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ABSTRACT

The fluorescence and motional dynamics of single diamond nanocrystals in buffer solution and in living cells is investigated. Stable hydrosols
of nanodiamonds in buffer solutions are investigated by fluorescence correlation spectroscopy. Measurement of the effective hydrodynamic
radius yields particles of 48 nm diameter, which is in excellent agreement with atomic force microscopy measurements made on the same
particles. Fluorescence correlation spectroscopy measurements indicate that nanocrystals easily form aggregates when the buffer pH is
changed. This tendency is reduced when the surface of the diamonds is covered with surfactants. Upon incubation, cells spontaneously take
up nanocrystals that uniformly distribute in cells. Most of the particles get immobilized within a few minutes. The binding of streptavidin to
biotinylated aggregates of 4 nm diameter nanodiamonds is demonstrated.

The diffusion and localization of nanoparticles in cells
becomes an area of increasing importance in modern life
science. First, the uptake and cellular location of nanopar-
ticles is a field of major interest in biology and medicine in
the context of drug delivery.1 Second, nanoparticles have
become markers of high biological specificity. Prominent
examples are semiconductor quantum dots that have a variety
of application as fluorescent markers in biology and medi-
cine.2 Despite the progress in quantum dot capping and
biofunctionalization, cytotoxicity is an ongoing subject of
discussion. For quantum-sized silicon, strongly luminescent
surface-oxidized nanocrystals have attracted extensive inter-
est.3 As an example, silicon nanoparticles capped with water-
soluble polymers have been studied for the luminescence
labeling of cells.4 Recently, also metal nanoparticles have
found increasing application in live cell imaging.5 An
alternative would be carbon or more specifically diamond
nanoparticles. While luminescence has been observed for
surface-passivated carbon quantum dots,6 considerably more
is known about the luminescent properties of diamond
nanocrystals doped with color centers.7 Here, the luminescent
properties of defects in some 10 nm sized crystals have been
investigated.8 Most notably, the interaction of 100-40 nm
sized fluorescent diamond nanoparticles with cells has been
investigated and the uptake of these particles in cells has
been demonstrated.9,10An additional benefit of those particles
is their high index of refraction, which gives rise to light

scattering even for very small particles,11 and their prominent
Raman signal, which allows detection in living cells.12 In
this paper, we report on the dynamic behavior of diamond
nanocrystals with sizes of∼ 50 and 4 nm. For diamond
particles of small size, it was reported that it is difficult to
form stable hydrosols.13 This however is an important
prerequisite for most biological applications, for example,
efficient endocytosis of nanodiamonds into cells. For this
reason, the stability of nanodiamonds in buffer solution via
fluorescence correlation spectroscopy is investigated. Further
on it is shown that the nanodiamonds forming stable
hydrosols undergo autonomous cellular internalization.

To generate nitrogen-vacancy (NV) defects as color centers
in diamond nanocrystals, commercially available 1b-type
diamond powder (van Moppes) was irradiated with high-
energy (MeV) electrons and annealed at 800°C. To remove
any surface contamination caused by annealing, the nanoc-
rystals were cleaned in a boiling mixture of sulfuric and
perchloric acid. Functionalization of explosive grown dia-
mond was carried out as described previously.14 Indeed, the
expected bright red luminescence of the nitrogen vacancy
center is observed in doped nanocrystals after annealing.

Because of the stochastic nature of the defect center
creation process, it is not clear how many defects are found
in a single nanocrystal. To measure the number of defects
per crystallite, we have chosen a combination of atomic force
microscopy (AFM) and fluorescence microscopy (see Figure
1). By this, we can unambiguously measure the number of
color centers per nanocrystal and at the same time determine
their size. Figure 1 shows an AFM image (left) of the
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nanodiamond solution dispersed on a glass surface together
with the confocal fluorescence image of the same sample
region. The AFM image demonstrates that most of the
nanodiamonds are not aggregated as they cover the surface.
The average size of the nanocrystals is around 50 nm.
Comparison with the fluorescence image in Figure 1 indicates
that the nanodiamonds that show up in the AFM image also
appear in the optical image. The number of NV centers per
crystal is measured via their fluorescence intensity or via
fluorescence antibunching experiments (data not shown). A
statistical analysis reveals that on average every 50 nm crystal
contains two NV center.

