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Abstract: Dynamics of fluorescent diamond nanoparticles in HeLa cells
has been studied with two-photon fluorescence correlation spectroscopy
(FCS). Fluorescent nanodiamond (FND) is an excellent fluorescent probe
for bioimaging application, but they are often trapped in endosomes after
cellular uptake. The entrapment prohibits FCS from being performed in a
time frame of 60 s. Herein, we show that the encapsulation of FNDs within
a lipid layer enhances the diffusion of the particles in the cytoplasm by more
than one order of magnitude, and particles as small as 40 nm can be probed
individually with high image contrast by two-photon excited luminescence.
The development of the technique together with single particle tracking
through one-photon excitation allows probing of both short-term and longterm dynamics of single FNDs in living cells.
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1. Introduction
Fluorescence correlation spectroscopy (FCS) and single particle tracking (SPT) are two
commonly used techniques to study the dynamics of biomolecules and bioparticles in living
cells [1-3]. Two-photon FCS [4-12] is an appealing technique because it has relatively low
scattering background and probes fluorophores only in the vicinity of the laser focus. In twophoton excitation, the excited volume is small due to the quadratic dependence of the
fluorescence intensity on light intensity, and thereby the photodamage to cells is significantly
reduced. Additionally, the photoluminescence from the specimen can be observed without a
confocal aperture and both the sensitivity and fluorescence image contrast are enhanced
accordingly. Much work has been done in the past for two-photon FCS on nanometer-sized
particles in solution [4-9]. However, reports on the two-photon FCS of nanoparticles
(including fluorescent proteins) in cells are scarce [1, 2, 10-12]. Therefore, there is a need to
further develop the techniques to facilitate our understanding of cellular dynamics.
Fluorescent nanodiamond (FND), containing nitrogen-vacancy defect centers in its crystal
lattice, is an excellent candidate for use as fluorescent probes [13-19]. It is biocompatible and
nontoxic [20], well suited for biomedical applications. Moreover, the material shows no sign
of photobleaching, allowing for long-term monitoring in living cells. We have previously
demonstrated that it is possible to observe single FND particles with a size in the range of 140
nm using an 875-nm femtosecond laser for two-photon excitation [16]. In that application,
predominantly only the neutral nitrogen-vacancy (NV0) centers were excited, as evidenced
from the resulting fluorescence. The excitation, however, was not optimal for FNDs produced
from type Ib diamond nanocrystallites, which often contain a larger quantity of negatively
charged nitrogen-vacancy (NV−) centers than NV0 centers. Wee et al. [21] have determined
that the NV− center in diamond has a two-photon cross section of 0.45 × 10-50 cm4s/photon at
1064 nm. The value is about 30-fold lower than that of rhodamine B. This deficit, fortunately,
can be compensated for by using FNDs of 40 nm in diameter and containing more than 30
defect centers [22]. We demonstrate in this work that it is possible to detect these particles by
two-photon excited luminescence with a femtosecond near-infrared laser (λex = 1060 nm). In
addition, two-photon FCS can be performed to probe the diffusion dynamics of FNDs in
living cells.
Neugart et al. [15] has previously shown that FNDs coated with sodium dodecyl sulfate, a
surfactant, can be internalized into HeLa cells after 3 h of incubation. However, most of the
FND particles become immobile inside the cells after a short time. Freely diffusing single
FND particles are rare. Faklaris et al. [19] have also investigated the diffusion of bare FNDs
in HeLa cells, and determined a diffusion coefficient of < 0.01 µm2/s. In a separate work,
Smith et al. [23] applied non-fluorescent nanodiamond particles to a lipid-rich serum-free
medium and cationic liposomes. The resultant lipid-coated nanodiamond particles were
effectively transfected into mammalian cells, but the diffusion coefficient of these particles in
the cells was not reported. Herein, we demonstrate that the encapsulation of FNDs within
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cationic cholesterol-based lipids makes the particles become mobile in the cytoplasm of the
cells. The diffusion coefficient markedly increases by more than one order of magnitude.
2. Experimental section
FNDs (~40 nm in diameter) were prepared by 40-keV He+ ion beam irradiation and vacuum
annealing at 800 ºC, followed by air oxidation and strong oxidative acid treatments [24, 25].
