs aggrega-
tion [19, 41].

In the present study, NDs in suspension were prepared 
from microcrystalline diamonds obtained on an industrial 
scale by Hot-Filament Chemical Vapor Deposition (HFCVD). 
Commonly, CVD diamond coating is used to improve 
mechanical properties and biocompatibility of biomedi-
cal devices. Notably, inside HFCVD reactors not only the 
surface of specific substrate is covered by CVD diamond, 
but a lot of “holders” is coated and, so used for. Therefore, 
there is a considerable amount of CVD diamond leftover 
produced during the HFCVD coating process. In this way, 
the aim of this work was to give a profitable use of this 
CVD diamond leftover by using it to produce NDs in aque-
ous suspension. The diamond was submitted to ultrasonic 
cavitation in the presence and absence of  ZrO2 microbe-
ads in aqueous medium. The influence of  ZrO2 in this pro-
cess was evaluated regarding NDs hydrodynamic diameter 
and stability in suspension, monitored by dynamic light 
scattering. Size and morphology of NDs were analyzed by 
transmission electronic microscopy (TEM). Furthermore, 
aiming at the biological applications of NDs, cytotoxicity of 
aqueous suspensions of NDs of 20 to 90 nm was evaluated 
against murine embryonic fibroblast (MEF) cells. Finally, 
the produced NDs were functionalized with hydrogen and 
carboxyl groups, which provides a wide range of possible 
applications of these NDs from nano-sized fillers in materi-
als field to drug delivery platforms by covalent linking of 
bioactive molecules.

2  Experimental details

2.1  Materials

In this study, synthetic diamond in the form of self-con-
tained films produced by Hot-Filament Chemical Vapor 
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Deposition (HFCVD) supplied by CVDvale and National 
Institute for Space Research (INPE) was used to obtain 
aqueous suspensions of NDs. Deionized water (type 1) 
was obtained from Deionizer Millipore Milli-Q system. 
Dulbecco’s

Modified Eagle’s Medium (DMEM) (Gibco) was prepared 
in deionized water and buffered with sodium bicarbo-
nate (Synth, Brazil) and supplemented with fetal bovine 
serum (FBS) (Vitrocell Embriolife). Streptomycin, ampicillin, 
3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), and dimethylsulphoxide (DMSO) were pur-
chased from Sigma-Aldrich. Sulfuric, nitric, hydrochloric 
and hydrofluoric acids were purchased from Synth (Brazil). 
Acrylic acid with purity greater than 99.5% was received 
from BASF (The Chemical Company, Brazil).

2.2  Microcrystalline diamonds

The 20 to 50 µm microcrystalline diamond was grown in 
columnar structure without re-nucleation in a HFCVD (Hot 
Filament Chemical Vapor Deposition) reactor. A set of five 
125 μm tungsten filaments, kept at a temperature around 
2200 °C and positioned at 5 mm above the substrates 
was the activation region. The total gas pressure was of 
50 Torr during the 3 h of growth. The reactive gas mixture 
consisted of 2%  CH4 and 98%  H2. The ramp downturn off 

period was of 1 h. Under these CVD conditions, the deposi-
tion rate, at 700 °C, was approximately 0.43 μm/h. This is 
a roughly used process in CVDVale that is a company spe-
cialized on the CVD coating. Normally, during the coating 
process. Therefore, by using small samples of substrate, the 
CVD diamond leftover could be recovered, and it was used 
herein in order to produce NDs in aqueous suspension.

2.3  NDs in aqueous suspension

The methodology developed herein was based on the 
ultrasonic cavitation, which is a method of propagation of 
ultrasonic waves in the liquid phase, resulting in alternat-
ing cycles of low and high pressure, creating vacuum bub-
bles that implode producing high speed liquid jets, which 
provide the material disaggregation. All the experimental 
steps are depicted in the flow chart below (Scheme 1).

Firstly, the CVD diamond thick film was macerated in 
agate mortar and pestle and then sieved in 200 mesh 
sieve.

