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A B S T R A C T

We functionalized fluorescent nanodiamonds of various sizes using a thiourea-based thiolation reaction to tailor 
their surface chemistry for biological and quantum technological applications. Spectroscopic analyses revealed 
that this reaction generates a complex mixture of sulfur- and nitrogen-containing groups, arising from the re
action of thiourea with surface functional groups and from oxidative cyclization. Since the charge stability of 
negatively charged nitrogen-vacancy (NV⁻) centers is strongly influenced by the near-surface electronic structure, 
surface modifications that enhance this stability—while preserving colloidal dispersibility and enabling further 
functionalization—are essential for quantum sensing applications. We show that the surface chemistry produced 
through the reaction of nanodiamonds with thiourea increases electron availability and favors the stabilization of 
the NV⁻ charge state. These results highlight the potential of thiourea-derived surface modification as an effective 
route to improve the quantum performance of nanodiamonds.

1. Introduction

Fluorescent nanodiamonds (FNDs) consisting of nitrogen-vacancy 
(NV) centers have attracted significant attention over the last decades 
due to their long-term biocompatibility and photostability [1,2], low 
toxicity [3,4], single-photon emission properties [5], high sensitivity to 
local magnetic [6,7], electric [8], and strain [9] fields, and temperature 
[10–14], as well as their suitability for single particle tracking [15,16], 
and long-term imaging [17–19]. The NV center is one of the most 
well-known point defects in diamond, consisting of a substitutional ni
trogen atom adjacent to a missing carbon atom (vacancy) in the dia
mond lattice. Nitrogen-vacancy defects can exist in two charged states: 
neutral (NV0, S = 1/2) and negatively charged (NV− , S = 1), in which 
the negative charge state is typically donated by other substitutional 
nitrogen defects. The negatively charged state is the most relevant for 
quantum technological applications [20]. However, in the case of 
nanodiamonds, stabilizing NV− remains challenging, as NV centers 
become shallow defects and surface states can act as sources of holes 

under illumination [21], or shift the Fermi level, making electron 
depletion at shallow NV centers energetically favorable. Adsorbed 
electrolyte species and fluctuating surface dipoles also aggravate charge 
instability [22]. Surface engineering of nanodiamonds is therefore 
essential to suppress these destabilizing pathways, shift the near-surface 
Fermi level upward, and reliably maintain the NV⁻ charge state required 
for quantum sensing applications.

Nanodiamond surfaces are rich in functional groups, such as C=O, 
COOH, epoxy groups, and modifying these surfaces is a common strat
egy to tailor their properties for specific applications [23–26]. Several 
studies have investigated the effect of different surface groups on NV 
centers. Surface groups with positive electron affinity, such as certain 
oxygen groups [27–31], nitrogen [32–34] and fluorine groups [35,36] 
can stabilize the shallow NV centers. In contrast, surface groups with 
negative electron affinity, such as hydrogen [37] and silicon [34], tend 
to destabilize the shallow NV− centers. Thiol groups exhibit diverse 
chemistry, including cross-linking through sulfide or disulfide formation 
[38], click chemistry in various reaction media [39], self-assembled 
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monolayers (SAMs) [40], heavy metal scavenging [41], biosensing [42], 
biomedical applications [43]. and the passivation and stabilization of 
noble metal nanoparticles for biological applications [44]. Indeed, thiol 
functionalization of FNDs has been proposed as a useful strategy for 
quantum sensing, i.e., for immobilization on metallic surfaces [45], and 
especially for biological applications due to the rich variation of stan
dard binding protocols for thiols [45–48]. It is surprising, therefore, that 
no direct thiol functionalization of NV containing diamond surface has 
been reported so far. However, the effect of thiol groups on pH sensing 
has been demonstrated by surface-modified FNDs with a polycysteine 
layer [49]. Even though, thiolation of diamonds has been reported in the 
literature [50–52], none of these studies has investigated the impact of 
surface modification on the fundamental properties of NV centers in 
FNDs. Theoretical studies, on the other hand, predicted an unfavorable 
effect from thiol groups [47].

While the presence of thiol groups, particularly a uniform thiol 
termination, might destabilize the shallow NV− centers, recent studies 
showed that the heterogeneity of surface chemistry, i.e., amine termi
nation in the presence of oxygen-containing surface moieties [53,54], 
can enhance NV− stability, despite the amine also being considered 
unfavorable. In fact, even the sp2 carbon species have been shown to be 
useful for charge stabilization under specific conditions [55–57].

