
  

 
Figure 1.  Level structure of NV.  (a) Ground (3A2) and excited (3E) 

electronic states shown with radiative transitions between like spin 

sublevels.  Spin sublevels ms = ±1 of 3E also decay non-radiatively to 

intermediate singlet states, enabling spin sublevel detection based on 

fluorescence intensity.  The singlets decay preferentially to the ms = 0 

sublevel of the ground state, pumping the NV spin into that sublevel.  

(b) In the absence of a magnetic field, there is a microwave transition 

between ms = 0 and ms = ±1 at 2.869 GHz.  (c) A magnetic field along 

the NV spin axis splits the ms = +1 and ms = -1 transition lines.  (d) 

An ensemble of NVs in a nanodiamond powder will show a transition 

that broadens with applied magnetic field, as the splitting for any one 

will be proportional to the projection of B along the NV spin axis. 

 

 

Abstract— A new molecular imaging approach is proposed 

that combines optical detection and magnetic field gradients to 

achieve high sensitivity and high spatial resolution.  Called 

Nanodiamond Imaging, this new modality images the location of 

nanodiamonds within a living organism.  Since nanodiamonds 

can be tagged with biologically active molecules and are 

nontoxic, Nanodiamond Imaging may become an important 

biomedical research tool with possible clinical application.  A 

Nanodiamond Imaging system actually senses a particular type 

of defect in the nanodiamond called the nitrogen-vacancy 

center.  A prototype system has been built that was tested by 

imaging an artificial target within a volume of chicken breast.  

The resolving power should be <100 µm with modest 

improvements, significantly finer than PET, SPECT, and in-

vivo optical imaging.  The sensitivity of the imaging system, 

taking into account foreseen improvements, should be better 

than a 10 nanomolar concentration of carbon atoms, referenced 

to a 1 mm3 voxel volume and one second of measurement time 

(10 nMmm3Hz-1/2)—a similar sensitivity to the other molecular 

imaging techniques, but with a stable, non-radioactive tracer. 

I. INTRODUCTION 

There exists an array of preclinical small-animal imaging 
modalities that address a range of imaging tasks [1], [2].  
Structural or anatomical imaging techniques, such as 
magnetic resonance imaging (MRI), x-ray computed 
tomography (CT), and ultrasound (US), have sufficiently 
high resolution to provide anatomically relevant detail, but 
lack high sensitivity for imaging molecular processes.  
Conversely, techniques such as positron emission 
tomography (PET), single-photon emission computed 
tomography (SPECT), and photoluminescence or 
bioluminescence optical imaging (OI) are sensitive enough 
to detect molecular processes, but what they gain in 
sensitivity they lack in resolution [3].  Anatomical and 
molecular imaging modalities can be used in combination, 
such as in PET/CT, and SPECT/CT, where the CT scan 
provides anatomical information that is correlated or 
registered with the molecular information from the PET or 
SPECT scan. 

A new molecular imaging modality, called Nanodiamond 
Imaging, is proposed that overcomes many of the limitations 
of the preclinical imaging techniques described above.  
Nanodiamond Imaging combines the high sensitivity of 
optical detection with the spatial resolving power of 
magnetic gradient-based imaging like MRI.  Like the other 
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molecular imaging modalities, Nanodiamond Imaging relies 
on the use of a tracer, or a material introduced into the 
organism and directly imaged, that can be attached to various 
biologically-relevant molecules.  We use nanodiamonds 
containing a unique magneto-optical defect called the 
nitrogen-vacancy (NV) color center as a tracer, which can be 
quantitatively imaged to reveal the three-dimensional 
distribution of biologically relevant information.  
Applications such as monitoring gene expression patterns, 
diagnosis and longitudinal tracking of disease, stem cell 
tracking, and tumor detection are enabled by such tracer-
based (molecular) imaging technologies [1]. 

A. Nitrogen-Vacancy Centers 

Nitrogen-vacancy centers [4], [5] are bright optical 
emitters that can be excited in the red (600-630 nm) and 
fluoresce in the near-infrared (650-800 nm), at wavelengths 
that most readily penetrate tissue [6].  In the absence of a 
magnetic field, the ground state has a splitting of 2.869 GHz 
between the ms = 0 and the ms = ±1 spin sublevels (see 
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Figure 2.  (a) A hypothetical one-dimensional magnetic field 

containing a field-free region.  This field could exist on the line 

between two identical magnets with north poles facing each other.  