Dispersing of the diamond powder (250 mg) was car-
ried in  H2O (50 mL) (type 1; resistivity of > 18.2 MΩ cm−1). 
This dispersion was submitted to ultrasonic cavitation at a 
power of 450 W for 30 min (Sonics VibraCell). Afterward, an 
aliquot of the suspension has been removed and named 
ND-0 h and other aliquot was centrifuged in Hettich Rotina 

Scheme 1  Schematic representation of the experimental steps for obtaining aqueous suspension of NDs
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420R, for 2 h at 2200 G to remove remaining aggregates. 
The final suspension was named ND-2 h. The resulting 
dispersions contained about 200 and 100 μg/mL of NDs 
respectively.

To measure the concentrations of each NDs suspension, 
aliquots of 2 mL of each suspension were lyophilized in 
triplicate. After lyophilization, the recovered NDs were 
weighed and the concentration of each aqueous NDs 
suspensions was calculated by using the value of initial 
volume.

The pH of the ND-0 h and ND-2 h aqueous suspensions 
were determined at 25 °C using a pHmeter MS Tecnopon 
mPA-210. The values were of 8.00 and 8.17 of ND-0 h and 
ND-2 h, respectively.

2.4  NDs characterization

2.4.1  Size and zeta potential: DLS (dynamic light 
scattering)

The zeta potential, hydrodynamic diameter and particle 
size distribution of the NDs samples were analyzed by 
dynamic light scattering in a Beckman-Coulter Delsa Nano 
C zeta-sizer analyzer (Beckman Coulter Inc., Brea, CA, USA).

2.4.2  Particle morphology: TEM (transmission electron 
microscopy)

The size and morphology of NDs were analyzed by trans-
mission electron microscopy (TEM). Images of the NDs 
were obtained using a 120 kV FEI Tecnai. The NDs samples 
were prepared in ultrathin 200 mesh carbon-coated cop-
per grids—CF200-Cu (EMS).

2.4.3  FT‑IR (Fourier transformed infrared spectroscopy)

The infrared spectra were acquired by Fourier transform 
infrared spectroscopy using a universal attenuated total 
reflectance sensor (FT-IR-UATR) (Perkim Elmer Spec-
trum, model Frontier). The FT-IR spectrum was an aver-
age of 32 scans at a speed of 2 s per scan in a range of 
400–4000 cm−1. The resolution of the spectrometer was 
of 4 cm−1.

2.4.4  Raman spectroscopy

Raman spectra of the materials were collected with a 
LabRAM HR Evolution model Raman Spectrophotom-
eter (Horiba) using an Ar laser (514 nm). The spectra were 
measured in the range of 400 to 4000 cm−1 with acquisi-
tion time of 20 s.

2.4.5  X‑ray diffraction (XRD)

Crystalline structure and the presence of impurity were 
investigated by X-ray diffraction (XRD), using a PANalytical 
(X’Pert PRO), operating at 45 kV and 40 mA. XRD patterns 
were collected in the 2θ range from 20 to 95° at step size 
of 0.02°.

2.4.6  X‑ray photoelectron spectroscopy (XPS)

XPS measurements were carried out on Kratos Axis 
Ultra DLD using a monochromated Al Kα X-ray source of 
1486.6 eV at a power of 120 W. The survey XPS spectra 
were acquired with pass energy (PE) of 160 eV. The high 
resolution O1s and C1s XPS spectra were acquired with 
energy passage of 40 eV. The spectra were corrected to 
the carbon spectrum set at 284.8 eV. The peak fitting was 
performed using CasaXPS software and least-square fitting 
procedure was applied.

2.4.7  Cell viability assay

Murine Embryonic Fibroblast cells (MEF) were thawed and 
cultured in plastic bottles with vented cover of 75 cm2 
(Sarstedt), containing Dulbecco’s Modified Eagle’s Medium 
(DMEM) supplemented with 10% (v/v) FBS, sodium bicar-
bonate (2  g/L), streptomycin (0.1  g/L), and ampicillin 
(0.025 g/L). Cells were incubated at 37 °C in a humidified 
atmosphere with 5%  CO2. After reaching confluence, the 
cells were analyzed to evaluate the viability by exclusion 
of Trypan blue method. The viable cells were counted in a 
Neubauer chamber.

