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Abstract

Nanoparticles are of wide interest due to their potential use for
diverse commercial applications. Quantum dots (QDs) are
semiconductor nanocrystals possessing unique optical and
electrical properties. Although QDs are commonly made of
cadmium, a metal known to have neurological effects, potential
transport of QDs directly to the brain has not been assessed. This
study evaluated whether QDs (CdSe/ZnS nanocrystals) could be
transported from the olfactory tract to the brain via inhalation.
Adult C57BL/6 mice were exposed to an aerosol of QDs for 1 h via
nasal inhalation, and nanoparticles were detected 3 h post-
exposure within the olfactory tract and olfactory bulb by a wide
range of techniques, including visualisation via fluorescent and
transmission electron microscopy. We conclude that, following
short-term inhalation of solid QD nanoparticles, there is rapid
olfactory uptake and axonal transport to the brain/olfactory bulb
with observed activation of microglial cells, indicating a pro-
inflammatory response. To our knowledge, this is the first study
to clearly demonstrate that QDs can be rapidly transported from
the nose to the brain by olfactory uptake via axonal transport
following inhalation.

Keywords: qdots, olfactory epithelium, olfactory bulb, inhalation

Introduction

Quantum dots (QDs) are semiconductor nanocrystals that
are generally within the size range of ~2-100 nm. They offer
unique optical and electrical properties, such as bright
photoluminescence, narrow fluorescence emission bands,
broad UV excitation, “size-tunable” fluorescence and high
resistance to photobleaching and photostability (Ballou et al.
2004; Chang et al. 2006; Hardman 2006; Rzigalinski & Strobl
2009). QDs are currently being researched for various uses,
such as biological imaging for DNA hybridisation detection,
immunoassays, binding assays using fluorescence resonant
energy transfer to probe for target events, cancer detection

and treatment, radio- and chemo sensitising agents and
targeted drug delivery (Bailey et al. 2004; Rzigalinski & Strobl
2009). QDs can be made with a variety of metals, but
cadmium (Cd) and selenium (Se) are two of the most widely
used constituent metals in QD core metalloid complexes
with fluorescence spanning the visible light region of the
spectrum (Hardman 2006; Rzigalinski & Strobl 2009). How-
ever, since Cd is a known carcinogen and is associated with
liver and kidney injury, osteomalacia, osteoporosis, skeletal
deformations, neurological and other deficits, zinc sulphide
(ZnS), another semiconductor, is grown over the CdSe core
(Hines & Guyot-Sionnest 1996; Rzigalinski & Strobl 2009).
7ZnS enhances fluorescence efficiency, reduces the toxicity
imparted by the highly reactive Cd core, increases chemical
stability and makes QD less prone to oxidation and
photobleaching (Rzigalinski & Strobl 2009).

As ever-increasing biotechnology applications use QDs,
the risk of occupational exposure to QD during manufactur-
ing and handling of QD preparations will rise (Hardman
2006; Rzigalinski & Strobl 2009). Inhalation is an important
route of exposure because not only can nanoparticles (par-
ticles that are <100 nm in any one dimension) reach the
circulation from the lungs, but they can also potentially reach
the brain via the olfactory nerves. The anatomy of the
olfactory system puts the central nervous system (CNS) in
direct contact with the external environment via olfactory
nerves, a cranial nerve, connecting olfactory epithelium to
the olfactory bulb in the CNS (Figure 1) (Kovacs 2004).
Previous studies of solid nanosized particles, such as
silver-coated gold colloids, have been shown to translocate
along the olfactory nerve axons. Elemental carbon particles
(**C; 35 nm) have also been shown to accumulate in rat
olfactory bulb after whole body inhalation (Aschner 2009; De
Lorenzo 1970; Elder et al. 2006; Oberdorster et al. 2004).
Recently, Patel et al. (2011) confirmed the presence of
risperidone (an antipsychotic medication) in the mouse
brain by gamma scintigraphy following intranasal adminis-
tration of risperidone-loaded solid lipid nanoparticles. These
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Figure 1. Left panel, sagittal view of the mouse nasal cavity. Box identifies that region of the nasal cavity sampled for histological analysis shown in
the right panel. Right panel, light micrograph of the nose-to-brain pathway showing the olfactory epithelium with nerve fascicles passing through
the cribiform plate (space between bony structures) to the olfactory bulb. Tissues have been stained with haematoxylin and eosin. Cross-
sectional levels of the nasal cavity and olfactory epithelium showed a lack of any histological evidence for injury (i.e., inflammation or cellular
toxicity) based on microscopic evaluation after tissues were stained with haematoxylin and eosin.

studies demonstrate an end result of nose-to-brain transport
of solid nanoparticles that indicate the potential for other
nanoparticles, such as QDs, to transport to the brain by the
same pathway following inhalation.