Before loading of FNDs, HeLa cells (105 cells per mL) were first cultured in Dulbecco's
modified Eagle's medium (DMEM, HyClone, SH30243.02) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin in a chamber slide. Suspensions of the FNDs
were then diluted with DMEM without serum to a final concentration of 1 µg/ml and added to
the medium. The cells were incubated at 37 °C in a 5% CO2 incubator for 5 h, after which
they were observed by a modified confocal fluorescence microscope for both one-photon and
two-photon excited luminescence measurements.
In the one-photon experiment, the FND particles either suspended in water, spin-coated on
glass slides, or internalized by cells were excited by a solid state laser (JL-LD532-GTE,
Jetlaser) operated at 532 nm with an excitation power of 0.2 mW [14]. The laser was focused
to a diffraction-limited spot by an oil immersion objective (Nikon E600, 100×, NA 1.3). The
resulting fluorescence, after passing through two filters (555LP and 750SP, Chroma), was
collected by an avalanche photodiode (Perkin Elmer). Fluctuations of the fluorescence were
recorded with a time-correlated single photon counting module (PicoHarp 300, PicoQuant)
and analyzed by the SymPhoTime Software for correlation analysis. The structure parameter
and the radius of the confocal volume required in the FCS measurements were determined
independently from the free diffusion of rhodamine 6G and FluoSpheres fluorescent
microspheres (F8786 and F8801, Molecular Probes) in water [25].
In the two-photon experiment, we directed a femtosecond Nd:glass laser (IC-1060-100,
High Q laser) to the same confocal fluorescence microscope. The laser (λ = 1060 nm) has a
pulse width of 180 fs, an average output power of >100 mW, and a repetition rate of 72 MHz.
The typical power of the laser after passing through the oil immersion objective was 10 mW,
which is close to the photodamage threshold (~15 mW) of the cells.
In a separate experiment, we tracked the movement of FNDs in HeLa cells by one-photon
excitation using a three-dimensional SPT system as previously described [16]. The system
consisted of a wide-field microscope equipped with an electron-multiplier CCD camera
(DV887DCS-BV, Andor), and a microscope objective (Plan-Apo 100×, NA 1.4; Olympus)
mounted vertically on a z-motion piezoelectric translational stage (MCLS F100, Mad City
Labs). In this experiment, the HeLa cells typically lived for more than 2 h, which was
comparatively longer than our observation duration in few minutes. We have also attempted
to collect a two-photon-excited wide-field fluorescence images using the same setup.
However, the power density was not high enough for two-photon excitation. Also, the
illuminated area on the sample was restricted by few µm2, which is too small for SPT. Further
increase of the infrared laser power led to photodamage to the cells.
For lipid coating, FNDs were first hydroxylated [26] by adding dry powders (20 mg) to 1
M BH3 in tetrahydrofuran (8 ml) under nitrogen atmosphere and sonicated until the FND
particles were well suspended in the solution. The mixture was then stirred under reflux for
24 h, followed by addition of 1 N HCl to stop the reaction. After separation of the mixture by
centrifugation at 15,000 rpm for 15 min, the supernatant was removed and the residue was
thoroughly washed with acetone and finally dried with nitrogen. The resulting hydroxylated
FNDs were silanized by adding the particles to a solution containing toluene (8 ml) and
octadecyltrimethoxysilane (0.15 ml) and fully dispersed by sonication. The mixture was
stirred at room temperature for 24 h, after which the hydrophobized FNDs were separated by
centrifugation and washed thoroughly with acetone and water and dried with nitrogen.
Finally, the dried hydrophobized FNDs and lipids were mixed in chloroform, desiccated by
evaporation of chloroform, and resuspended in 5% dextrose solution by sonication to form
lipid-encapsulated FNDs [27]. To improve the particle solubility and cellular uptake, 3-β-[N(2-guanidinoethyl)carbamoyl]-cholesterol (GEC-Chol) and cholesterol (in a 1:1 molar ratio)
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were used as the lipid ingredients in the formulation of cationic lipid-encapsulated FNDs.
Due to the lipid coating, the diameter of the 40-nm FNDs increased to 150 nm as determined
from dynamics light scattering measurements. The sizes of the particles before and after the
lipid coating were further determined by one-photon and two-photon FCS in water. These
results are shown in Table 1.
Table 1. Diffusion coefficients and particle sizes of bare and lipid-encapsulated FNDs determined by onephoton and two-photon FCS in water