Cell proliferation and viability was determined by the 
colorimetric method of reduction of 3-(4,5dimethylthi-
azol2-yl)-2,5 diphenyl tetrazolium bromide (MTT). Cells 
incubated in the absence of samples were considered as 
100% of viability. Cell proliferation was evaluated after 
24 h of incubation of cells in the presence of NDs at differ-
ent concentration ranges. In the assays with NDs obtained 
without  ZrO2 beads and without centrifugation (ND/0 h), 
NDs were at 0.05 μg/mL–3.00 μg/mL. NDs aqueous sus-
pensions obtained without beads  ZrO2 and after 2 h of 
centrifugation (NDs/2 h) were at the concentration of 
0.01–116 μg/mL. The cells were seeded into 96 well plates 
(DNase and RNase free –Nest Biotechnology Co. Ltd) at a 
density of  104 cells/well. The effect of centrifugation was 
also evaluated by incubating cells for samples 24 h ND/0 h 
and ND/2 h. After incubation, the medium was removed 
and the cells were washed with fresh PBS. Then, the cells 
were incubated for 3 h with 100 μL of an MTT solution 
(0.50  mg/mL). After washing the cells with fresh PBS, 
dimethylsulphoxide (DMSO) was used to solubilize the 
formazan crystals. The final absorbance of formazan was 
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measured in a microplate reader (BioTek) at 540 nm. The 
absorbance of cells in absence of samples was considered 
as 100% of viability. The cell viability data were analyzed 
by 1-way ANOVA and Tukey’s multiple range (P < 0.05) to 
determine statistical differences between different groups 
of samples.

2.5  NDs powder purification

The aqueous suspension obtained after the cavitational 
process, was was dried by lyophilization. The obtained 
ND powder was treated in 3 stages:—Aqua Regia Solution 
 (HNO3: HCl = 1: 3) for the removal of impurities contained 
in the reactor;—Piranha Solution  (H2SO4:  H2O2 = 4: 1) for 
the removal of organic contaminants and hydrofluoric 
acid (HF) for the removal of  SiO2 from contamination of 
the sample by abrasion of the Agate mortar.

2.6  NDs surface functionalization

NDs surface was firstly monofunctionalized by surface 
hydrogenation (ND-H), followed by photofunctionaliza-
tion with carboxylic groups (ND-COOH).

2.6.1  Hydrogenation (ND‑H)

The purified ND powder was subjected to an  H2 Plasma 
Enhanced Chemical Vapor Deposition process (PECVD). A 
sample of ND of 15 mg was deposited in a sample holder 
and placed in a reactor. Then the reactor was purged with 
argon (Ar) at a pressure of 2.4 mtorr, with a voltage of 
− 600 mV, for two minutes (3.5sccm). Following, hydrogen 
gas (10sccm) and argon (3.5sccm) were inserted under a 

pressure of 4.1 mtorr at a voltage of − 800 mV, for 5 min 
(Scheme 2). This procedure was repeated, with an inter-
val for manual homogenization of the powder inside the 
holder in order to enhance the homogeneity of surface 
hydrogenation.

2.6.2  Carboxylation (ND‑COOH)

The hydrogenated sample was subjected to a process of 
photofunctionalization with acrylic acid by following a 
protocol proposed by Wang et al. [50] but with some modi-
fications. Briefly, acrylic acid glacial (BASF—The Chemical 
Company, > 99.5%) was added dropwise on a sample of 
ND-H until all the powder was covered. Then, the system 
was placed in a U.V. chamber with a 254 nm lamp for a 
period of 72 h (Scheme 3). After this time, the excess of 
acid was neutralized by washing the powder several times 
with water, followed by centrifugation (2200 G, 10 min and 
25 °C). This process was repeated until the wash water was 
at neutral pH. Finally, the powder was air-dried at room 
temperature.

