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Abstract

Imaging is an important part of neuroscience research,

and tremendous progress has been made in recent years.

However, the standard techniques of MRI, fluorescence

microscopy and radiology are facing certain limitations

that the advent of nanotechnology seeks to resolve. In

this review a range of nanoparticles are presented and

examples are given as to how the nanoparticles can im-

prove existing imaging techniques or offer entirely new

possibilities for imaging in neuroscience. Prime areas of

usage include signal strengthening, multi-modal imaging,

higher biostability and targeting possibilities. The ad-

vantages of the many available functionalization groups

as well as drawbacks related to challenging production

and toxicology are also discussed.

1 Introduction

From elucidating higher order brain functions to in-
vestigating single neurons, imaging is one of the key
methods to gain information in neuroscience research.
The goals can range from investigating basic neurobi-
ology to dealing with complex neuropathologies such
as Alzheimer’s disease.

For in vivo neuroscience research MRI1 is most
widely used, but SPECT, PET and CT are also used
for certain applications. Fluorescence microscopy is
the most used technique for in vitro research on neu-
rons, often through more advanced implementations
such as CLSM or TIRF. Electron microscopy is some-
times used if high resolution structure and localiza-
tion is needed.

1Abbreviations used: MRI - Magnetic resonance imaging;
SPECT - Single photon emission computed tomography; PET
- positron emission tomography; CT - (X-ray) Computed to-
mography; CLSM - Confocal laser scanning microscopy; TIRF
- total internal reflection microscopy; AMPA - a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid, a neurotransmit-
ter; SPIO - Superparamagnetic iron oxide particles; NGF
- Nerve growth factor; PFCE - perfluoro-15-crown-5-ether;
PBCA - polymeric n-butyl-2-cyanoacrylate

These techniques are constantly being improved.
Advanced MRI is relying more and more on contrast
agents, but classical gadolinium based agents are fre-
quently challenging to target and toxicity is always
a concern. For better imaging more powerful con-
trast agents are also needed [1]. Advanced fluorescent
imaging using classical organic conjugated dyes suf-
fers from photobleaching effects, low signal-to-noise
ratios and cross-talk between fluorophores due to
wide emission spectra [2]. This makes some tasks
such as single particle tracking, deep-tissue imag-
ing and colocalization of many different labels chal-
lenging. Combining contrast agents for multi-modal
imaging, such as a fluorophore and a gadolinium con-
jugate for fluorescence and MRI imaging, relies on
challenging chemical modification and is not partic-
ularly effective, although this would aid many forms
of research [3]. Targeting the contrast agents to ar-
eas of interest is challenging, especially in the case of
brain imaging where the blood-brain barrier must be
crossed.

Nanoparticles are showing great promise for both
in vivo and in vitro neuroimaging. The following
sections will investigate the use of different types
of nanoparticles for neuroimaging applications, and
show how intelligent design of nanoparticles can ad-
dress the issues of classical techniques outlined above.
There must be no doubt that imaging is not the only
application for nanoparticles. Much of the research
on nanoparticles is related to making the nanoparti-
cles function as both imaging and therapeutic agents
in the field of ”theranostics”. However, this is beyond
the scope of this review.

2 Nanoparticles

The ability to characterize and manipulate structures
on the nanometer scale, the same level of organi-
zation as nature itself typically uses, is showing its
promise in the rapidly expanding field of nanotech-
nology [4]. Nanoparticles are small nanoengineered
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particles ranging in size from about 1-100 nm [5].
They can be composed of metals, semi-conductors,
ceramics, polymers or a combination of these. Al-
though often spherical, they can be designed in many
shapes if this aids the function. The main strength of
nanoparticles is how they can be relatively easily tai-
lored by combining the properties of many functional
materials and molecules into single entities.

Nanoparticles are used in many applications where
specific targeting of contrast agents, multi-modal
imaging, a stronger signal and long term stability is
needed [5, 6, 7, 8, 9, 10, 11, 12]. The nanoparticles
are often coated with proteins, aptamers or antibod-
ies to target specific compounds, or coated with other
molecules to limit toxicity or enhance lipophilic or
hydrophilic distribution properties, or functionalized
in many other ways [13]. Neuroimaging applications
range from tracking of neural stem cells in live brains
using MRI [14, 15, 16], measuring chemical changes
in brain areas [17], detecting specific markers for dis-
ease in vivo [18], or tracking the diffusion of single
neurotransmittor receptors [19].

