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Molecular imaging is a powerful tool for studying chemical
and biomedical processes with high specificity and minimal
background interference.[1] A variety of imaging methods
enjoy widespread use, including those based on fluorescence,
radioactivity, and magnetism.[2] Whilst each labeling method
offers advantages and disadvantages, magnetic labeling stands
out because of its low toxicity, noninvasive detection, facile
manipulation with an external magnetic field, and potential
therapeutic uses.[3]

Imaging of magnetically-labeled molecules, particularly
under in vivo conditions, has broad impact in drug delivery,
medical diagnosis, cellular imaging, and hyperthermia treat-
ment for cancers.[4] To achieve this goal, highly sensitive
imaging with a long detection range is needed. The require-
ment of an extended detection range rules out most micro-
scopic techniques.[5] Whilst many technologies have been
developed,[6] magnetic resonance imaging (MRI) is the
current technology of choice owing to its high spatial
resolution and reasonable detection limit.[7] MRI, however,
is not a direct measuring technique for magnetic particles
because the inductive detection of MRI is not responsive to
direct current magnetic fields.[8]

Recently, we reported an innovative scanning imaging
technique with a detection range of nearly one centimeter.[9]

It utilizes a sensitive atomic magnetometer, which uses
coherent alkali atoms to measure magnetic fields, coupled
with a scanning imaging system to obtain a magnetic field
profile instead of a single-point measurement. This technique
is able to simultaneously reveal spatial information and the
quantity of magnetic particles in a given sample volume. Until
now, the spatial resolution of this technique was limited to one
dimension, and no examples of molecular imaging were
demonstrated.

Herein we demonstrate two-dimensional imaging of
arbitrarily oriented magnetic nanoparticles and quantitative
molecular imaging of a targeted antibody. A linear response is

revealed for a wide range of sample quantities. Scanning
electron microscopy is used to confirm the binding of a-
antibody molecules labeled with magnetic nanoparticles onto
immobilized antibodies. We also show that three-dimensional
scanning magnetic imaging is achievable.

When two samples consisting of magnetic particles are
present, each with an arbitrary magnetic orientation, the
magnetic field from each sample along the detection axis of a
vector atomic magnetometer is given by Equation (1):
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As shown in Figure 1a, di and xi represent the coordinates
of the corresponding sample, with i = 1, 2. The d axis is the
detection axis of the vector magnetometer. The variable x is
the position during the scan, Mi is the total magnetization of
the sample, and ai is equal to cosqi, where qi is the angle
between the magnetic orientation of the corresponding
sample and the d axis.

Two magnetic samples with equal quantities of amine-
coated magnetic particles were located on a sample holder,
with a distance of 0.100� 0.005 mm along the d axis and
40.0� 0.2 mm along the x axis. A magnetic field profile was
obtained when the sample holder was scanned along the
x axis, which revealed the di and xi values of the two samples.
The coordinates of the two samples were (6.677� 0.019,
66.47� 0.01) and (6.779� 0.024, 106.77� 0.02) mm, respec-
tively. Therefore, the distances measured by scanning mag-
netic imaging were 0.102 mm along the d axis and 40.30 mm
along the x axis. The widths of the traces represent the
respective fitting errors of di (Figure 1b).

To demonstrate the accuracy of the two-dimensional
positions of the samples, a series of five scans were performed
by sequentially increasing the d coordinate by 0.100 mm using
translation stages. The fitted d coordinates of the two samples
were then offset by the corresponding stage movement. The
results are shown in Figure 1c. For each scan, the d coordinate
difference is 0.100� 0.007 mm and the x coordinate differ-
ence is 40.0� 0.3 mm (see Supporting Information, Table S1,
for details). Furthermore, the fitted magnetizations of the
samples, Mi, are within 6% for all of the scans; the accuracy of
the relative amount, M1/M2, is better than 3%.

To correlate the measured magnetization with the amount
of magnetic sample, we studied the magnetization as a
function of the amount (by mass) of the magnetic particles. A
specified amount of magnetic particles was scanned along the
x axis; the resulting magnetic profiles provided the corre-
sponding magnetization values (see Supporting Information,
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Figure S1). Figure 2a shows the data obtained from the same
samples used in the two-dimensional imaging. The data
indicate that the obtained magnetization is proportional to

the mass of the particles. Furthermore, the dynamic range of
the linear response is nearly three orders of magnitude. Such a
wide response range facilitates applications in biological
separation and molecular imaging, where the concentration
of the targeted molecules can vary substantially.

In the current configuration, the upper detection limit of
our atomic magnetometer is governed by the width of the
magneto-optical resonance, which is about 50 Hz. Given that
the gyromagnetic ratio of cesium is 7 Hz/nT, we estimate the
upper limit to be 7 nT. The lower limit is determined by the
sensitivity, which is about 150 fT for a one-second integration
time. These two limits define a dynamic range of more than
four orders of magnitude, which is a significant advantage
over competing detection technologies based, for example, on
giant magnetoresistive sensors.[10] Furthermore, the sensitivity
of atomic magnetometers is amenable to improvement.[11] For
our magnetometer specifically, the sensitivity can ultimately
reach less than 1 fT,[12] which will extend the dynamic range
even further.

For quantitative molecular imaging, we first measured
magnetization against sample amount for another kind of
magnetic nanoparticles, which was labeled with goat a-mouse
IgG (Figure 2b). The data in Figure 2b also show that the
magnetization is proportional to the amount of the particles
present; the slope is different from the amine-coated mag-
netic particles owing to their differences in intrinsic magnetic
properties.

