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⊥Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei 106, Taiwan

*S Supporting Information

ABSTRACT: Nanometer-sized diamonds containing nitro-
gen-vacancy defect centers (NV) are promising nanosensors in
biological environments due to their biocompatibility, bright
fluorescence, and high magnetic sensitivity at ambient
conditions. Here we report on the detection of ferritin
molecules using magnetic noise induced by the inner
paramagnetic iron as a contrast mechanism. We observe a
significant reduction of both coherence and relaxation time
due to the presence of ferritin on the surface of nanodiamonds.
Our theoretical model is in excellent agreement with the
experimental data and establishes this method as a novel
sensing technology for proteins.
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T he detection of single proteins in biological environments
using noninvasive nanoprobes has a wide range of

applications in all areas of life sciences. Currently the most
common route to visualizing the interior of living cells involves
using organic molecules (dyes and fluorescent proteins)1 and
quantum dots.2 The main disadvantage of the former is that
they tend to bleach after some illumination time, thus limiting
their usefulness. Quantum dots do not bleach but can be toxic
and have unstable fluorescence, resulting in photoblinking.2 A
further challenge remains to extend the functionality of
biomarkers by linking their fluorescence to interesting events,
such as the presence of a particular protein, and changes in pH
or concentration.3 Recently color centers in nanosized
diamonds (nanodiamonds or ND) have been studied with
this application in mind since they do not show the above
limitations4−6 and because it has been demonstrated that they
can be introduced even in living multicellular organisms.7 Their
fluorescence depends on the electronic spin-state of the NV
center, thus allowing the optical detection and coherent
manipulation of single NV center spins even at room
temperature.8,9 Due to their long coherence time, these color
centers are ideal magnetic field sensors at the atomic scale, and
the first proof-of-principle experiments have already been
demonstrated.10−13 Other studies have proposed using NV
centers to detect and resolve the structure of single biological
molecules through dipolar coupling to nuclear spins of the
protein.14−16

Here we report experiments toward the implementation of
nanodiamonds as a biological sensor by demonstrating that the

influence of ferritin metalloprotein on the spin properties of
single NV centers in nanodiamonds can be detected and
quantified. Thermal fluctuations of iron electron spins in the
protein molecule create a strongly fluctuating spin bath which
couples to the electron spin of the NV. This interaction leads to
shortening of both the NV spin coherence time T2 and
relaxation time T1 by an order of magnitude, when compared to
the values for noncoated nanodiamonds. This effect is fully
explained by our theoretical model.
Ferritins are a family of proteins found in many types of

animals, plants, and prokaryotes, with the primary function
being iron storage. Each ferritin molecule is made of 24
subunits, which are self-assembled, in a noncovalent fashion,
into a cage-like nanostructure.17 Their structure consists of a
hollow protein shell (Apoferritin) with a thickness of 2 nm that
can store up to 4500 iron atoms.18 The cavity inside is
approximately 8 nm in diameter and contains a single-domain
antiferromagnetic iron-oxyhydroxide core (FeO(OH)]8[FeO-
(H2PO4)]) with uniaxial anisotropy and a magnetic moment of
about 300 μB (resulting from a small fraction of uncompensated
Fe3+ spins).19 The ferritin concentration in blood serum is
correlated with the total amount of iron stored in the body,
making this protein critical for iron homeostasis and
metabolism in mammals. Its alteration plays a significant role
in anemias, such as iron aplastic anemia, and chronic hemolytic
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anemia, in addition to thalassemia, hepatitis, hepatoma, and
chronic or acute hepatic injury.20−22 Iron overload and
overexpression of ferritin has also been implicated in neuro-
degeneration in a genetically engineered mouse model.23