For cellular applications, the formation of stable solutions
of nanoparticles in buffer media is important. It has been
reported earlier that it is difficult to stabilize small diameter
diamond nanoparticles as hydrosols in solutions. The stability
of hydrosols strongly depends on the surface potential of
the particles, the zeta potential, pH, and solvent salt con-
centration. To investigate the diffusional behavior in solution,
fluorescence correlation spectroscopy (FCS) on freely dif-
fusing nanodiamonds was carried out (see Figure 2).

The decay of the FCS curve is a measure for the diffusion
constantD. Assuming standard models of diffusion, it is
straight forward to determine the size of nanocrystals from
FCS measurement.

Most of the measured FCS curves cannot be fitted by a
single diffusion constant. The inset in Figure 2 shows an

analysis of a FCS curve comprising a two component fit to
the measured data with a fast diffusion time of 2.5 ms and
a slow component around 30 ms. The diffusion timeτ
through a focus of diameterw1 is given byτ ) w1

2/4D. From
this, an average diffusion constant of 5× 10-12 m-2/s for
the fast component was obtained. Using the Stokes-Einstein
relation, the average particle diameter is obtained to be 45
nm. This is in excellent agreement with the average size
measured by AFM.

To check for the stability of the hydrosols as a function
of external pH, we recorded FCS curves for various pH
values. The result is also shown in Figure 2. It is apparent
from the figure that the amplitude of the FCS curve depends
very sensitively on the pH value of the buffer solution. For
pH values larger than 7.5, no correlation is seen, whereas
for smaller pH large amplitude curves are detected.

The disappearance of the FCS curve at larger pH is due
to nanocrystal aggregation. For pH values between 4.0 and
7.0, the FCS curves show different amplitudes due to
different nanocrystal concentration. The decay time of the
fast decay component however stays constant with an average
value of (2.3( 0.3) ms. An important parameter character-
izing the nanoparticle stability in hydrosols is the electrostatic
repulsion energy (zeta potential). Depending on the pH of
hydrosols and the purification procedure, the zeta potentials
of nanodiamonds have been reported to be some-10 mV.
It has been shown that acid-treated nanodiamonds contain

Figure 1. AFM image (left) and fluorescent confocal image (middle) of the same sample area. Size distribution of nanocrystals as measured
by AFM (right).

Figure 2. Left side: FCS curves of fluorescent nanodiamonds in different buffer solutions of different pH. Inset: FCS curve in water with
a numerical two component fit. Right side: Diffusion of nanodiamonds with and without surfactant in phosphate buffered saline (PBS) at
pH ) 7.2.
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carboxyl groups at the surface. The dissociation of carboxyl
groups is pH dependent and so is the surface potential. A
charged particle in a fluid solution that contains a certain
concentration of counterions gets strongly bound to those
ions by coulomb forces. Subsequent layers of liquid mol-
ecules are less tightly bound because of an effective shielding
of the coulomb forces. The zeta potential is the electrostatic
potential of this inner bound layer plus the nanoparticle.
Every zero crossing of this potential reduces the electrostatic
repulsion of the nanodiamonds and hence leads to aggrega-
tion. This is what is observed in the FCS measurements for
pH values larger than 7.5.

To improve the stability of hydrosols, diamonds have been
treated with sodium dodecyl sulfate (SDS) as a surfactant.
For this, a mixture of nanodiamonds and SDS has been
sonicated for 10 s. No change in the emission properties of
the nanodiamonds upon SDS treatment has been found.
Figure 2 shows an example of nanodiamonds in phosphate-
buffered saline (PBS) buffer with and without SDS treatment.
While nanodiamonds without surfactant precipitate in the
PBS buffer solutions, those with SDS form a stable hydrosol.
We find that nanodiamonds with SDS form stable hydrosols
in PBS in a pH range between 5.7 and 7.8. Given the fact
that PBS is known to considerably promote aggregation of
nanoparticles, this is a considerable improvement in hydrosol
stability.