In the following sections several types of nanopar-
ticles will be introduced and some examples of uses
will be given. Be aware that the categories are only
rough guides since most nanoparticles are function-
alized, modified or combined with other materials to
enhance their properties.

2.1 Gold nanoparticles

Some of the simplest nanoparticles to produce and
use are the single-crystal gold nanoparticles [20]. The
gold nanoparticles have a surface plasmon resonance
frequency that varies with the size of the particle.
Close to resonance frequency the particles absorb and
scatter light very effectively, and they are also effec-
tive electron scatterers. The absorbed photons are
mostly converted into heat, which is an effect used
in photothermal tracking (see below). Colloidal gold,
which is often synonymous with gold nanoparticles,
has been in use for decades [21]. The traditional uses
include conjugation to antibodies so specific targets
can be visualized by electron microscopy, but new
uses are continuously emerging.

One recent example of innovative use of gold
nanoparticles is reported by Lasne et. al. [22]. They
demonstrate how gold nanoparticles can be used as
an alternative to fluorescence labeling to track pro-
tein diffusion in cells, specifically AMPA receptors,
the most abundant receptors in the central nervous
system. Cells were illuminated by laser light near the

gold nanoparticle plasmon frequency, causing heating
of the nanoparticles. This was used to measure small
changes in the refractive index in the area around
the nanoparticle, allowing accurate pinpointing and
tracking of the AMPA receptors to which they were
bound.

Another example of gold nanoparticles in neu-
roimaging is reported by Zhang et. al. [23]. By
growing neurons on a nanopatterned template con-
taining an array of gold nanoparticles, they observed
the shift in the plasmon resonance frequency caused
by the electric field of neurons when action potentials
were fired. This allowed direct visualization of action
potential propagation at a resolution of individual
cultured neurons. By functionalizing gold nanoparti-
cles so they cross the blood brain barrier this could
be extended to in vivo recordings, although this has
not yet been done.

Although organic fluorophores and, more recently,
quantum dots have been used for similuar purposes,
gold nanoparticles have some advantages. They are
not subject to photobleaching, are very stable and
display low cytotoxicity [20]. This shows the versatil-
ity and sometimes surprising properties of the widely
used gold nanoparticles.

2.2 Quantum dots

Quantum dots are semiconductor crystals typically
5-20 nm in diameter displaying powerful fluores-
cent properties. They are a type of nanoparti-
cle gaining widespread use in neurocellular imaging
[19, 24, 25, 26, 27, 28, 29, 30]. Primarily used due to
their high photostability, broad absorption and nar-
row emission spectra and a blinking property that can
be used to track individual quantum dots, they can
also be functionalized to target proteins and other
cellular structures. In addition, they function as
contrast agents for electron microscopy, enabling co-
localization studies.

In a pioneering 2003 study, Dahan et. al. tracked
individual glycine receptors in cultured neurons using
quantum dots [19]. They were tracked for long peri-
ods of time (20 minutes), which was possible due to
the high photostability and the intermittent blinking
property of the quantum dots, as illustrated in Figure
1a. Later the same quantum dots were imaged using
electron microscopy, confirming the findings of the
fluorescent microscopy, as illustrated in Figure 1b.

Although often used as ”passive” labels, quantum
dots can be functionalized to act as active agents as
well. In a 2005 study Vu et. al. used quantum dots
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(a) (b)

Figure 1: (a) Glycine receptors in cultured spinal chord
neurons are labelled by quantum dots (red) which allows
visualization and tracking of single receptors. (b) Trans-
mission electron micrograph of the cultured neurons, con-
firming the position of quantum dot-labelled receptors
with high resolution. Images from reference [19].

bound to NGF to target tyrosine kinase A receptors
(TrkA) [29]. NGF, a high affinity ligand to TrkA,
activates the tyrosin kinase A cascade when bound.
The NGF retained biological activity when bound to
the quantum dots, so in addition to being able to
monitor the initial distribution of TrkA, the quan-
tum dots could be monitored over time (4.5 days)
in response to the evoked signal. The advantage of
quantum dots in this case is the long-term stability
and the ability to track single receptors.