One of the primary methods for introducing thiol groups involves the 
use of thiourea. Under normal thiourea-mediated thiolation conditions 
[50,51], hydroxyl groups are first converted into alkyl halides, after 
which thiourea undergoes nucleophilic substitution to form 
surface-bound isothiouronium intermediates. These intermediates are 
subsequently cleaved under alkaline conditions to yield 
thiol-functionalized organic compounds. In the presence of other func
tional groups, excess thiourea and under oxidative or strongly acid
ic–basic conditions, however, thiourea can undergo many different 
reactions, and even cyclization reactions [58,59], producing reactive 
intermediates such as formamidine disulfide, cyanamide, and dicyan
diamide, which may further condense into various dimeric, oligomeric, 
or cyclic sulfur- and nitrogen-containing species.

In this work, we applied a thiourea-based surface modification to 
nanodiamonds of various sizes in order to enhance their chemical 
functionality while preserving their optical performance. We show that 
the proposed reaction produces not only thiol groups, which are useful 
for subsequent biofunctionalization and quantum-sensing interfaces, but 
also sulfur- and nitrogen-containing conjugated cyclic species arising 
from thiourea cyclic oxidation. These additional surface functionalities 
create an optimized electronic environment that stabilizes the nega
tively charged NV⁻ state, even for the smallest 20 nm nanodiamonds, 
without compromising colloidal stability, demonstrating that the 
thiourea-derived surface chemistry provides an effective route to in
crease both the functional versatility and quantum performance of 
nanodiamonds.

2. Materials and methods

2.1. Materials

All materials were used as received, without purification. Ammonia 
solution (28% GPR Rectapur, VWR Chemicals), NaBH4 (>98% powder, 
Sigma Aldrich), Hydrogen bromide (HBr) (48%, Acros Argonics), Acetic 
acid (HOAc) (96%, Reanal), thiourea (Reanal), NaOH (Reanal Norma
pur, pellets, Sigma Aldrich), H2SO4 (95%, Normapur, VWR Chemicals), 
and HPHT fluorescent nanodiamonds from Adámas Nanotechnology, 
USA (20, 30, 40, 50, 100, 140 nm nominal diameter) containing high 
concentrations of NV centers.

2.2. Instruments and characterization

Fourier Transform Infrared Spectroscopy (FTIR) measurements were 
conducted using a Bruker IFS 66v/S spectrometer operated at 3 mbar 

pressure, equipped with a Globar source and a liquid-nitrogen-cooled 
MCT (mercury-cadmium-telluride) detector. The samples were drop- 
cast onto a single-side polished <100> Si wafer.

The X-ray photoelectron spectroscopy (XPS) analyses were per
formed with an Escalab xi+ (ThermoFisher) using a monochromatic Al 
Kα source. A charge neutralizer was applied to all specimens. The 
analyzed area had a diameter of 650 microns. The instrument base 
pressure was 3 × 10− 10 mbar. The samples were drop-cast onto a Nb 
substrate (GoodFellow GmbH, Hamburg, Germany). All spectra were 
calibrated using the Nb 3d5/2 orbital of Nb2O5 at 207.1 eV and the C 1s 
peak of adventitious carbon (C-C/C-H) at 284.8 eV. For the S 2p orbital, 
a ratio of 1:2 (S 2p1/2:S 2p3/2) and an energy separation of 1.2 eV were 
used as split parameters. Spectra were analyzed with CasaXPS software 
(version 2.3.23). The peaks were fitted with a GL30 (Gaussian/Lor
entzian) function with 30% Lorentzian character, and Shirley-type 
background subtraction was applied.

Zeta potential measurements were performed using a Zetasizer Nano 
Z (Malvern Instruments, UK). Sample concentrations were approxi
mately 10− 3 mg/mL, with the temperature maintained at 23◦C. The 
viscosity of water was set to 0.8872 cP, and the refractive index and the 
absorbance of FND were set to 2.42 and 0, respectively. DTS1070 type 
specialized cuvettes were used, and at least 5 replicates were measured 
for each sample.

Photoluminescence (PL) measurements were conducted using a 
Renishaw inVia Raman Microscope equipped with a 50 × Leica objec
tive and a Nd:YAG laser at 532 nm. FND samples were drop-cast onto 
single-sided polished <100> silicon wafers. PL spectra were collected 
from aggregated nanodiamonds. At least seven different points on each 
sample were measured. The incident laser power was kept low (~ 36 
µW) to prevent charge-state conversion of the NV centers.