(b) Optically-detected magnetic resonance, as a function of 

microwave frequency, for points of nanodiamonds at locations A, B, 

and C in (a).  The nanodiamonds at B, within the field-free region, 

show the strongest signal at the 2.869 GHz center frequency.  (c) At 

2.869 GHz, the microwave-induced change in fluorescence is 

dependent on the position of the nanodiamonds in the B-field, relative 

to the field-free region. 

 

 

Figure 3.  (a) Imaging system schematic.  (b) Photograph of the 

magnetics subsystem and the central imaging chamber. 

 

Fig. 1).  Introducing a magnetic field along the NV axis 
splits the ms = +1 and ms = -1 sublevels such that transitions 
from ms = 0 occur at two different frequencies, 2.869 GHz ± 
28 GHz/T.  The NV has a long spin-relaxation time (T1) of 
1.2 ms [7] and a long spin coherence time (T2) of greater 
than 1 us in nanodiamond [8]. 

As indicated in Fig. 1, the NV spin is pumped into the 
ms = 0 sublevel upon optical excitation.  The spin sublevel, 
whether ms = 0 or ms = ±1, can be detected via a spin-
dependent fluorescence intensity:  ms = ±1 fluoresces more 
dimly than ms = 0 because it can decay non-radiatively 
through the intermediate singlet states, whereas ms = 0 
decays primarily radiatively.  However, even after the NV 
spins are pumped into the brighter ms = 0 sublevel, exciting 
the microwave transition will mix the NV spin sublevels, 
leading to decreased fluorescence.  Thus, microwave-
induced spin transitions can be detected by a decrease in 
fluorescence intensity.  

B. Nanodiamond 

Several advantages of Nanodiamond Imaging come from 
the NV’s nanodiamond host.  Nanodiamonds are easily 
fabricated via a variety of methods, including high-pressure-
high-temperature (HPHT) synthesis and detonation synthesis 
[9].  Typically NVs are created within the diamond via a 
high-energy implantation and annealing process.  However, 
detonation nanodiamonds (DNDs) may be of greatest 
interest, as it is possible to create NV concentrations up to 
1%, in a scalable way, by sintering of DND powder [10].  
Nanodiamonds are easily functionalized to attach to a variety 
of biomolecules, for example by carboxylation [11].  Their 

non-toxicity and immune system tolerance has been 
demonstrated in mice [12]. 

In this paper, we explain the fundamentals of how the 
new imaging modality works, and we demonstrate the first 
prototype system by imaging an artificial target, or a 
phantom, in tissue.  We show how we will approach 
sub-100-µm resolutions and sensitivities better than 

10 nMmm
3
Hz

-1/2
 concentration of carbon atoms. 

II. OVERVIEW OF IMAGING SYSTEM 

The purpose of the imaging system is to detect the 
spatially-resolved concentration of nanodiamond tracer 
within an organism, or, from an optical point of view, within 
a highly scattering medium.  The imaging system collects 
spatially-resolved, optically-detected magnetic resonance 
(ODMR) information from the sample, using a combination 
of magnetic, optical, electronic, and microwave subsystems. 

An overview of how the ODMR signal is formed is 
shown in Fig. 2, and a schematic and picture of the imaging 
system is shown in Fig. 3.  The sample is continuously 
irradiated with red light and microwaves at 2.869 GHz.  A 
static magnetic field is present that has a field-free region—
either a field-free point for creating three-dimensional 
images and two-dimensional slices, or a field-free line for 
creating two-dimensional projections.  This field-free region 
can be rastered across the sample with additional magnetic 
fields.  In Fig. 3, a field-free line is generated with a 
permanent-magnet quadrupole arrangement, and it is 
scanned across the sample with electromagnets.  Within the 
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Figure 4.  (a) Raw image data of phantom shown in (b), imaged 

outside of tissue.  (b) Photograph of phantom made from double-sticky 

tape with a 1.25 µg/mm2 areal density of nanodiamonds.  (c) Image of 

phantom within chicken breast shown in (d), after deconvolution.  