A 2009 study by Zhang et. al. [30] showed an
innovative use of quantum dots to study vesicle fu-
sion dynamics at nerve terminals. Synaptic vesicles
were loaded with single quantum dots by moderate
electrical stimulation. Due to the high signal-to-noise
ratio and blinking property, individual quantum dots
could be identified, and followed over many use-reuse
cycles of the vesicles. The quantum dots also showed
a pH-dependent luminosity, which allowed the deter-
mination of the relative rates of two types of synaptic
fusion under different stimuli to the nerve cells. To
identify active synapses an organic fluorophore was
used, which shows that in many applications quan-
tum dots are an enhancement rather than a substi-
tution for classical techniques in imaging studies.

2.3 Superparamagnetic iron oxide
nanoparticles

SPIO nanoparticles are so small that they display no
net ferromagnetism, yet they show a very high mag-
netic susceptibility, influencing the nearby magnetic
environment, allowing them to be used as strong MRI

contrast agents. In a 2009 study Calzi et. al. [31]
demonstrated how SPIO nanoparticles of 4 nm were
taken up by stem cells after incubation, displayed no
cytotoxicity and gave high MRI contrast. This label-
ing allowed the accurate tracking of a small number
of stem cells after injection in vivo, the focus of much
research in neuroregeneration studies [32].

Functionalization allows the SPIO nanoparticles to
be targeted, demonstrated by e.g. Liu et. al. in
a 2009 study [17]. They showed that DNA-linked
SPIO nanoparticles could be used to identify differ-
ential gene expression due to amphetamine exposure
with high reliability using MRI.

SPIO nanoparticles can also be used in combina-
tion with other nanoparticles for multimodal imaging,
as shown by Lee et. al. in a 2006 study [33]. They
designed 30 nm silica nanoparticles with embedded
rhodamine, an organic fluorophore, and chemically
linked them to SPIO nanoparticles as shown in Fig-
ure 2. These combined nanoparticles were further
functionalized with antibodies against a certain pro-
tein, allowing identification of regions of these cells
using MRI, and finding the specific localization of the
nanoparticles using fluorescence microscopy.

2.4 Polymeric nanoparticles

Polymers are typically more biocompatible than
heavy metals and are therefore used as coatings to
passivate nanoparticles. However, nanoparticles can
also be made entirely by polymers, avoiding potential
heavy metal toxicity. These are often less costly and
easier to synthesize, although controlling the size can
be a challenge [34].

In a 2008 study, Ruiz-Cabello et. al. developed an
efficient 19F MRI contrast agent using nanoparticles
of PFCE [15]. The nanoparticles were incubated with
neural stem cells and internalized without the use of
transfection agents. After injection into the mouse
brain the cells could be easily tracked in vivo for 2
weeks. Since there is no natural 19F signal in the
brain, small numbers of cells could be tracked and
visualized using these nanoparticles.

Although nanoparticles mainly are used in optical
and MRI techniques for neuroimaging applications,
a 2009 study by Kulkarni et. al. showed the use
of a two-component nanoparticle for SPECT imag-
ing [35]. They functionalized PCBA nanoparticles
with 125I-clioquinol, a radio-labeled drug that has
high affinity for the plaques that identify Alzheimer’s
disease. These nanoparticles crossed the blood-
brain barrier easier than the free drug, and allowed
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high contrast SPECT visualization of the areas with
plaque.

Figure 2: Making multimodal nanoparticles by com-
bining SPIO nanoparticles for MRI contrast and silica
nanoparticles with embedded rhodamine for fluorescent
microscopy. Images from reference [33].

(a) (b)

Figure 3: (a) MRI and (b) fluorescence images of mouse
tumor tissue marked by liposomes. The two top images
were acquired using targeted liposomes as contrast agents,
while the images below are of untargeted liposomes with
the same contrast agents. In (a) the tumors are marked by
the arrows. Both liposomes contain both Gd-based MRI
contrast agents and the fluorophore rhodamine for sub-
sequent fluorescent imaging. Scale bars in (b) are 50µm.
Images from reference [36].