The fractions of neutral and negatively charged NV centers were 
calculated based on the assumption that the overall spectrum is a linear 
combination of the pure NV0 and NV− spectra with appropriate 
weighting factors. The Levenberg-Marquardt (LM) algorithm was used 
for iterative fitting [60–62].

The Raman measurements were performed using multimodal laser 
excitation on a Renishaw inVia Raman Microscope, employing a He-Cd 
laser at 325 nm and a diode laser at 785 nm. FND samples were drop-cast 
onto single-side polished <100> silicon wafer, and spectra were 
collected from aggregated nanodiamonds from 9 different points on 
each sample.

2.3. Synthesis of surface-modified FNDs

The thiourea-modified FNDs were synthesized following a modified 
protocol [50,51]. First, 1 mL of a 1 mg/mL dispersion of as-received 
Adámas HPHT FNDs (hereafter referred to as ND-COOH) was diluted 
to 10 mL and adjusted to pH 14 by adding a few drops of 25% NH₃ so
lution. Subsequently, 80 mg NaBH₄ was added, and the mixture was 
stirred at 70◦C for 12 h to reduce surface carboxyl groups, yielding 
hydroxyl-terminated nanodiamonds (ND-OH). To prepare the 
surface-modified nanodiamond sample (ND-SH), ND-OH was evapo
rated to dryness in a 25 mL round-bottom flask, redispersed in 3 mL of a 
HBr:HOAc mixture (1:2 by volume), and 0.11 g thiourea was added. The 
suspension was ultrasonicated at 80◦C for 3 h. Afterward, 6 mL of 
ice-cooled 7.5 M NaOH was added to the hot mixture, and the reaction 
was stirred for an additional 12 h at room temperature. The resulting 
dispersion was acidified with concentrated H₂SO₄ (96%) to pH 1–2 and 
purified using a 1 kDa Macrosep centrifugal filter until the permeate 
conductivity reached 0 µS (Fig. 1).

3. Results and discussion

Surface modification in general alters the chemical composition and 
modifies the surface charge distribution, acid–base properties, and 
ionization behavior. The zeta-potential of ND-COOH fell within a 
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narrow range of [− 30; − 40 mV] (Fig. 2 and Table 1). After surface 
modification, the zeta-potential of the nanodiamonds decreased to 
[− 25; − 10 mV].

The removal of highly ionized carboxyl groups, the introduction of 
less ionizable thiol moieties, and the formation of oxidized sulfur and 
C–N species all can shift the zeta potential toward less negative values 
relative to ND-COOH [,63,64]. as indeed observed.

Fig. 3 compares the FTIR spectra of the ND20-COOH and ND20-SH 
samples. The ND20-COOH spectrum was dominated by oxygen- 
containing surface groups, including C–O vibrations near ~1100 cm⁻¹, 
a broad O–H band at ~3200 cm⁻¹, and carboxyl-related features be
tween 1600–1700 cm⁻¹. Following the surface modification, the in
tensities of the C=O and COOH bands decreased while the O-H bands 
increased. The observed increase in the OH-related bands may in prin
ciple arise from either surface-adsorbed water or from the intended 
surface modification. Although adsorbed water cannot be completely 
eliminated, its contribution is expected to be minor under the applied 
low-pressure and inert-atmosphere FTIR measurement conditions. We 
therefore attribute the dominant contribution to the enhanced OH signal 
to the surface modification of the nanodiamonds.

Although characteristic S–H, C–S, and S–S vibrations are expected to 
appear in the 600–900 cm⁻¹ region, these modes are inherently weak 
and further obscured by the strong diamond–related and C–O/C–H 
bands, rendering them undetectable in both FTIR and Raman spectra 
[65]. Instead, the most notable spectral change is a broadening of the 
bands between 1000–1200 cm⁻¹ and 1250–1550 cm⁻¹, a region that can 

be associated with C–N, C=N, and sp²-related carbon vibrations [65].
Elemental analysis obtained from XPS (Table 2) confirmed a signif

icant increase in both sulfur and nitrogen content after surface 
modification.

The C 1s spectrum of ND20-COOH (Fig. 4a) showed components 
corresponding to C–C/C–H, C–O, C=O, and O–C=O groups. After 

Fig. 1. Synthesis of thiourea-modified FNDs.

Fig. 2. Zeta-potential of ND-COOH and ND-SH samples.