To the best of our knowledge, QD transport from nose to
brain after inhalation exposure as well as deposition and
toxicity have not been well studied. Thus, the primary
objective of the present study was to determine (1) if QDs
reach the olfactory bulb by axonal transport (within olfactory
sensory nerves) following inhalation exposure and (2) if QDs
made of CdSe/ZnS elicit an effect within the olfactory bulb.
We present results from a series of experiments in which
mice were exposed to aerosols of CdSe/ZnS QDs and their
olfactory tissues examined for evidence of particle uptake
and transport. Since Cd and particulate matter are known to
induce oxidative stress, microglial activation was assessed to
determine QD responses within the olfactory bulb. Results
provide conclusive evidence of QD broadly dispersed in
olfactory nerve axons and the olfactory bulb with an induced
pro-inflammatory response after inhalation.

Materials and methods

Animals

Adult C57BL/6 mice weighing 25-30 g were purchased from
Charles Rivers Labs. Upon arrival, mice were randomly
assigned to two treatment groups, QDs (n = 6) or sham
(QD-free, polyethylene glycol phosphatidyl ethanolamine
suspension) (n = 6) for a total of 12 animals per tissue
process, and allowed to acclimate for at least one week prior
to the onset of experimental exposures. Mice were housed,
up to four per cage, in filter-top polycarbonate cages in an
animal facility with high-efficiency particulate air filters.
Except during actual exposure periods, mice were allowed
water and a standard laboratory diet (Rodent Laboratory Diet
code # 5001, Lab Diet) ad libitum. Care was taken to ensure
that animals were handled in accordance with the Guide for
the Care and Use of Laboratory Animals and conducted
under an animal use protocol approved by the Institutional
Animal Care and Use Committee of the University of Cali-
fornia, Davis.

Particle generation

Non-functionalised CdSe/ZnS core-shell QDs (EviDots, Evi-
dent Technologies, Troy, NY, USA) with a core size of 1.9 nm
were encapsulated in polyethylene glycol phosphatidyl eth-
anolamine (PEG2-PE, PEG2000-PE, MW 2749, Avanti Polar
Lipids, Alabaster, AL, USA). PEG2-PE is a micelle-forming
hydrophilic polymer-grafted lipid with many advantages,
such as consistency in size, shape and structure; de-
agglomeration of particles; improvement of particle solubil-
ity as well as poor immunogenicity/antigenicity to increase
biodistribution and retention time of particles (Dubertret
et al. 2002). Encapsulation of QDs followed the method
described in Dubertret et al. (2002), with slight modification
(Figure 2). Briefly, small volumes of QDs in toluene and
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Figure 2. Quantum dot (QD) encapsulation. Cartoon schematic of the
technique developed by Dubertret et al. (2002) in which numerous
PEG2-PE molecules form a self-assembling micelle around a QD.



Nose-to-brain transport of aerosolised quantum dots following acute exposure 887

PEG2-PE in chloroform were combined with PEG2-PE in
excess in a glass dish. Following removal of solvents by
evaporation, the resulting film was heated temporarily in
a water bath to 70°C, at which point double-distilled water
was added with gentle agitation to yield a QD solution. This
technique yields an optically clear aqueous suspension of
self-assembling PEG2-PE micelles, each containing no more
than a few individual QDs trapped within the interior.
Dubertret et al. (2002) reported that encapsulation of QDs
in PEG2-PE micelles increases their overall diameter to
~15 nm. Exposure with heat was minimised to avoid fluo-
rescence quenching, as reported in the literature
(Alivisatos et al. 2005).

Aerosol inhalation exposures

Animals were exposed by a nose-only inhalation system via a
continuous low-flow nebuliser (MiniHEART, Westmed Inc,
Tucson, AZ, USA) to either a QD-free PEG2-PE micelle
suspension or an aqueous suspension of PEG2-PE-encap-
sulated QDs for a single, acute 1-h exposure period.

Aerosol generation and characterisation

Samples of the QD aerosol were characterised and visualised
by several methods to determine whether encapsulation
affected the fluorescent properties of the QD or aerosolisa-
tion had any major deleterious effects on the encapsulation,
such as dismantling of micelles or the merging of smaller
micelles into larger micelles.