Hence, the determination of ferritin under physiological
conditions is important for obtaining information on disease
pathology and diagnosis.
To date, various methods have been applied for ferritin

detection with atomic force microscopy (AFM)24,25 and
different immunoassays26−30 being commonly used. Ferritin
has even been used as a contrast agent for magnetic resonance
imaging.31 However, these techniques have some limitations.
For example the contact mode and/or the vibrating motion of
the samples in AFM imaging may lead to denaturation of the
biological molecules.25,32−34 Most of the other reported

detectors for ferritin use a complicated biochemical assay
which requires expensive antibodies and sophisticated
instrumentation for immunochromatography. Additionally,
the reproducibility of electrochemical immunoassays is
inconsistent.28,29 Therefore, a new, simple, sensitive, and
noninvasive method for ferritin detection can be expected to
find wide applicability.
NV spins in nanodiamonds have been proposed for use as

noninvasive sensors in living cells,11,15,16 and the first sensing
protocols have been implemented.10−13 However, the ability to
detect single biomolecules requires linking them to nano-
diamonds. If the latter are oxidized, they are good adsorbents
for proteins or polypeptides.
To implement biosensing of metalloproteins, we first realized

adsorption of ferritin onto the nanodiamond surface by using

Figure 1. HRTEM images of ferritin molecules (right) showing the iron containing core. Single nanodiamond covered with ferritin (left). The
arrows indicate the position of the metalloprotein on the surface.

Figure 2. Inversion recovery measurement used to obtain the electron spin−lattice relaxation time T1 of NV in NDs as received (left) and in ferritin
coated NDs (left, inset). Statistical distribution of the T1 for free nanodiamonds (right, blue bars) and for ferritin coated nanodiamonds (right, red
bars). The decrease of T1 in the presence of ferritin is clearly visible and observed in all measurements. The black dotted curve is a theoretical model
using the fluctuation dynamics of the iron ions (see main text).
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electrostatic attraction between the anionic groups (COO−)
terminating the nanodiamond surface and the positively
charged amino groups (−NH3+) of the adsorbate (ferritin).
Previous studies have shown that oxidized nanodiamonds
adsorb various biomolecules such as proteins,35−39 toxins,40,41

antibodies,42 and hormones.43 In our experiments the attach-
ment of ferritin to the surface of fluorescent nanodiamonds was
performed by noncovalent binding to the amino groups of the
protein. Nanodiamonds having an average size of 20 nm were
produced according to the method described in ref 44; horse
spleen ferritin was obtained from Sigma-Aldrich. Nano-
diamond−ferritin complexes were synthesized by incubating
the ingredients in boric acid buffer (pH = 8.5). The solution
was purified from free ferritin by centrifugation and thorough
rinsing with deionized water. Fourier transform infrared
spectroscopy (FTIR), zeta potential measurements, X-ray
photoelectron spectroscopy (XPS), and high-resolution trans-
mission electron microscopy (HRTEM) were used for the
characterization of the ND-ferritin complex and showed on
average 10 ferritin molecules attached to each nanodiamond
(see Supporting Information). The XPS spectrum of nano-
diamond−ferritin complex shown in Figure S4 (Supporting
Information) reveals the presence of iron. The 2p transition
was observed at 711 eV and 3s, 3p exhibit binding energy peaks
at 95 and 53 eV, respectively.
Figure 1 shows a HRTEM image of ferritin adsorbed on ND

surface. Single ferritin molecules can be easily resolved and
identified. The diameter of the iron core is determined to be
around 5 nm, consistent with the values reported in the
literature.18

The fluorescence and optically detected magnetic resonance
(ODMR) measurements were performed on a home-built
confocal microscope. An excitation wavelength of 532 nm was
used, and the fluorescence was detected using an Avalanche
photodiode (APD) after a 650 nm long pass filter. Nano-

diamonds were spin-coated on a glass coverslip, with
microstrip-lines fabricated on the surface for applying micro-
waves, produced by standard photolithography. The electron
spin coherence time T2 was measured with the ODMR version
of the Hahn echo pulse sequence,9 and for the relaxation time
T1 determination we used the adapted inversion recovery
technique.45