Table 1 
Zeta-potential values of ND-COOH, ND-SH samples and their statistical 
parameters.

ND-COOH ND-SH
Size (nm) Mean (SD) (mV) Mean (SD) (mV)

20 − 31.5 (2.3) − 20.2 (3.5)
30 -32.0 (2.0) − 22.8 (2.3)
40 − 37.8 1.6) − 15.3 (2.1)
50 − 36.9 (2) − 23.0 (2.5)
100 − 33.2 (1.7) − 12.5 (2.2)
140 − 35.0 (2.5) − 20.7 (3.0)

Fig. 3. FTIR spectra of ND20-COOH and ND20-SH samples. The spectra were 
vertically shifted for the sake of visibility.

Table 2 
Elemental analysis of ND20-COOH and ND20-SH from XPS analysis. The values 
are in atomic concentrations (%).

C N O S

ND20-COOH 64.7 0.8 34.5 -
ND20-SH 56.2 3.8 37.1 3.0
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surface modification, the intensities of C–O, C=O, and COOH compo
nents decreased, consistent with FTIR results. Importantly, a new C=C 
peak emerged at ~283.9 eV, indicating the formation of sp²-hybridized 
carbon.

The O 1s spectra (Fig. 4b) of ND20-COOH showed distinct C–O, 

C=O, and O–C=O components [66], alongside a substrate-related Nb₂O₅ 
peak at ~529 eV. In ND20-SH, the O–C=O component was largely ab
sent, and a new contribution at ~530.6 eV was observed, assigned to 
S=O species [67,68].

The N 1s spectrum (Fig. 4c) of ND20-COOH showed a single 
component at ~399.6 eV, attributable to pyrrolic N–sp3–C nitrogen. 
After modification, the ND20-SH sample exhibited two major compo
nents: a peak at ~399.0 eV corresponding to pyridinic or imide-like 
nitrogen, and a peak at ~400.7 eV attributed to graphitic/quaternary 
nitrogen [69]. These signatures are reported features of sp²-bonded C–N 
aromatic domains, including triazine-like or carbon-nitride-like motifs 
[70–72], and are consistent with the formation of conjugated 
nitrogen-rich surface species during the thiourea reaction [73].

The S 2p spectrum of ND20-SH (Fig. 5) contained two chemically 
distinct sulfur contributions: a major component at ~167.6 eV corre
sponding to oxidized sulfur species (S=Oₓ), and a smaller peak at 
~162.9 eV assigned to thiol or sulfide-like sulfur (C–S–H / C–S–C). The 
dominance of oxidized sulfur is expected, as thiol groups are prone to 
oxidation upon heating, air exposure, and X-ray irradiation. The pres
ence of both reduced and oxidized sulfur confirms that thiourea-derived 
sulfur species are incorporated into the surface in multiple chemical 
environments.

We report the peak fitting parameters in Tables 3, 4, 5, and 6.
Raman spectra recorded under 785 nm excitation (Fig. 6a) showed 

the characteristic diamond peak at 1331 cm⁻¹, the trans-polyacetylene 
mode [74,75] at ~1427 cm⁻¹, and a weak sp2 G band. The similarity 
between ND20-COOH and ND20-SH spectra under 785 nm excitation 
indicates that no extensive graphitic overlayer is formed. The calculated 
ID/IG peak ratios were 0.24 and 0.29 for ND20-COOH and ND20-SH, 
respectively, indicating some decrease in the graphitic surface groups 
after thiourea surface modification. We note that the reduced graphitic 
content generally improves the charge state stability of NV− as graphitic 
surface groups typically act as hole sources under green illumination 
[76].

In contrast, Raman spectra obtained at 325 nm excitation (Fig. 6b) 
showed a pronounced increase in the G-band intensity for the ND20-SH 
sample. UV excitation is known to be highly sensitive to small sp² 

Fig. 4. (a) C 1s, (b) O 1s, (c) N 1s photoelectron spectra of ND20-COOH and ND20-SH samples.

Fig. 5. S 2p photoelectron spectra of ND20SH sample. (a) Full spectrum and (b) 
zoom-in spectrum.

Table 3 
Peak fitting parameters and component intensities of C1s photoelectron spectra of ND20-COOH and ND20-SH samples. B. E. means binding energy and I. r. means 
intensity ratio.