3  Results and discussion

3.1  NDs size and polydispersity

The influence of  ZrO2 in the process of cavitation was 
evaluated regarding NDs size and polydispersity of the 
aqueous suspension. The values of hydrodynamic diam-
eter obtained by DLS are depicted in Table 1. The average 
hydrodynamic diameter of NDs prepared in the absence 
of  ZrO2 (D = 77 ± 21 nm) was very similar to the hydrody-
namic diameter of NDs prepared with  ZrO2 (83 ± 21 nm) 
suggesting that  ZrO2 beads did not enhance particles dis-
agglomeration in the samples used herein. Similarly,  ZrO2 
beads did not change the NDs polydispersity since the full 
width at half maximum (FWHM) of the size distribution 
curves (Fig. 1) was the same for NDs suspension obtained 
with and without  ZrO2. Aiming the smallest size of NDs, 
the main parameter to be settled is the centrifugation time 

Scheme  2  Schematic representation of the nanodiamonds hydro-
genation

Scheme 3  Schematic representation of the nanodiamonds carboxylation
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of the suspension. As can be seen in Table 1, the centrifu-
gation of 2 h (2200G; 25 °C), provided the precipitation 
of bigger particles and the average diameter of NDs in 
suspension reduced from 83 to 22 nm in the NDs suspen-
sion obtained without  ZrO2 and from 77 to 20 nm in the 
NDs suspension obtained with  ZrO2 beads. Centrifugation 
also improved polydispersity of the suspension since the 
FWHM reduced from 42 to 7 in both kinds of suspension, 
reflecting the narrowing of the size distribution curves 
(Fig. 1). Although centrifugation has been shown as an 
important step to improve the quality of NDs suspension, 
it is noteworthy that this step compromises the yield of the 
process since the concentration was very low (116 μg/mL).

NDs size and morphology were analyzed by TEM. The 
images (Fig. 2) showed spherical particles both in the sam-
ples obtained with or without  ZrO2 beads. NDs obtained 
without  ZrO2 seemed to be better dispersed than NDs 
obtained with  ZrO2. In this case, the observation of indi-
vidual particles was hampered by the presence of bigger 
agglomerates. Even so, the size of individual particles was 
measured by using the image J software and the size dis-
tribution curves were obtained by a Gaussian fit (Fig. 2). 
The average diameter was similar to both types of NDs 

and therefore, as also observed in the hydrodynamic diam-
eter,  ZrO2 beads did not change the size of NDs particles 
obtained from CVD-diamond.

The improvement in the polydispersity by centrifuga-
tion due to the removal of agglomerates was confirmed 
by the TEM image of NDs after 2 h of centrifugation (Fig. 3). 
NDs were spherical and a narrow size distribution curve 
indicated NDs of (14 ± 1) nm of average diameter.

One of the most challenging feature of the obtain-
ing process of NDs is to achieve their colloidal stability. 
Although NDs of small diameters have been obtained 
by the most diverse techniques, they were prone to 
form big aggregates in solution unless some kind of 
coating or functionalization were used. Despite the fact 
that NDs size is normally measured only by electronic 
microscopy [8, 35, 48, 51] it is possible to claim that the 
NDs obtained here presented very similar size then the 
NDs reported by other researchers. By using microwave 
plasma-assisted chemical deposition, Vandenbulcke 
et al. [48] obtained NDs of 10–100 nm although some 
particles of 2–10 nm were also observed. In the work of 
Park et al. [35], very small NDs of 4–6 nm were observed 
by TEM however the stability of these NDs in suspension 
was not evaluated. According to Eldawud et al. [8], NDs 
of 3–7 nm were able to form aggregates of 30–100 nm 
resulting in a mean hydrodynamic diameter of 63.6 nm 
in aqueous suspension. Wehling et al. [51] obtained NDs 
in aqueous suspension with very similar hydrodynamic 
diameter (60  nm) by submitting commercially avail-
able NDs to oxygenation methods and different con-
ditions of annealing. Even if the hydrodynamic diam-
eter of the NDs obtained herein in aqueous suspension 
was close to the values reported by them (83–77 nm), 
a suspension of smaller NDs were obtained after cen-
trifugation. The colloidal stability of smaller NDs could 
be result of the increased Zeta-potential of these NDs. 
The Zeta-potential of the NDs after centrifugation was 
of − 35 mV whereas NDs obtained by Eldawud et al. [8] 
presented Zeta-potential of − 28 mV. Despite the simi-
larity regarding size and Zeta-potential, the mentioned 
works reported on more complex methodologies which 
required not only more expensive equipment and chem-
ical reactants but were also time-consuming. In addition 

