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he ever-increasing demand for de-

tailed knowledge of structure and

dynamics of complex materials has
led to the development of a diverse set of
local probes for fluorescence-based micro-
scopy techniques. Initially dominated by
organic molecular probes, metallic and
semiconducting nanostructures such as
quantum dots (QDs) meanwhile play an
important role.! Recently nanodiamonds
have been discussed as a novel nanomater-
ial that may be used as ideal nanosensors
and even drug carriers.? This prospect arises
from the fact that nanodiamonds can be
doped with a variety of defects with extra-
ordinary properties. One particularly promi-
nent example is the negatively charged
nitrogen-vacancy (NV) center. In different
scientific areas such as nanoscale magne-
tometry,>* quantum optics,”~’ and bio-
physics® the nitrogen-vacancy center be-
came an interesting system of research.
Matchless photostability,' magnetic reso-
nance at room temperature® combined with
chemical inertness, photoswitching,'® and ex-
cellent biocompatibility? have put nanodia-
monds with nitrogen-vacancy centers at the
forefront of novel fluorescent probes. It was
reported that fluorescent nanodiamonds with
a NV center can achieve sizes of 4 nm''
through progress in irradiation and milling.
Recent research showed that even these very
small nanodiamonds retain their optical and
spin properties.'> On the basis of these find-
ings the NV center in diamond appears as an
ideal candidate as a nanosensor for novel
high-resolution imaging methods. Although
there is significant progress in research using
fluorescent nanodiamonds for sensing appli-
cations, there are no interactions with single
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ABSTRACT We show highly efficient fluorescence resonance energy transfer (FRET) between
negatively charged nitrogen-vacancy (NV) centers in diamond as donor and dye molecules as
acceptor, respectively. The energy transfer efficiency is 86% with particles of 20 nm in size.
Calculated and experimentally measured energy transfer efficiencies are in excellent agreement.
Owing to the small size of the nanocrystals and careful surface preparation, energy transfer between
a single nitrogen-vacancy center and a single quencher was identified by the stepwise change of
energy transfer efficiencies due to bleaching of single acceptor molecules. Our studies pave the way
toward FRET-based scanning probe techniques using single NV donors.

KEYWORDS: nitrogen-vacancy center - black hole quencher - DY781 - fluorescence
resonance energy transfer - single molecule - scanning FRET microscope - fluorescent
nanodiamond

molecules reported so far. In this work, we
show fluorescence resonance energy transfer
(FRET) between single negatively charged
nitrogen-vacancy centers and single quench-
er molecules (Black Hole Quencher 3) as well
as dye molecules (DY781).

FRET has become an efficient and impor-
tant tool for studying biological pheno-
mena.” It is a nonradiative dipole—dipole
interaction between two molecules. If these
molecules are in close proximity, one mole-
cule—the donor—transfers its energy to the
other molecule—the acceptor. Therefore, the
fluorescence lifetime and intensity of the
donor decrease. The photostability of biomar-
kers has become an issue of ongoing scientific
work and is of utmost importance especially

for FRET. Organic dyes and fluorescent pro-  *Address correspondence to

teins that are mainly used as fluorophores in
biology'* provide low photostability and
show blinking behavior and thus are limited
for long-term in vivo or in vitro studies.”
Particularly for single-molecule studies this
often hampers in-depth investigations. For
this reason other candidate labels such as
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quantum dots meanwhile have their firm place in
biological research. QDs are brighter and more photo-
stable than organic molecules or proteins'® and are
also used as donors in FRET experiments.'” Fluorescent
nanodiamonds with particle sizes being on the order of
the smallest energy transfer distances'® together with
their inherent photostability potentially are ideal can-
didates as FRET labels.

Recently, FRET between several NVs and several
IRDye molecules with an energy transfer efficiency of
7% has been reported. Here we describe energy
transfer between single NV centers and single quench-
er molecules with an energy transfer efficiency of 95%.

RESULTS AND DISCUSSION

For the present study two different samples of
labeled nanodiamonds are prepared: one sample with
dye (DY781-NHS) covalently linked by amide bonds to
the surface of amino-silanized nanodiamonds and
another with Black Hole Quencher (BHQ3-NH,) stron-
gly attached to the surface by electrostatic interaction
with the negatively charged nanodiamond surface at
pH 6. In order to covalently bind the DY781 to the
surface of the nanodiamonds, an oxidizing acid treat-
ment to remove sp? carbon was followed by borane
reduction to create hydroxyl groups and also to stabi-
lize the NV~ charge state.?°~%* An aminosilanization
treatment of the nanodiamond surface was carried out,
and the FRET acceptor was bound using its N-hydro-
xysuccinimide (NHS) ester derivative.?*

The DY781 sample showed fast bleaching of the dye
molecules, and as a result of that, a different sample
using BHQ as FRET acceptor was prepared. The BHQ was
attached to the naodiamond surface via adsorption, and
this resulted in a higher coverage rate than DY781.