We have investigated a total of 64 nanodiamonds divided in
two groupsfree (as received) and ferritin covered NDs. The
T1 and T2 times for both groups are plotted in Figures 2 and 3.
In all experiments we observed a shorter T1 and T2 for

ferritin conjugated nanodiamonds compared to free NDs, with
an average reduction of about a factor of 7. We obtained T1 =
5.7 μs and T2 = 1.6 μs for ferritin conjugated nanodiamonds
compared to T1 = 41.8 μs and T2 = 6.0 μs for free NDs. This
result confirms that the presence of very few ferritin molecules
have a strong and quantifiable impact on the spin properties of
NV, thus demonstrating the feasibility of nanodiamonds as
nanoscale magnetic field sensors. Moreover, the observed effect
is so large, that even a single ferritin close to the nanodiamond
could be detected using this novel sensor. In the following we
present our theoretical model fully describes the observed
effects.
If we neglect the hyperfine coupling to the nitrogen nuclear

spin the electron spin properties of the NV’s ground state are
well-described by the following Hamiltonian:

μ= · · +H S D S g B SzB 0

where S = (Sx, Sy, Sz) is the NV’s electron spin operator with
spin number S = 1, D = 2.87 GHz is its zero-field splitting, g is
its g-factor, μB is the Bohr magneton, and B0 ∼ 20 G is the
applied constant magnetic field. The Fe3+ stored in the ferritin
core have an electron spin S = 5/2. The mutual flip-flops of
these spins cause fluctuating magnetic field acting on the NV
center inside the nanodiamond. At room temperature this

Figure 3. Electron spin Hahn echo decay for free NDs (left) and ferritin conjugated NDs (left, inset). A decrease of T2 for ferritin-NDs is observed
in all experiments. The dotted line is a theoretical model (see main text for more details).
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process can be described classically as a random exchange of
polarization between iron spins at a rate that of 2.1 GHz which
has been determined to match the line width of the electron
spin resonance spectrum of ferritin.46 The transversal
component (perpendicular to the NV’s quantization axis) of
this fluctuating field induces flips of the NV’s electron spin, thus
leading to relaxation and accordingly to shortening the value of
T1. More precisely, the noise spectrum S⊥(ω) at the frequency
corresponding to the NV centers’ zero field splitting (i.e., ω0 ≈
2.87 GHz) provides a very accurate estimation of T1 as 1/S

⊥(ω
= ω0). The value of T2 is affected by the longitudinal
component (parallel to the NV’s quantization axis) of the
fluctuating field. Using the longitudinal noise spectrum S∥(ω)
the decay of the spin echo signal SE (a direct measurement of
the coherence) and thus the T2 time can be calculated47 as SE =
8∫ 0

∞(dω/π)S∥(ω) sin4(ωt/4)(1/ω2). Note however that the
nanodiamonds possess a size distribution and that the position
of the NV inside is not precisely known. This results in a
variation of the distance of the NV center to the ferritin and
thus in a variation of the magnitude of the fluctuating magnetic
field. Nevertheless we were able to take both factors into
account by assuming a random position of 8−15 ferritins
attached to the nanodiamond. The numerical results for T1 and
T2 are shown as dashed lines in Figures 2 and 3, respectively. A
more detailed explanation of the theory model can be found in
the Supporting Information. There is an excellent agreement
between the experimental results and the theoretical prediction.
In conclusion, we have demonstrated that single nano-

diamonds containing NV centers can be used to detect
individual ferritin molecules. Our method has the sensitivity
required for single protein detection, can be easily applied to
cellular environments, and may be developed further to resolve
some important biological processes such as electron transfer.48

Recently49,50 two groups have demonstrated nuclear magnetic
resonance on very small volumes containing about 104 nuclei
using NV centers in single crystal macroscopic diamonds.
These experiments, together with our results presented here,
prove the feasibility of nanoscopic magnetic field sensors based
on single defects in diamonds.
Recently we became aware of the work by Ziem et al.51 who

report the detection of iron in ferritin and manganese ions in
solution by using an ensemble of NVs as sensors.
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