Table 1  Hydrodynamic 
diameter, FWHM and Zeta 
Potential of the NDs samples

Centrifugation 
time (hours)

Hydrody-
namic diameter 
(nm)

FWHM Concentration 
(μg/mL)

Zeta 
potential 
(mV)

With  ZrO2 spheres 0 83 42 – –
(NDwithZrO2) 2 22 7 – –
Without  ZrO2 spheres 0 77 42 235 − 36
(ND) 2 20 7 116 − 35

Fig. 1  DLS size distribution curves of NDs in suspension obtained 
after ultrasonic cavitation in the presence and absence of  ZrO2 
beads followed by 2  h of centrifugation (ND/2  h) or without cen-
trifugation (ND/0 h)
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to the easiness of the procedure described here it has 
to be highlighted that it is a low-cost method to obtain 
NDs stable in aqueous suspension with small size and 
straight size distribution.

Since the use of  ZrO2 beads in the cavitation process 
had shown to be worthless to improve NDs suspension 

and we aimed at the simplest method for NDs prepara-
tion, the following characterization was performed only 
with NDs obtained without  ZrO2 beads.

Fig. 2  TEM images and 
histograms of size of NDs 
grains obtained by ultrasonic 
cavitation without centrifuga-
tion process. a NDs grains 
obtained without  ZrO2 beads, 
b NDs grains obtained with 
 ZrO2 beads

Fig. 3  TEM images and his-
tograms of NDs obtained by 
ultrasonic cavitation without 
 ZrO2 beads with centrifugation 
for 2 h at 2200 G at various 
magnifications showing
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3.2  Diamond identification

The presence of diamond in the samples was confirmed 
by the Raman analysis (Fig. 4). The spectrum of the starting 
material (Fig. 4a) showed the peak at 1334.41 ± 0.19 cm−1 
which is characteristic of diamond phase of carbon consid-
ering the shift of 2 cm−1 to smaller wavenumber [17]. This 
shift was already identified as a compression state of dia-
mond samples [1]. The diamond peak was also observed 
in the Raman spectra of NDs obtained by ultrasonic cavita-
tion in the absence of  ZrO2 beads (Fig. 4b). However, the 
diamond peak was observed at 1326.80 ± 4.78 cm−1, which 
means that there is not shift from characteristic diamond 
[43, 57]. The association between NDs size and the shift of 
Raman peak was clearly showed in the work of Yoshikawa 
et al. [57] where the diamond peak was shifted by 13 cm−1 
to smaller wavenumber in the Raman spectra of NDs with 
5 nm of diameter. In the work of Sun et al. [43] the Raman 
peak shift in function of NDs size was attributed to the 
phonon confinement effect. The Raman peak of diamond 
in the spectra of NDs of 90 nm and 35 nm of diameter was 
identified at 1329 cm−1 and 1325 cm−1, respectively [43].

The wide band observed in both spectra at 
1499.00 ± 2.76  cm−1 and the low-intensity peak at 
1500.00 ± 8.09 cm−1 indicated the presence of graphite 
phase which is a result of the use of graphite as substrate 
in the HFCVD reactor for CVD diamond growing.

The diamond was also characterized by X-ray diffrac-
tometry. Diffraction patterns of starting material (black 
line) and ND/0 h are shown in Fig. 5. XRD pattern for both 
samples showed a strong diffraction peak at 43.8°, and two 
other peaks at 75.2° and 91.4°, characteristic of diamond 
crystalline plane of (111), (220) and (311).