O-C=O C=O C-O/C-S C-C/C-H C=C

B.E. (eV) I. r. (%) B.E. (eV) I. r. (%) B.E. (eV) I. r. (%) B.E. (eV) I. r. (%) B.E. (eV) I. r. (%)

ND20-COOH 288.6 6 287.6 4 286.1 31.2 284.8 58.7 - -
ND20-SH - - 287.8 3.7 286.3 11.2 284.8 64.7 283.9 20.4
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clusters and conjugated C–N domains, thereby selectively enhancing 
Raman scattering from these species. The increased G-band intensity is 
consistent with the XPS-derived evidence of sp² carbon formation and 
nitrogen-rich conjugated fragments.

These spectral features indicate the formation of short, conjugated 
sp² segments attached to the diamond surface by sigma-bonds, which do 
not form extended graphitic layers but are sufficiently conjugated to be 
resonantly enhanced under UV excitation [77–80]. These results 
strongly indicate that the sp2 carbon in the aromatic fragments does not 
produce low-energy acceptor levels, so it should have no negative 
impact on the charge state stability of NV− under green illumination.

Indeed, given these differences in surface chemistry and colloidal 

behavior, an important question is how the modified surface affects the 
optical properties of the NV centers. Surface terminations can modulate 
the local electronic environment by pinning the Fermi level or altering 
the near-surface band bending, thereby influencing whether the NV 
defect retains or loses an electron. In practical terms, these effects 
determine the relative populations of the negatively charged NV⁻ and 
the neutral NV⁰ states.

To evaluate how the new surface functionalities influence the 
charge-state distribution, we recorded photoluminescence (PL) spectra 
of ensembles of NV centers before and after surface modification. The 
resulting spectra are presented in Fig. 7. The spectra represent the av
erages of at least seven individual measurements for each sample. The 
NV− fractions extracted from the photoluminescence spectra of the 
ND–COOH and ND–SH samples, together with their corresponding sta
tistical parameters, are summarized in Table 7. The relative increase in 
the NV⁻ fraction following surface modification, including the propa
gated uncertainties, is displayed in Fig. 8, while the inset highlights the 
mean NV⁻ fractions for the ND–COOH and ND–SH samples. The PL 
measurements were repeated after 1 month, 2 months and 1 year and no 
significant changes were observed during the time, indicating the long- 
term stability of NV⁻ centers.

The PL spectra displayed characteristic features of NV centers: the 
zero-phonon lines (ZPLs) of NV0 and NV− at 575 and 637 nm, respec
tively, and the vibrational bands of NV− at 662 and 680 nm. As shown in 
Fig. 7 and Table 7, the NV− fraction of ND-COOH samples generally 
increased with the nominal sizes. After the thiolation reaction, an in
crease in the NV− fraction was observed, specifically notable for the 20 
nm sample, which reaches the values comparable to those of the 140 nm 
sample. Although thiol groups are frequently described as soft nucleo
philes with electron-donating tendencies, the surface chemistry pro
duced in this reaction is more complex than the formation of isolated 
–SH groups. FTIR, XPS, and UV–excited Raman measurements indicated 
the presence of additional sp²-hybridized carbon–nitrogen species, short 
conjugated C–N fragments formed under the applied reaction 

Table 4 
Peak fitting parameters and component intensities of O1s photoelectron spectra of ND20-COOH and ND20-SH samples. B. E. means binding energy and I. r. means 
intensity ratio.

O-C=O C-O C=O S=O Nb2O5

B.E. (eV) I. r. (%) B.E. (eV) I. r. (%) B.E. (eV) I. r. (%) B.E. (eV) I. r. (%) B.E. (eV) I. r. (%)

ND20-COOH 533.5 10.7 532.4 49.1 531.4 13.7 - - 530.3 26.6
ND20-SH - - 532.9 3 531.5 46.9 530.6 16.9 530.2 33.2

Table 5 
Peak fitting parameters and component intensities of N1s photoelectron spectra 
of ND20-COOH and ND20-SH samples. B. E. means binding energy and I. r. 
means intensity ratio.

Pyridinic 
N

Pyrollic N Graphitic N

B.E. (eV) I. r. 
(%)

B.E. 
(eV)

I. r. 
(%)

B.E. 
(eV)

I. r. 
(%)

ND20- 
COOH

- - 399.6 100 - -

ND20-SH 399 61 - - 400.7 39

Table 6 
Peak fitting parameters and component intensities of S2p3/2 photoelectron 
spectra of ND20-COOH and ND20-SH samples. B. E. means binding energy and I. 
r. means intensity ratio.