2.5 Lipid nanoparticles

Lipid-based nanoparticles are a wide class of nanopar-
ticles that use small micelles or liposomes as deliv-

ery vehicles for a wide variety of substances [37].
Contrary to the examples above, the nanoparticles
themselves are not what makes the imaging possible.
Rather, that is done by the classical or nanoparticle-
based contrast agents that are encapsulated within
the lipids. Encapsulating contrast agents into lipid
capsules can increase the effectiveness of the contrast
agent, and the liposomes can be targeted and tai-
lored to react to e.g. differences in pH or chemical
signals. This allows imaging of such distributions in
vivo with MRI, and molecules such as fluorophores
can be included for multi-modal imaging [38].

In a 2009 study, Kamaly et. al. used liposomes
to label and image tumors in mice with both MRI
and fluorescent microscopy, as shown in Figure 3
[36]. Although the tumors they imaged were not
brain tumors, the principles illustrate the general idea
of multifunctional liposome nanoparticles. The lipo-
somes were made so they incorporated gadolinium-
based contrast agents and rhodamine, a fluorophore.
These accumulated somewhat in the tumor, as the
two lower images of Figure 3 show. If the liposomes
additionally were functionalized with folate they were
targeted to a larger degree as shown both in the MRI
and fluorescence images (two top images of Figure 3).
This is because folate binds to folate receptors which
are over-expressed in the tumor cells. In addition,
localization of the gadolinium inside the liposomes
increased the signal-to-noise ratio. Naturally, further
research includes encapsulating drugs to treat tumors
as well as image them, without causing toxic effects
from the gadolinium.

3 Issues regarding nanoparti-
cles

The use of nanoparticles goes hand in hand with the
production of nanoparticles. Reliable and affordable
production methods for advanced nanoparticles are
needed before they can be used for research and es-
pecially clinical purposes. This is one factor that lim-
its widespread use, and even design of nanoparticles
that conceptually seem very useful can be challeng-
ing in practice. Without efficient production facil-
ities prices for nanoparticles are high, which limits
use outside proof-of-concept research, although this
is continuously improving [39].

Another main issue regarding nanoparticles, and
nanotechnology in general, is that of safety. Neu-
rons are sensitive cells, and the neurotoxicology of
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nanoparticles depends on many different factors such
as size, elemental composition and surface function-
alization [40, 41]. These factors need to be accounted
for in the use of nanoparticles for live diagnostics,
but also in research to avoid influencing results. In
addition the blood-brain barrier and cellular defense
mechanisms provides formidable hindrances to any
compound that wishes to influence and enter neu-
rons. Accumulation of nanoparticles and long-term
exposure effects are also areas of much discussion,
which limits many potential in vivo applications.

4 Conclusions and future out-
looks

Imaging, especially MRI and fluorescence imaging,
provides an important source of information in neu-
roscience research, but existing techniques face some
challenges. Gold nanoparticles, quantum dots, su-
perparamagnetic iron oxide nanoparticles, polymer
nanoparticles and lipid nanoparticles have all been
shown to hold great promise for a wide range of
neuroimaging applications. In some applications
nanoparticles offer powerful novel approaches, but in
many areas nanoparticles facilitate combinations or
provide enhancements to existing techniques. The
ability to functionalize nanoparticles with many types
of molecules allows tailoring of beneficial properties.
However, advanced nanoparticles require advanced
production schemes, which often are costly, and tox-
icology effects must be evaluated before use.

A vast majority of the articles cited in this review
are published in 2006 or later, and many of them
are purely proof-of-concept articles, albeit contain-
ing promising ideas for future work. On the other
hand, many of the nanoparticles described are com-
mercially available, but often in relatively unfunc-
tionalized forms compared to some of the examples
[12]. Advances in fabrication technologies, character-
ization of new nanomaterials as well as novel uses of
existing nanomaterials will drive the use of nanopar-
ticles for neuroimaging forward. There will be a
continuous transition from proof-of-concept research
to clinical application, with safety, bulk production
schemes and economical aspects being surmountable
challenges on the way.
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