Fig. 4  Raman spectra of diamond samples (excitation with laser at 
514 nm). a Raw diamond sample. b NDs grains obtained after ultra-
sonic cavitation process without  ZrO2 beads (ND/0 h). The spectral 

deconvolution of each band are represented by the gray continu-
ous and dashed

Fig. 5  X-ray diffraction for the samples. a Raw diamond sample. b 
NDs grains obtaining after ultrasonic cavitation process without 
 ZrO2 (ND/0 h)
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3.3  Cell viability assay

Cell viability of MEF cells decreased in function of NDs con-
centration after 24 h of incubation (Fig. 6). Similar behavior 
was observed for NDs suspension without centrifugation 
(ND/0 h) and after centrifugation (ND/2 h), suggesting the 
negligible influence of NDs size on the cytotoxicity when 
the NDs are at the range of 77–22 nm. According to the 
stablished value of 70% of cell viability as the minimal 
value to consider a material as non-cytotoxic (ISO 10-993-
5) [14], the NDs were only cytotoxic at the concentration of 
1 μg/mL after 2 h of centrifugation. At this concentration, 
cell viability of MEF cells was of 60%, a value very close to 
the limit value of 70%. Therefore, the cytotoxicity of these 
NDs was further investigated by using NDs suspension at 
higher concentrations (Fig. 7). Surprisingly, cell viability 
did not decrease lower than 58–60% and even at higher 
concentration of 116 μg/mL, cell viability was of 70%. 
The absence of cytotoxicity of NDs at high concentration 
were also observed by other researchers. Gismondi et al. 
[11] reported values of cell viability higher than 80% after 
incubation of B16-F10 and HeLa cells with NDs of 4–5 nm 
at 200 μg/mL. Similarly, Schrand et al. [40] observed high 
cell viability of neuroblastoma and macrophage cells incu-
bated with 2–10 nm NDs at concentrations of 5–100 μg/
mL. 

From our experience and as reported by other authors, 
nanoparticles size and colloidal state have critical roles 
in the interaction with cell membrane and consequently 
to cytotoxicity. In fact, the main parameter is the ratio 
between lipid bilayer thickness and nanoparticle diameter. 

Small nanoparticles were able to pierce the cell mem-
brane, being inserted into the membrane or inducing mul-
tiple pore formation. In this case, the higher concentration 
of the nanoparticles in suspension, the higher the cytotox-
icity. Nevertheless, bigger nanoparticles (~ 100–200 nm) 
were shown to be covered by the lipid bilayer becoming 
embedded into the membrane but did not induce pore 
formation. This information supports our claim that NDs of 
22–77 nm were cytotoxic at low concentration because at 
the range of 0.01–1.00 μg/mL they interact with cell mem-
brane as individual nanoparticles, compromising cell via-
bility due to pore formation in the cell membrane. When 
the concentration was further increased, NDs aggregated 
and therefore interacted with the membrane as bigger 
aggregates, causing less severe cell damage. As already 
reported by other authors [8, 54], NDs aggregation is also 
promoted by the cell culture medium due to the protein 
corona that is formed around the NDs surface.

3.4  NDs surface chemistry

One of the most important features of NDs is the surface 
chemistry since it will provide the possibility of surface 
functionalization in order to promote biological or mate-
rials application. The surface chemistry depends on the 
method used for obtaining NDs. Commonly NDs have oxi-
dized and polyfunctionalized surfaces [22], which hampers 
the additional and selective chemical modification [18].