Diffusion coefficient (Particle size)
One-photon FCS

Two-photon FCS

Bare FND

8.8 µm2/s (45 nm)

9.6 µm2/s (50 nm)

Lipid-encapsulated FND

2.6 µm2/s (160 nm)

2.8 µm2/s (170 nm)

3. Results and discussion
We firstly recorded the confocal scanning two-photon fluorescence images of bare 40-nm
FNDs spin-coated on glass plates, and compared them with corresponding one-photon images.
These bare FND particles were prepared with air oxidation and strong oxidative acid
treatments and, therefore, their surfaces are decorated with a variety of oxygen-containing
groups [24]. Figure 1a shows diffraction-limited images of the individual particles in these
two excitation cases, demonstrating single particle detection capabilities of both techniques.
Applying the same techniques to detect single FNDs in HeLa cells reveals that the image
contrast due to the two-photon excitation is significantly enhanced, primarily due to reduction
of the cell autofluorescence in the excitation region (Fig. 1b). The intensity ratio between the
FND fluorescence and the cell autofluorescence in the two-photon excitation is at least 2
times better than that in the one-photon excitation. Figure 2 shows the corresponding
fluorescence spectra of the particles dispersed on glass plates. In contrast to the two-photon
excited luminescence obtained with the 875 nm femtosecond laser [16, 28], where
predominantly only the spectral features of NV0 centers were observed, the characteristic
signatures of the NV– center can be found in the spectrum when the near-infrared excitation
(λex = 1060 nm) was used as the light source. Excitation at higher laser powers (~15 mW),
however, irreversibly converted some of the NV– centers to NV0 [28].
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Fig. 1. (a) One-photon and (b) two-photon excited luminescence images of 40-nm FNDs on
glass slides (left) and in HeLa cells (right). The power of the green laser used to excite FND
particles in HeLa cells (or on glass slides) is 70 µW (or 700 µW), while the infrared laser
power is 5 mW (or 10 mW). The unit of the fluorescence intensity is 100 counts per second.

Fig. 2. Comparison of one-photon and two-photon excited luminescence spectra of bare 40-nm
FNDs with 532, 875, and 1060 nm lasers.
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We exploit the advantage of the two-photon excitation to investigate the FND movement
in living cells by FCS. As previously found, most FNDs after purification in strong oxidative
acids are immobile in the HeLa cell [16, 19]. As a result, there is no time-intensity correlation
signal from the acid-treated FNDs in the cell, since most of them (~90%) do not move in the
cytoplasm within the typical detection time of 60 s to even 5 min (Fig. 3). This negative
result is in good agreement with previous reports that FND particles can undergo autonomous
cellular internalization [13] but are immediately trapped during endocytosis [14-17]. To
overcome this problem, we coated FNDs with lipids, forming liposome- or micelle-like
particles [29-36].

Fig. 3. Two-photon FCS of bare and lipid-encapsulated 40-nm FNDs in live HeLa cells. The
solid line is the fit of experimental data using Eq. (1).

Liposomes and micelles represent two prototypic nanoparticle systems that have been
fully optimized for in vivo human use as drug carriers [37, 38]. The lipid coating, in
particular, has been applied to encapsulate quantum dots to minimize the cytotoxicity of the
material [39]. Also, the aggregation of nanoparticles in cells and in vivo can be prevented by
the lipid encapsulation [40, 41].
We coated FNDs with lipids following the procedures illustrated in Fig. 4a [26]. As
shown in the photo of Fig. 4b, the FNDs become highly hydrophobic after the reduction and
silanization treatments, and all the particles prefer to stay in the organic phase (toluene in this
case). These hydrophobic particles can then be encapsulated by lipids, forming liposomes as
detailed in the experimental section. Figure 4c compares the fluorescence spectra of the bare
and lipid-encapsulated FNDs. These two spectra are very similar to each other except that
some fluorescence background arising from excitation of the lipids appears at near 600 nm.
Overall, the lipid coating does not affect the spectra, which is not too surprising as the NV
color center lies deep under the nanodiamonds. The chemical environment does not influence
the emission properties of the NV centers, which is a distinct advantage of using FNDs over
quantum dots for biolabeling applications [14].
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Fig. 4. (a) Synthesis of lipid-encapsulated FNDs by reduction, silanization, and liposomization
(lipid encapsulation) reactions. (b) Photograph of 40-nm FNDs suspended in toluene/water
before and after the reduction and silanization treatments described in text. (c) Fluorescence
spectra of bare and lipid-encapsulated 40-nm FNDs suspended in water.