C-SOx C-SH

B.E. (eV) I. r. (%) B.E. (eV) I. r. (%)

ND20-COOH - - - -
ND20-SH 167.6 93.5 162.9 6.5

Fig. 6. Raman spectra of ND20-COOH and ND20-SH samples upon (a) 325 nm (b) 785 nm excitation.
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conditions. Such fragments are consistent with partially condensed 
triazine- or carbon-nitride-like motifs, which are known to act as 
electron-rich surface domains.

These nitrogen-containing sp² units can interact electronically with 
the diamond surface and act as local electron reservoirs, thereby raising 
the surface Fermi level and stabilizing the negatively charged NV⁻ state. 
Even when connected through S–C linkages, such domains can remain 
sufficiently coupled to the surface to influence charge transfer. In this 
context, the observed enhancement of the NV⁻ fraction is therefore best 

explained by the combined effect of surface thiol and oxygen-related 
groups, and nitrogen-rich conjugated byproducts, which together 
introduce electron-donating and n-type surface character. This shifts the 
NV0/NV − equilibrium toward NV⁻, particularly in small nanodiamonds, 
where surface charge compensation is most crucial.

4. Conclusions

In this work, we modified carboxyl-terminated FNDs using a 

Fig. 7. PL spectra of ND-COOH and ND-SH samples upon 532 nm excitation and P = 36 µW. The spectra shown represent the average of at least 7 individual 
measurements. The sharp peak observed at 545 nm is the first-order Raman peak of the silicon substrate.
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thiourea-based reaction. FTIR, XPS, and Raman measurements showed 
that, in addition to thiol formation, the reaction generated oxidized 
sulfur species and nitrogen-containing sp² domains. These new surface 
functionalities altered the charge environment and colloidal behavior of 
the particles, resulting in a more than 70% increase in the NV⁻ popu
lation for the smallest, 20 nm nanodiamonds, as revealed by photo
luminescence measurements. More on that, the existing thiol groups at 
the surface provide chemically versatile and biologically relevant sur
face functionality, enabling robust conjugation to biomolecules, poly
mers, and inorganic interfaces. For nanoscale thermometry and 
magnetic field sensing, thiourea-modified nanodiamonds offer 
improved surface passivation and reduced charge-state fluctuations, 
which might enable higher temperature sensitivity and greater mea
surement reliability at the subcellular or interfacial scale [81], and are 
essential for preserving ODMR contrast [82] and spin coherence in 
complex biological or chemical environments.
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Péter Rózsa: Writing – review & editing, Writing – original draft, 
Methodology, Investigation, Formal analysis, Data curation. Olga 
Krafcsik: Methodology, Investigation, Formal analysis, Data curation. 
Sándor Lenk: Methodology, Investigation. David Beke: Writing – re
view & editing, Validation, Methodology, Formal analysis, Conceptu
alization. Adam Gali: Writing – review & editing, Writing – original 
draft, Validation, Supervision, Resources, Project administration, 
Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgments

We acknowledge the discussion with Miklós Veres. The research 
reported in this paper and carried out at HUN-REN Wigner Research 
Centre for Physics is supported by the infrastructure of the Hungarian 
Academy of Sciences.

References

[1] C.Y. Fang, V. Vaijayanthimala, C.A. Cheng, S.H. Yeh, C.F. Chang, C.L. Li, H. 
C. Chang, The exocytosis of fluorescent nanodiamond and its use as a long-term cell 
tracker, Small. 7 (23) (2011) 3363–3370, https://doi.org/10.1002/ 
smll.201101233.

[2] V. Vaijayanthimala, P.Y. Cheng, S.H. Yeh, K.K. Liu, C.H. Hsiao, J.I. Chao, H. 
C. Chang, The long-term stability and biocompatibility of fluorescent nanodiamond 
as an in vivo contrast agent, Biomaterials 33 (31) (2012) 7794–7802, https://doi. 
org/10.1016/j.biomaterials.2012.06.084.

[3] S.J. Yu, M.W. Kang, H.C. Chang, K.M. Chen, Y.C. Yu, Bright fluorescent 
nanodiamonds: No photobleaching and low cytotoxicity, J. Am. Chem. Soc. 127 
(50) (2005) 17604–17605, https://doi.org/10.1021/ja0567081.

[4] F.A. Pedroza-Montero, J.N. Pedroza-Montero, O. Álvarez-Bajo, E. Silva-Campa, 
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