The FT-IR spectra of the raw sample and the NDs 
obtained herein are depicted in Fig. 8. It is known that the 
absorption of two phonons by bulk diamond results in 
several bands in the range of 1800–2600 cm−1 [38]. How-
ever, no phonons absorption has been detected by FT-IR 

Fig. 6  Cell viability measured by MTT assay for NDs/0  h and 
NDs/2  h after 24  h of incubation with MEF cells with suspension 
concentrations of 0.05–3  μg/mL. Results are given as mean ± SD 
(n = 3)

Fig. 7  Cell viability measured by MTT assay for ND/2  h after 24  h 
of incubation with MEF cells with NDs at different concentrations 
(0.05–116 μg/mL). lts are given as mean ± SD (n = 3)
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of NDs smaller than 500 nm. Therefore, the low intense 
bands observed herein in these region were assigned to 
two phonons absorption of NDs aggregates formed dur-
ing the freeze-drying process. It is also possible to assign 
these absorption bands to the incomplete  CO2 purging 
of the spectrometer and hence they would not be related 
to the NDs as reported by Petit and Puskar [38]. In this 
way, in order to investigate the surface chemistry, FT-IR 
spectra were analyzed at the range of 700–1850 cm−1 
and 2800–4000 cm−1. The absence of absorption bands 
in the FT-IR spectrum of raw diamond confirmed that this 
sample did not contain contaminants. Even if it would be 
expected that the surface was partially hydrogenated, it 
would be undetectable by FT-IR due to the low degree 
of hydrogenation. The FT-IR spectrum of NDs showed a 
very intense band at 1089 cm−1 and 777 cm−1, which were 
attributed to Si–O-Si stretching and bending, suggesting 
the contamination of the sample with silica. This contami-
nation was probably from the agate mortar wherein the 
raw diamond was macerated at the beginning of the pro-
cess of NDs preparation.

Despite the contamination with silica, FT-IR spectrum 
indicated that NDs obtained herein directly from ultra-
sound cavitation did not showed surface chemical groups 
which could explain the low cytotoxicity described above 
for NDs at low concentrations. The contamination with 
silica could be eliminated by acid treatment with HF fol-
lowed by washing with deionized water. The successful-
ness of cleaning step could be certified by the absence 
of silica absorption band in the FT-IR spectra of cleaned 
NDs (Fig. 8c).

Although the process described here had been proved 
to be worthy to obtain NDs in aqueous suspension, the 

lack of chemical functionality could hamper further appli-
cation of these materials in biomedical or materials field. 
Controlling the NDs surface chemistry requires a sample 
of purified NDs with only one type of functional group at 
the surface.

Therefore, NDs were firstly hydrogenated by 
PECVD and thereafter carboxilated by chemical 
photofunctionalization.

The FT-IR spectrum of the NDs subjected to the surface 
hydrogenation process (ND-H) is shown in Fig. 9a. Hydro-
genation was evidenced mainly by the presence of the 
bands centered at 2853 cm−1 and 2922 cm−1 that were 
attributed to the symmetric and asymmetric elongation 
vibrations of  CH2 on the surace of NDs [10, 18, 44, 50]. 
In addition to a monofunctionalized surface, the hydro-
genation process is known to facilitate the further func-
tionalization with carboxyl groups. The presence of car-
boxyl groups at NDs surface opens the possibility of NDs 
coupling with several molecules including biomolecules 
such as proteins by covalent linking with terminal amine 
groups [6, 13, 33].

The absorption band centered at 1743 cm−1 (Fig. 9b) is 
characteristic of carboxyl groups [44, 50] and therefore it 
was considered an evidence of the successful carboxyla-
tion. It was also observed the increased intensity of the 
absorption bands at 2853 cm−1 and 2922 cm−1 which are 
characteristic of C-H (symmetric and asymmetric elonga-
tion vibrations) of alkanes [44]. Since there were no alkane 
groups at NDs surface before the functionalization, the 
increased intensity of these bands was attributed to the 
 CH2 from the acrylic acid molecule which could also be 
responsible for the bands at 1000–1500 cm−1, which cor-
respond to the CH or  CH2 chemical groups [42]. A slightly 

Fig. 8  Infrared spectra a Raw Diamond, b ND/0  h, c ND/0  h after 
acid treatment for removing  SiO2 from the sample