Nonphagocytic eukaryotic cells can internalize particles
<1 µm in size. Hence, when incubating cells with a cell
culture medium containing nanodiamonds, a spontaneous
uptake is expected to occur and has been observed for
nanodiamonds of roughly 100 and 40 nm size.9,10,12 To
investigate the distribution and dynamics of nanoparticles
in cells, we incubated HeLa cells in physiological buffer for
3 h. To avoid aggregation of the nanocrystals, it is necessary
to keep the concentration of diamond particles to be low. In
addition, highly negatively charged diamonds have been
used. Figure 3 shows an example of a HeLa cells with

nanodiamonds inside. For 50 nm diamonds, reflected light
is still strong and thus provides an alternative way to localize
the nanodiamonds. The image displays reflected light as well
as single nanodiamond fluorescence. The overlay of the two
images show that most nanodiamonds exhibit fluorescence
as it is found in the in vitro studies. To enhance the visibility
of diamond internalization, cell membranes have been stained
(see Supporting Information). We find that nanodiamonds
uniformly distribute in cells.

From the images, the efficiency of diamond internalization
can be estimated. After 3 h of incubation, hardly any
nanodiamonds are found to be left in solution. Depending
on the density of cells on the cover slip, roughly 60% are
found to interact with the cells. From those, about 10% are
found to internalize into the cell. However, most of the
diamonds immobilize inside the cell after a short time. It is
known that particles of 50 nm size usually end up in the
endosomal pathway and hence get immobile. Only in rare
cases freely diffusing single nanodiamonds are found with
a diffusion constant around 10-12 m2/s (see Supporting
Information).

Because of the low cytotoxicity,16 nanodiamonds may be
valuable cellular markers. However, an important step is to
further reduce the size of the nanodiamonds and functionalize
their surface. A first step toward this end is presented in
Figure 4. Here FCS curves are shown that have been taken
on explosion grown 4 nm sized diamonds functionalized with
biotin. The graph shows two FCS curves. One of these was
recorded on fluorescently labeled streptavidin alone and a
second one on a mixture of fluorescent streptavidin and
biotinylated diamonds. In the FCS curve of the mixed
substance, a slow component with a decay time of some
100-1000 ms shows up. This component is attributed to
large-sized aggregates of diamond nanoparticles that are
formed by streptavidin. These large-sized aggregates occur
because each streptavidin is able to bind four biotin
molecules. Because on average more than one biotin is bound

Figure 3. Confocal images of nanodiamonds inside HeLa cells. (A), reflected light; (B), fluorescence; (C), overlay of (A) and (B). (D)
Mean square displacement of a single diffusing nanodiamond inside a HeLa cell. Because of their statistical uncertainty, the last experimental
points have not been taken into account to determine the diffusion coefficient.15
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per nanocrystal, large aggregates form with a comcomitant
slower diffusion. Indeed, when incubated with streptavidin
nanodiamond aggregates are found to precipitate.

In conclusion, we would like to note that in the present
study the fluorescence of single nanodiamonds was observ-
able in living cells although most particles only contain two
defects. Taking into account the NV transition dipole moment
and the emission spectrum, the effective energy transfer
radius (Fo¨rster radius) can be calculated to be 2 nm. Hence,
in a 10 nm sized nanodiamond roughly 100 defects can be
deposited without a too high energy transfer among them.
As a consequence, the fluorescence of nanodiamonds may
be as bright or even brighter than that of quantum dots.10

Similar to carbon nanotubes,17 treatment with surfactants
greatly increases the stability of nanodiamond solutions and
improves their biocompatibility. The ability to surface
functionalize nanodiamonds of some nanometer diameter
further on opens the door toward using nanodiamonds as
biolabels of potentially low cytotoxicity and photobleaching.
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Figure 4. FCS curve of Alexa488 labled streptavidin (red curve)
alone and a mixture with biotinylated nanodiamonds. The first fast
decaying part in the mixture is due to unbound streptavidin, and
the slower component originates from clusters of nanodiamonds
bound by streptavidin.
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