Spectrophotometric characterisation

A Cary Eclipse fluorescence-capable spectrophotometer
(Varian, Inc, Palo Alto, CA, USA) was used to analyse an
aliquot of each QD suspension before and after aerosolisa-
tion to determine if nebulisation adversely affected the
PEG2-PE micelles or otherwise interfered with QD
luminescence.

Droplet sizing characterisation

A scanning mobility-based particle sizing system (SMPS
#3936, TSI Inc, Shoreview, MN, USA) sampled the aerosol
for 135 sec at 10-min intervals, beginning from the initiation
of nebulisation to obtain droplet size distribution data and to
determine whether the QD aerosol was delivered consis-
tently during each exposure period. Average aerosol size
(nm) was represented by cluster size of QD micelles
observed by transmission electron microscopy (TEM)
(Raabe et al. 1998). The distribution of droplet size over
time via SMPS measurements was used to determine
whether QD concentration was reasonably constant during
the exposure period. A cascade impactor was also imple-
mented to collect samples of different sizes generated by the
nebuliser at each impactor stage to determine the agglom-
erate size distribution in the aerosol. The mass median
aerodynamic diameter (MMAD) (um) was determined for
clusters of QD micelles captured within an agglomerated
droplet. Measurements were calculated from mass determi-
nations for each of the different stages of the cascade
impactor.

Aerosol characterisation at the animal breathing zone

To verify that particles would remain suspended in the air
stream and travel through the entire exposure inhalation
system rather than only coating interior surfaces, Teflon-
coated Pallflex glass filters (Ted Pella Inc, Redding, CA, USA)
were placed in nose ports and the outlet air path for 1 h while
the system was operating. Exposed filters were examined by
fluorescent light microscopy.

Necropsy and tissue collection

At a post-exposure period of 3 h, all groups of mice were
anaesthetised by intraperitoneal injection of sodium pento-
barbital at 1 mg/kg body weight and euthanised via exsan-
guination in association with either systemic perfusion with
Karnovsky’s solution (for TEM) or 4% paraformaldehyde (for
immunohistochemistry). Olfactory bulbs were collected
from all animals. For a subset of animals, nasal lavage
and olfactory bulbs were immediately collected and pro-
cessed rather than fixed for QD detection.

Recovery of quantum dots by nasal lavage

Heads were removed immediately after death, followed by
nasal lavage collection (n = 6 QDs exposed, n = 6 sham).
Nasal lavage was collected at the nares via retrograde flush of
the nasal cavity with a total volume of 1 mL Hank’s Balanced
Salts Solution (HBSS) per animal introduced to the exposed
tracheolarynx and nasopharyngeal choanae. Nasal lavage
fluid (NLF) was centrifuged at 14,000 rpm for 10 min.
Both fractions, supernatant and re-suspended pellet, were
analysed by fluorescence spectrometry and visualised by
fluorescent light microscopy.

Preparation of tissue lysates

Immediately after nasal lavage collection, unfixed, non-
perfused olfactory bulbs were collected for QD detection
and processed immediately for spectrophotometry
(n = 6 QDs exposed, n = 6 sham). Tissue samples were
enzymatically digested at 37°C in a 1 mg/mL ProteinaseK
solution containing magnesium chloride and calcium chlo-
ride at pH 7.8 for 4 h. ProteinaseK solution was used in
sufficient volume to achieve a 5:1 fluid volume to tissue
weight ratio. Lysates were centrifuged at 14,000 rpm for
10 min. Supernatant and re-suspended pelleted fractions
in room temperature HBSS were transferred to black 96-well
plates (200 pL/well), excited at 360 nm, and read at 5 nm
increments between 420 and 700 nm using a CARY Eclipse
spectrophotometer (Varian, Inc, Palo Alto, CA, USA).