Fig. 9  Schematic representation of the carboxylation process and 
FT-IR spectra a ND-H, b ND-COOH
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larger band around 3255  cm−1 was attributed to the 
stretching mode of the OH bond and the other band at 
1560 cm−1 was attributed to the asymmetric vibration of 
COO- chemical group [18]. Both bands were considered 
additional indicatives of the successful carboxylation. It is 
important to point out that there was no carboxyl group 
directly bound to C from ND surface. Instead, it is expected 
that the molecule of acrylic acid was bonded after the 
breakdown of the unsaturated bond in its molecular 
structure. For this reason, the carboxyl group identified 
in the FT-IR spectrum was from acrylic acid, as well as the 
 CH2 group. The absorption band of both group showed 
increased intensity after functionalization with acrylic 
acid. This increased intensity could not be a result of the 
presence of unbonded acrylic acid since the excess of 
acid was washed out after ND functionalization and even 
it would be still present, the absorption band would not 
correspond to CH of alkanes, instead it would correspond 
to CH of unsaturated bonds from acrylic acid that did not 
react with ND surface. Unbonded acrylic acid would also 
be identified by the absorption band of unsaturated C–C 
bonds, which were absent in the FT-IR of functionalized 
ND.

The functionalization of NDs surface was also moni-
tored by XPS of carboxylated NDs (Fig. 10). The Fig. 10 
shows XPS wide scans and fits of O(1s) and C(1S) bands 
of ND-COOH. XPS analysis of wide scan showed peaks of 
C(1s) at 285 eV (Fig. 10a) which is in agreement with the 
known value of binding energy of C(1s) from diamond. 
Therefore, it was an indicative that no changes of diamond 
occured during the functionalization process. The decon-
voluted peak of O(1s) (Fig. 10b) showed 4 values of binding 
energy: 284.3 and 284.8 eV assigned to C–C, 285.9 (C–O) 
and 288.8 (COOH). The C(1S) peak was deconvoluted to 3 
values of binding energy: 533.6 (C–OH), 532.1 (C=O) and 
530.8 (Si). These results indicated the high density of car-
boxyl groups which was in line with the XPS characteriza-
tion of carboxylated NDs reported by other researchers 
[25, 50]. The presence of Si identified in the wide scan and 
in the deconvoluted C(1S) was assigned to the presence of 
amorphous Si that could be remaining contamination of 
the Si substrate used to grow the raw diamond.

4  Conclusion

This work present a very simple method to obtain NDs 
from CVD diamond leftover with columnar structure. This 
methodology includes maceration followed by ultrasonic 
cavitation in water and centrifugation of the final suspen-
sion. It was shown that despite a number of research works 
had pointed the important role of  ZrO2 beads in the cavita-
tion process in order to reduce the size of the NDs, herein, 

they had no influence in size. Furthermore, the NDs sus-
pension obtained in the absence of  ZrO2 beads presented 
better dispersion and size homogeneity then the NDs 
obtained in the presence of  ZrO2 beads. Silica was clearly 
the main impurity of NDs obtained herein. Certainly, this 
impurity was caused by the maceration step with agate 

Fig. 10  XPS spectra of ND-COOH a Wide scan. b C(1s) ND-COOH. c 
O(1s) ND-COOH
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mortar even so, it was present at low concentration since it 
was identified in the FT-IR spectra but not in DRX analysis. 
Acid treatment proved to be a successful tool to clean off 
 SiO2 from the samples. The in vitro assays performed with 
MEF cells showed that the NDs obtained by this methodol-
ogy had limited cytotoxicity at intermediary concentration 
but were not cytotoxic at low and higher concentration. 
This is a very positive feature considering that one of the 
most useful application of NDs has been as drug carriers 
or diagnostic agents. In conclusion, it was reported here 
a facile methodology to obtain NDs of low diameter and 
straight size distribution. Additionally, this methodology 
provides NDs in aqueous suspension with high colloidal 
stability and high Zeta-potential. Notably, the main advan-
tage of this methodology is the low cost since the starting 
material was CVD diamond leftover from reactors. Never-
theless, the low concentration of the final suspension has 
to be pointed as the main drawback of the process.

Therefore, further investigation is needed in order to 
scale up this method.
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