Note the perfect background removal, in comparison to a raw image 

like (a).  (d) Phantom made out of double-sticky tape with a 

1.25 µg/mm2 areal density of nanodiamonds, buried under 8 mm of 

chicken breast. 

field-free region, the microwaves mix the NV spin sublevels, 
leading to dips in fluorescence.  Because the dips in 
fluorescence can be a small (~0.1%) fraction of the total 
fluorescence, the microwaves are modulated enabling the 
corresponding changes in fluorescence to be detected 
synchronously with a lock-in amplifier.  In the prototype 
system, the optical excitation is generated by a band-pass–
filtered red LED, fed by a low-noise current source to 
minimize intensity fluctuations.  Fluorescence is collected 
and condensed onto a photodiode, and the resulting 
photocurrent is sent to a transimpedance amplifier before 
being input to the lock-in amplifier.  Note that the 
photodetector requires only a single element or pixel, and 
that spatial information about the nanodiamond 
concentration can be obtained solely from variations in 
fluorescence as the position of the field-free region is 
scanned. 

III. IMAGE WITH CURRENT SYSTEM 

Two images as generated from the prototype system are 
shown in Fig. 4.  Both are two-dimensional projection 
images made using a field-free line.  The first image, in 
Fig. 4(a), is an image of a phantom (shown in Fig. 4(b)) that 
says “UC”, which is made out of 6 pieces of 1 mm x 2 mm 
double-sticky tape with 2.5 µg of HPHT nanodiamond 
containing 6 ppm NVs on each piece of tape.  This particular 
image was acquired outside of tissue.  The imaging system 
was more sensitive to the right side of the phantom, which 
was closer to the photodiode.  To correct for this non-
uniform sensitivity, two images were recorded and registered 
on top of each other, with the phantom rotated 180° between 
images.  The acquisition time was 1600 s for each 
40 by 40 pixel image. 

In the second image, Fig. 4(c), the phantom is a “C”, 
6 mm on a side, made out of 7 squares of 2 mm x 2 mm 
double-sticky tape, each coated with 5 µg of the same 
nanodiamond.  The “C” is placed 8 mm beneath the surface 
of a 10 mm x 10 mm x 18 mm piece of chicken breast, as in 
Fig. 4(d).  Chicken breast is a highly scattering tissue that 
homogenizes the sensitivity of the imaging system, thus 
making it nearly shift-invariant (i.e., the imaging system’s 
point-spread function is independent of the location of a test 
point of nanodiamonds within the projection plane).  The 
image as shown is deconvolved using a non-negative least-
squares fit (with Tikhonov or minimum-norm regularization) 
to a point-spread function. 

The point-spread function used in the deconvolution was 
derived by fitting a simplified, physically constrained 
functional form to measured data.  The non-zero background 
in the raw image (Fig. 4(a)) comes from the wide tails of the 
point-spread function, which scales approximately as 1/r, 
where r is the distance from the field-free region to the point 
of nanodiamonds.  To see why the point-spread function has 
this scaling, we refer back to Fig. 1(d) and Fig. 2(b), where 
we see that the width (along the frequency axis) of the 
microwave transition, for an ensemble of nanodiamonds 
pointing in all directions relative to a magnetic field, 
increases linearly with the field strength.  The amplitude of 
the ODMR at 2.869 GHz scales inversely with the width of 

the microwave transition, hence the point-spread function 
decays inversely with the distance from the field-free region.  
Although it may appear that this point-spread function 
diverges at r = 0, the maximum signal is limited by strain 
within the nanodiamonds that broadens the 2.869 GHz 
transition. 

A more accurate calculation of the point-spread function 
would take into account the spin Hamiltonian of the NVs in 
the magnetic field, the distribution of strain within the 
nanodiamonds, and the spatially varying optical and 
microwave excitation and fluorescence detection patterns. 