The lipid-encapsulated FNDs were loaded into HeLa cells by incubation of the particles
with the cells in DMEM for 3 h, followed by observation with the one-photon excited
luminescence SPT system. Roughly 1 out of 10 lipid-encapsulated nanodiamonds was found
to diffuse freely in the cells. We checked the FND movement and analyzed the two-photon
fluorescence intensity fluctuation. A typical correlation curve of the internalized lipidencapsulated FNDs is shown in Fig. 3. In marked contrast to the stationary motion of the bare
FNDs, the movement of the lipid-encapsulated particles becomes now visible. We analyzed
the intensity fluctuation and fitted it to the autocorrelation function [2],

G (τ ) =
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where τD is the average residue time in the focal volume if there is only diffusion, and s is the
structure parameter determined by calibration against fluorescent nanospheres of known sizes.
Meanwhile, the diffusion coefficient is given by D = r02/8τD for two-photon FCS [2], where r0
is the radius of the confocal volume. We found that the diffusion coefficient of the lipidencapsulated FNDs in the HeLa cell is 0.08±0.04 µm2/s, which represents an enhancement by
a factor of >10 over that of the bare FNDs (Table 1).
While FCS is a powerful means in exploring the dynamics of fluorescent particles in
solution and cells, it probes only fluorophores in the vicinity of the excited region. The
technique is not suitable for dynamic tracking of the same particle over a long period of time
and its movement in three dimensions. SPT offers the alternative [3]. With one-photon
excited luminescence, we monitored the targeted FND in the HeLa cell by SPT and recorded
its three-dimensional trajectory under a wide-field fluorescence microscope. Though the bare
FNDs rarely move in the cell, we found few exceptional cases in our observations [16]. A
typical trajectory of the FND is displayed in Fig. 5, from where the corresponding mean
square displacement (MSD) is computed. We approximate the motion by MSD = 6Dt + (vt)2,
where ν is the transport velocity of the particle [3], and determine a diffusion coefficient of D
= 3 × 10-3 µm2/s. The value, clearly, is too small to be detected in the FCS measurement
(Fig. 3). We have also measured the diffusion coefficient of the lipid-encapsulated FND in
the same cancer cell. As evidenced from the slopes of the trajectories shown in Fig. 5, the
lipid encapsulation around the FND improves the diffusion coefficient of the particle by
nearly one order of magnitude. The enhanced diffusion, confirmed in both FCS and SPT
measurements, indicates that the lipid-encapsulated FNDs, most likely, enter the cells via a
non-endocytosis pathway. In this pathway, lipid-mediated fusion of the particle with the cell
membrane occurs [42, 43].

Fig. 5. Single-particle tracking of FNDs in HeLa cells using one-photon excited luminescence in the cases of bare and
lipid-encapsulated 40 nm particles.

Finally, we compare in Table 2 the diffusion coefficient of our FNDs in cells with that
of lipid-coated quantum dots on cell surfaces [35, 44]. The large difference in diffusion
coefficient between them can be properly accounted for by their differences in size as well as
in cellular environment. In our future experiments, we will encapsulate sub-20 nm FNDs [25]
in various types of lipids so that faster cellular dynamics, similar to that of quantum dots, can
be probed and analyzed either in cells or on cell surfaces at the single particle level.
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Table 2. Comparison of diffusion coefficients of lipid-coated nanoparticles in cells and on cell surfaces,
determined by FCS

Nanoparticles

Sizes
(nm)

Lipids

Diffusion coefficients
(µm2/s)

References

FND

150

GEC-Chola

0.08

This work

CdSe/ZnS

33

DHPTEb

0.63d

[35]

CdSe

60e

DMPCc

0.3d

[44]

a
3-β-[N-(2-guanidinoethyl)carbamoyl]-cholesterol (GEC-Chol), b1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol
(DHPTE), c1,2-Dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC), d On cell surfaces, e Average value

To conclude, we have demonstrated that the image contrast of FNDs in living cells can be
enhanced by two-photon excitation. In addition, the lipid encapsulation around FNDs
improves the diffusion coefficients of the particles in the cytoplasm of the cells by more than
an order of magnitude. The combination of two-photon FCS with one-photon SPT has
allowed both short-term and long-term tracking of single FNDs in complex biological
environment.
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