Using scanning magnetic imaging, we investigated the
binding of magnetic particles coated with goat a-mouse IgG
onto mouse IgG immobilized on a gold surface (Figure 3).[13]

The profile for the gold surface shows a non-magnetic
background (Figure 3a). To ensure the removal of physisor-
bed magnetic particles, we developed a washing procedure
and examined the results (Figure 3b). The magnetic profile
confirmed that the interference from the physisorbed mag-
netic particles is negligible after washing. Two separate 5 mL
aliquots of magnetic particles at concentrations of
0.5 mgmL�1 and 1.0 mgmL�1 were respectively incubated
with the mouse IgG-coated gold surface and washed using the
established procedure. The results are shown in Figure 3c,d.
For the 0.5 mgmL�1 solution, the fitted magnetization corre-
sponds to 0.93 mg of bound particles based on the calibration
curve shown in Figure 2b, which contains 9.3 � 104 particles
according to the manufacturer�s specification. This amount is
comparable to the detection limit of a superconducting
quantum interference device with a 40 mm detection dis-
tance.[14] Our technique, however, offers a circa 9 mm
detection distance: the distance between the surface and the
detector is 8.755� 0.109 mm. The data for the 1.0 mg mL�1

solution revealed that the bound particles increased to 3.0 mg,
which is equivalent to 3.0 � 105 particles. The distance is
8.591� 0.024 mm. Combining the fitted x and d values with
the quantities, we obtained corresponding images (Figure 3e–
h). The coordinates are (131.99� 0.048, 7.991� 0.129),
(129.71� 0.148, 8.755� 0.109), and (134.07� 0.027, 8.591�
0.024) mm for Figure 3 f, g, and h respectively. Figure 3e is
blank because of the absence of bound particles. The gray
scale of the sample dots indicates the quantity of the particles,
with a darker filling indicating a higher quantity. Each pair of

Figure 1. Two-dimensional scanning magnetic imaging. a) Geometry of
the two samples, which were separated by 0.100 mm along the d axis
(d2�d1) and 40.0 mm along the x axis (x2�x1). The d axis is the
detection axis of the vector atomic magnetometer (shown as a cube
with the laser beam propagating along the d axis), and the x and z axes
are perpendicular to the detection axis. qi is the angle between the
magnetization of the respective sample and the d axis. b) A scanning
magnetic profile of the two samples, plotted against respective fitted
d values and x scan positions. c) Five images overlaid to show the
spatial accuracy on both the d and the x axes.

Figure 2. Quantification of magnetization M of magnetic nanoparti-
cles. M is obtained from scanning magnetic imaging as a function of
the mass of magnetic particles. a) Amine-coated magnetic particles.
b) Magnetic particles coated with goat a-mouse IgG.
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coordinates represents the mounting position of the corre-
sponding sample after the incubation and washing procedure,
which is not necessarily exactly the same as the previous
position. It is interesting to note that by increasing the
concentration by a factor of two, the binding proportion was
improved from 37 % to 60%.

Scanning electron microscopy (SEM) was employed to
provide complementary data for the above-mentioned four
steps (see Supporting Information, Figure S2). No particles
were observed in the background test, and few were detected
in the control test. When the targeted antibody molecules
were present on the gold surface, the corresponding images
show magnetic particles present for the 0.5 mgmL�1 solution,
and a greater number of particles for the 1.0 mgmL�1

solution. We thus conclude that the SEM images are
consistent with the results obtained using scanning magnetic
imaging.

To further validate the quantities of the magnetic
particles, we took an optical image of the sample in Figure 3b
and statistically counted the number of particles (see Sup-
porting Information, Figure S3). The counting yields 2.1 � 104

particles, which agrees well with the fitting result from
scanning magnetic imaging of 2.3 � 104 in Figure 3 f. We
chose this sample for comparison because it was possible to
directly count the number of particles owing to the low
density and hence no overlapping. The advantage of scanning
magnetic imaging is that it gives precise measurement when

direct optical techniques are not applicable, which is often the
case in molecular imaging applications.

Our technique can be expanded to three-dimensional
imaging. As the z axis (Figure 1 a) is equivalent to the x axis as
both axes are perpendicular to the detection axis d, scanning
along the z axis in addition to scanning along the x axis will
achieve three-dimensional imaging. With further improve-
ment in sensitivity and scanning schemes, a sub-millimeter
spatial resolution on three dimensions can be achieved and
the detection range can be extended. For example, from the
projected sensitivity of sub-femtotesla,[12] the detection range
will be about 5 cm based on the r�3 dependence of the signal,
which will be a significant advantage over optical imaging.
Furthermore, our technique has a relatively low background
signal because only the magnetic particles can provide a
detectable signal, whilst optical techniques need to overcome
undesired scattering, optical interference, and auto fluores-
cence.[15]

In summary, we have demonstrated two-dimensional
scanning magnetic imaging of functionalized magnetic nano-
particles and quantitative molecular imaging. The long
detection range distinguishes our method from existing
microscopic techniques, making it uniquely suitable for
practical molecular imaging. As absolute magnetization is
measured, the quantity of the magnetic entities can be directly
revealed without interference from experimental settings.
With further development, both on the technical front and in
the data processing, our method will be valuable for
quantitative molecular imaging in complex practical situa-
tions, which is a key to the success of nanomedicine.

Experimental Section
The atomic magnetometer has a sensitivity of about 150 fT/(Hz)1/2.[16]

The motion of the samples was achieved by using an automated linear
actuator for x-axis scans and a pair of motorized positioning stages for
d-axis movements. The magnetic field was measured with an
integration time of 30 ms for each data point. More experimental
details are provided in the Supporting Information.
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