IV. PERFORMANCE 

It is possible to quantify the performance of the current 
imaging system.  Sensitivity and resolution were analyzed by 
placing a 0.3 mm x 0.3 mm piece of double-sticky tape in the 
imaging system, coated with 100 ng of nanodiamond.  The 
observed peak signal (field-free line centered on the 
nanodiamond point) entering the lock-in was 50 µV, with 
approximately a 1 W/cm

2
 illumination.  The noise, primarily 

shot-noise from the non-modulated component of the 

photocurrent, was 2 µVHz
-1/2

. Therefore, the sensitivity of 

this system is 4 ngHz
-1/2

.  Expressed in terms of 
concentration of carbon atoms, referenced to a (1 mm)

3
 

voxel, the sensitivity is 300 µMHz
-1/2

.  The half-width at 
half-max of the point-spread function, equivalent to the 
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system resolution, was approximately 500 µm, with a 
gradient of 1 T/m. 

V. DISCUSSION 

We expect significant performance increases from 
foreseen improvements to the imaging system.  First, we are 
using nanodiamonds with approximately 6 ppm NV, whereas 
it may be possible to create detonation nanodiamonds with 
up to 10,000 ppm NV via a sintering process [10].  Currently 
the measurement is carried out in a CW manner, although 
pulsing the measurement will provide a great benefit.  The 
limiting factor to the signal strength is the intensity of the 
optical excitation, which must be controlled to prevent undue 
thermal load on the organism being imaged.  However, the 
signal-to-noise ratio (SNR) increases with the 3/2 power of 
the optical intensity, because not only is more light collected 
(contributing the standard 1/2 power of optical intensity 
scaling of the SNR in shot-noise-limited systems), but the 
relative spin population, which determines the signal 
modulation depth, increases linearly with the optical 
intensity.  Thus, it is advantageous to go to a pulsed scheme 
with a duty factor D (0 < D < 1), such that the signal 
collected in a given time and with a given amount of 
absorbed optical energy scales as D

-1
. 

More advanced coherent microwave pulsing schemes can 
be used if enough instantaneous microwave power is 
available to make the microwave Rabi nutation frequency 
surpass the decoherence rate of the NV spins.  For example, 
the spins can first be optically pumped, and then they can be 
inverted periodically with a series of inversion (π) pulses 
while observing the resulting modulation of fluorescence.  A 
coherent modulation scheme that inverts the spin population 
can produce up to twice the signal as an incoherent scheme, 
which can at best equalize the spin population between lower 
and upper levels.  Furthermore, such a scheme would allow 
rastering much faster than the spin relaxation time T1 
because the spins would not have to relax to changes in the 
position of the field-free region. 

Together these improvements should drive sensitivities to 

10 nMmm
3
Hz

-1/2
 or below.  The reason sensitivity is 

expressed in this way is to decouple the sensitivity (in 
concentration units) from the voxel size and the 
measurement time, which unfortunately is not always done 
when comparing imaging techniques.  To put the sensitivity 
in perspective, it is helpful to examine the following 
example.  Assume we would like to image a 
4 cm x 2 cm x 2 cm volume with 1 mm

3
 resolution by 

acquiring a series of two-dimensional projections around the 
sample, to be combined using a projection reconstruction 
algorithm, as in a CT scan.  We would like to image the 
volume in one minute, and we must collect 16,000 samples, 
so we have 3.75 ms per voxel.  Since projection imaging is a 
multiplexed technique, each voxel will actually be sensed for 
20x that time (field of view of 2 cm divided by voxel 
dimension of 1 mm), so sensitivity in each voxel will be 
better than 40 nM.  If our sample is injected with 1 µmol or 
12 µg of nanodiamonds and the nanodiamonds fill 10% of 
the voxels, those voxels will be imaged with an SNR 
approaching 15,000. 

VI. CONCLUSION 

Nanodiamond Imaging is a novel molecular imaging 
modality that can approach sub-100-µm resolutions with a 
5 T/m static magnetic gradient field, and sensitivities 

approaching the nMHz
-1/2

 range for 1 mm
3
 voxels.  It can 

form two-dimensional projection images and three-
dimensional renderings.  Compared to other molecular 
imaging modalities such as PET and SPECT, there is no risk 
of ionizing radiation complicating the results of the imaging 
study, and the stable nature of the diamond particles allows 
much longer longitudinal studies than do radiotracers.  The 
main drawback of the technique is depth penetration into 
tissue is limited to 2 to 3 cm, similar to fluorescence and 
bioluminescence imaging.  However, unlike those imaging 
techniques, there is no loss of resolution with depth: the 
resolution is determined by the magnetic field gradient, 
which is unaffected by the presence of tissue. 
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