Zeta potential measurements show a value of —40
mV at pH 7, indicating a high surface coverage with
negative charges after the oxidizing treatment. As a
result, the positively charged BHQ adsorbs strongly by
electrostatic interaction. The treated nanodiamonds
were then spin-coated on a glass slide.

For the experiment we used a combination of an
atomic force microscope and a confocal microscope
with fluorescence lifetime imaging (FLIM) capability.
This allows for simultaneous measurement of the
topography, confocal image, and lifetime image of
the same area. We used a pulsed laser with a wave-
length of A = 532 nm for excitation and two filters for
detecting the fluorescence of the NV center and of the
dye (FRET signal). The bandpass filter from 650 to
750 nm separates NV° from NV™. In addition, the
spectrum of NV° is shifted to the blue so that the FRET
efficiency is very low due to the small overlap integral
between NV® and BHQ. The NV center acts as a donor
for both quencher and dye. To confirm single NV
centers, autocorrelation curves were recorded (data
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not shown). Two scans (before and after bleaching of
the acceptor molecules) were performed for every
investigated sample area, and fluorescence lifetime
and intensity data of the NV center were recorded
each time. After the first scan, the dye molecules on the
surface of the nanodiamonds were bleached by illu-
minating every particle with high laser power. The
energy transfer efficiency was calculated by comparing
lifetime and intensity data of the NV center before and
after bleaching of the acceptor molecules.

In a first step the adsorption of dye molecules on the
surface of nanodiamonds was confirmed with co-
localization microscopy (Figure 1a). When comparing
images where dye fluorescence is measured (Figure 1b)
with those where NV fluorescence was carried out
(Figure 1c), the NV channel (red) and the dye channel
(green) nicely co-localize, indicating attachment of
dyes on the surface (Figure 1a). It was found that
DY781 bleaches very fast (as compared to the BHQ3).
Nevertheless, we were able to detect DY781 fluores-
cence (Figure 1b) and hence a decrease in NV lifetime
as well. Also in this case, on bleaching of DY781, only
the signal of the NV center remains with a longer
fluorescence lifetime (Figure 1c). The observed energy
transfer furthermore confirms attachment of the dye
on the nanodiamond surface.

The NV center emission ranges from 600 to 750 nm?*®
and overlaps with the absorption maximum of DY781
at 783 nm (see Figure 1g). Using eq 1 we calculated the
Forster radius between the NV center and DY781 to be
3.8 nm.

Ry = 0.211(k2n*QpJ))"/ (1)

Kk is the orientation factor, which is assumed to be
«* = 2/3 for an average orientation factor. n is the
refractive index (2.4 for diamond), and Qp the quantum
efficiency, with Qp = 0.3. J(4) is the spectral overlap
between the emission spectra of the NV center and the
absorption spectra of the acceptor.

Figure 1d and e show FLIM of a sample with nano-
diamonds covered with BHQ before and after bleaching.
The fluorescence of the NV center and intensity as well
as lifetime increased, after the quencher molecules have
been bleached, which clearly indicates FRET.

To confirm this in a quantitative manner, we calcu-
lated the energy transfer efficiency using the recorded
lifetime and intensity of the NV center before and after
bleaching of the quencher. For a FRET process the
efficiency calculated from fluorescence intensity and
lifetime are correlated. To verify this, we calculated the
energy transfer efficiency E:

F—q1_TA_ g [ 2

) Ip
Here 74, and I4, are the lifetime and intensity between
donor and acceptor before bleaching, and 74 and Iy are
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Figure 1. FLIM images of nanodiamonds with Black Hole Quencher and DY781. (a) Co-localization image of (b) and (c).

(b) Image of DY781 attached to nanodiamonds. (c) Image of NV center fluorescence from the same nanodiamonds shown in
(b). Nanodiamonds with BHQ before (d) and after (e) bleaching. In both cases the lifetime of the NV center was detected. Both
lifetime and intensity increased. (f) Lifetime of nanodiamond before (black curve) and after bleaching (blue curve). Roughly
30% of all nanocrystals contained a NV center and were suitable for the experiments. (g) Overlap of the NV emission spectrum

with the BHQ and DY781.

the lifetime and intensity of the donor (NV) after
bleaching. After acceptor bleaching the NV lifetime
increased to the average value of 16 ns, which is very
close to an untreated nanodiamond.

The experimental data of the energy transfer effi-
ciency are shown in Figure 2a. The energy transfer
efficiency calculated from intensity is plotted versus
energy transfer efficiency calculated from lifetime. The
curve shows the expected theoretical result and fits
approximately to the experimental data.

We also analyzed the dependence of the transfer
efficiency on the nanodiamonds' size for 41 nanodia-
monds (Figure 2¢) and observed that, as expected, the
FRET efficiency decreases for increasing size. We attri-
bute this to the short range of the FRET interaction. The
FRET transfer efficiency drops with the distance r
between the NV and an acceptor dye as

Ro®
=5
o +r

(3)
where R, denotes the Forster radius. In a sufficiently
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large nanodiamond, a randomly placed NV center can
have distances r > Ry to every dye on the surface and,
hence, show a low transfer efficiency.

On the other hand even for small distances between
the NV center and dye molecule, r < R, an unfavorable
orientation can result in a low transfer efficiency.
To reproduce this effect, we have carried out a Monte
Carlo simulation (Figure 2b) modeling an ensemble of
150 nanodiamonds for a given diameter. For each
nanodiamond 200 dyes were randomly placed on
the surface and their resulting FRET efficiency was
computed for a single NV center, which was placed
randomly inside the nanodiamond.

The transfer efficiency was evaluated as

1
E = W (4)
dedyes rd6
with rq denoting the distance between the NV and the
dye. The Forster radius Ry between NV and BHQ was

calculated to be 3.6 nm. From this ensemble (dots in
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Figure 2. Energy transfer efficiency between NV center and
BHQ. (a) Comparison between the transfer efficiency based
on experimental lifetime and intensity data and the theo-
retical curve. (b) Theoretical FRET efficiency as a function of
nanodiamond size. Every black point denotes a simulated
nanodiamond. For each diameter an ensemble of nanodia-
monds was simulated and used to compute the quenching
efficiency's median (red) and standard deviation (green).
(c) Experimental FRET efficiency as a function of the size of
the nanodiamonds including indication for steps and
blinking particles.

Figure 2b) we computed the median (red line in
Figure 2b) and the standard deviation (Figure 2b: green
area) of the quenching efficiency. The entire procedure
was repeated for 12 diameters between 2 and 70 nm.

This simulation (Figure 2b) indeed reproduces the
essential features of the experiment (Figure 2c). For
small nanodiamonds, the energy transfer efficiency is
unity in the simulation and close to unity within the
experimental error in the experiment. For sizes bigger
than 20 nm in diameter nanodiamonds with a low FRET
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Figure 3. Intensity graphs of nanodiamonds with intensity
histograms. (a) Intensity graph of a nanodiamond.

(b) Intensity graph of a nanodiamond with BHQ during
bleaching. The increase is continuous. (c) Intensity graph of
a nanodiamond with BHQ. The increase shows steps and
blinking indicating an interaction between two single mol-
ecules. (d) Nanodiamond with the NV center functionalized
with dyes. Only within the Forster radius R, is the NV
quenched (white area).?®

efficiency appear in the simulation as well as in the
experiment. This diameter is much larger than the
Forster radius of a single dye, which suggests that
our preparation procedure indeed produced a high
coverage as assumed in the parameters of the simu-
lation.
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More insight into the local environment of a center can
be gained by recording time traces of the intensity and
lifetime during the bleaching process that was measured
for every NV center. These curves were acquired by
illuminating every particle with high laser power. Therefore
quencher molecules are progressively bleached, and the
detected NV intensity as well as its lifetime increased
proportionally to the remaining number of dye molecules
on the surface. Figure 3 shows some examples of the
intensity curves and the corresponding intensity histo-
gram. The first example is a NV center without quencher
and shows the well-known time trace without blinking or
bleaching. In the following graphs there is a continuous
increase in intensity, and in panel 3c the intensity increases
in steps. The percentage increase of both lifetime and
intensity was the same for all curves and was verified by

1 1
I——) = akikp———
(k2+k3) T ks

lis the intensity, a is a constant, k; is the excitation rate, k»
is the fluorescing rate, and k3 is the quenching rate. The
lifetime 7 can be expressed as 1/(k; + ks). Equation 5
gives a relation between the quenched intensity and
lifetime and shows that the percentage increase of life-
time and intensity was the same, indicating a real FRET
signal as opposed to blinking caused by photoionization
of the NV,'® which usually does not shorten the lifetime.

Thirty-four percent of the particles showed steps
(Figure 3c), while the rest showed a continuous increase
in which finally all dye molecules were fully bleached
(Figure 3b). Steps indicate an interaction between a
single NV and a single quencher molecule that bleached,
visible in a sudden increase in intensity and lifetime of
the NV. Naively one might expect that all curves should
show stepwise increase in intensity at least at the end,
when almost all molecules on the surface have been
bleached. In this case the NV center is within the Forster
radius, Ro. Figure 3d shows a 22 nm diamond functio-
nalized with dyes where the energy transfer efficiency is
color coded. If the NV is in the white shell, it is close
enough to the surface for FRET to an adsorbed molecule;
if it is in the core (the blue area) and too far away from
the surface, no quenching should appear. The volume of
that core divided by the whole volume of the nanodia-
mond results in the probability of the quenched parti-
cles , where we expect to see steps:

(5)

(r — Ro)3

1 - 3

n = (6)

We estimate that 70% of the particles should show
steps for an average size of 20 nm. The observation that

METHODS

The used nanodiamonds were irradiated with electrons and
annealed as described previously.'? The fluorescent defect
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this is not the case together with the observation that
every particle showed quenching on the other hand is
due to the high coverage of quencher molecules on
the surface of the nanodiamonds. Many molecules are
not in the range of the Forster radius, but the NV is
close enough to the surface (black area) to be quen
ched by the high number of acceptors showing a
continuous increase. This, on the other hand, can be
used to estimate the number of molecules on the
surface. The nanodiamond in Figure 3c shows two
steps; that is, two molecules are within the Forster
radius. The particle has a radius of 7 nm. If one divides
the surface of a nanodiamond with radius 7 nm by the
area that has two quencher molecules, about 30
molecules on the surface can be estimated.

For some NVs the curves show a blinking behavior (see
Figure 3c). As shown before, the NV center in diamond is
stable. Also the reference sample showed only 4% of
blinking NVs, compared to the sample with the treated
nanodiamonds, where 26% showed such a behavior. The
blinking was visible in the intensity as well as the lifetime
curves. This suggests that the blinking is not caused by
the NV but by the acceptor molecules. The acceptor
molecule switches on and off before it is completely
bleached. In Figure 2c the energy transfer efficiency as a
function of the particle radius is shown with statistics of
the nanodiamonds showing these effects. The figure
shows that in some cases the steps are accompanied
by blinking. Note that especially for the smallest particles
of 7 nm in size this behavior is observed. Every particle
measured with this radius showed steps and blinking.
This is a further indication that blinking of NVs as
observed in our case is a signature for FRET.

CONCLUSION

In conclusion we showed that we were able to
functionalize diamond nanocrystals for covalent at-
tachment of acceptor molecules on their surface. In
some cases this causes strong interaction between a
single NV center and a single quencher molecule with
near unit FRET transfer efficiency between the NV and
quencher molecule. Because the NV center in diamond
provides several advantages such as photostability and
biocompatibility, it is an ideal candidate for FRET
investigations. Besides it was shown that nanocrystals
can be produced down to sizes of 4 nm;*’ thus the
nitrogen-vacancy center is a biomarker that can be
used for FRET studies in biological applications. Finally
the observed FRET efficiencies may foster develop-
ments of FRET microscopes based on single NV centers
as donors, which would be truly novel devices.?®

centers containing diamond nanocrystals were oxidized in air
at 480 °C for 12 h to selectively remove sp>-bonded carbon,
followed by cleaning in a mixture of concentrated nitric, sulfuric,
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and perchloric acid in a volume ratio of 1:1:1. This cleaning step
was done under reflux for 10 h with 30 min of sonification in an
ultrasonic bath after each 2 h of reflux. Extensive rinsing with
Milli-Q water led to a stable, clear, and brownish solution.

Experimental Setup. The experiment was performed using a
home-built scanning confocal microscope combined with an
AFM (MFP-3D Asylum Research). Nitrogen-vacancy defects
were excited with a frequency doubled CW Nd:YAG laser
(Coherent Compass) and for lifetime measurements with a
Vanguard Quasi-CW DPSS laser (Newport Spectra-Physics) fo-
cused onto the sample with a high-NA objective (Olympus
PlanAPO, NA51.35). Lunimescence light was collected by the
same objective and filtered from the excitation light using a
dichroic beamsplitter (640 DCXR, Chroma). Photon counting of
the filtered light was performed using two avalanche photo-
diodes (SPQR-14, Perkin-Elmer). Fluorescence autocorrelation
histograms were recorded using a fast multichannel analyzer
(Fastcomtec, P7889). Fluorescence lifetime and the autocorrela-
tion histograms were recorded using TCSPC electronics
(PicoHarp 300, PicoQuant GmbH) together with a two-channel
router controlled by SymPhoTime V 4.0 software.
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