Preparation of tissue sections

A number of different approaches were used to prepare nasal
and olfactory bulb tissues for histological visualisation. Fix-
ation in all instances was achieved by vascular perfusion with
heparinised phosphate buffer solution followed by fixative
(n=6 QDs exposed, n =6 sham for each preparation): (1) 4%
paraformaldehyde for paraffin-embedded tissues for fluo-
rescence energy loss detection and microglial activation, (2)
2% glutaraldehyde in cacodylate buffer for Spurr’s resin and
electron microscopy, (3) 4% paraformaldehyde and
methacrylate-embedded tissues for QD detection and (4)
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cryosections (olfactory bulb only) for QD detection. Bony
nasal tissues were decalcified in 0.5 M EDTA at pH 8.0 for at
least one week prior to embedment. Paraffin sections were
cut by microtome to a thickness of 5 um and mounted on
glass slides. Methacrylate sections were cut to a thickness of
2 um. Cryosections of olfactory bulbs were cut to a thickness
of 10 um. For electron microscopy, perfusion-fixed tissues
were trimmed, post-fixed by immersion in osmium tetroxide
solution, dehydrated and embedded in Spurr’s resin. Silver-
gold sections (~70 nm thick) were cut by an ultramicrotome
and mounted on 400-mesh copper grids coated with Type B
carbon support film (#01814-F, Ted Pella, Inc, Redding, CA,
USA). Half of the sections were stained with uranyl acetate,
while the remaining sections were left unstained.

Visualisation of quantum dots in mice

QDs were visualised in tissue sections by fluorescent light
microscopy and TEM by individuals blinded to the treatment
groups. Luminance profiles (expressed in arbitrary light units
(ALU)) were measured in olfactory bulb tissue lysates at a
wavelength of 490 nm corresponding with known emission
peak (of 490 nm) of the QD suspension. QD emission peaks
were read by the spectrophotometer with the centre (nm at
maxima) and breadth of peak identified and compared.

Fluorescent light microscopy

Monochrome images were captured using an Olympus
BH-61 upright microscope equipped with 100 Watt mercury
lamp, Chroma 88000 filter set, and SPOT RT3 digital camera.
Colour images were captured using a Zeiss Axiovert 40CFL
inverted microscope with an Xcite light source, Zeiss 02 filter
set, and SPOT5 colour digital camera. False colour images
were captured using an inverted Olympus IX-71 microscope
with an Innova 70C Arkr ion gas laser (Coherent, Santa Clara,
CA), an Andor acusto-optic tunable filter and an iXon
897 EM-CCD camera.

Transmission electron microscopy

Samples of the aerosol, captured by electrostatic precipita-
tion, and thin sections of resin-embedded tissue were
imaged using a JEOL JEM-2100 TEG/STEM electron micro-
scope equipped with 4k CCD camera. Uranyl acetate was
applied to tissue sections to improve contrast, although the
staining imparts some granularity to the images. The lack of
sharp contrast in our TEM images of tissue sections was in
large part due to the fact that type-B ‘heavy’ carbon support
film (15-25 nm thick) on all copper mesh and oval grids was
necessary.

Microglial cell visualisation and counts

Ricinus communis agglutinin lectin (RCA-1, Vector Labs,
Burlingame, CA, USA) histochemical staining, after the tech-
nique of Hauke and Korr with modification (1993), was used
to visualise microglial cells in paraffin sections of the glo-
merular layer of the olfactory bulb. Briefly, tissue sections
were deparaffinised, incubated with RCA-1 followed by
diaminobenzidine chromogen plus substrate (Dako North
America, Carpinteria, CA, USA) for visualisation, counter-
stained with haematoxylin and mounted.

Although RCA-1 binds to B-D-galactose moieties present
on microglial, epithelial and vascular endothelial cells, all
three types of cells can be easily differentiated on the basis of
their morphology. Microglial cells were counted in six fields
per histological section, two sections per animal, and six
animals per exposure group at a magnification of 400x
(using a 40x objective lens with a 10x projection eyepiece)
on a BH2 Olympus microscope. Every qualifying microglial
cell was counted in each of six randomly selected non-
overlapping fields per section by employing a zigzag pattern
for field sampling. Microglial cells were classified as either
resting or activated using pre-determined criteria based on
Stence’s characterisation of ramified (resting) versus motile
(activated) stages (Stence et al. 2001). Microglial cells exhibit
a range of morphological conformations correlating with
activation state, presenting a gradient from resting to fully
activated (Colton & Wilcock 2010; Lawson et al. 1990;
Stence et al. 2001). Resting microglial cells were charac-
terised as having ramified processes, whereas activated
microglial cells had an enlarged cell body with several short,
thickened processes (Stence et al. 2001). Microglial cells per
category were summed for each animal, and exposure group
means were calculated. Group means for total and category
counts were compared to identify exposure-related changes.
Increased total number of microglial cells was considered a
measure of recruitment. RCA-1 positive cells not meeting
either set of criteria (i.e., intermediate forms) were excluded.
All histological examinations were done in a blinded fashion.

Statistics

JMP version 10.0.0 (Cary, NC, USA) and GraphPad Prism
version 3.00 (San Diego, CA, USA) statistical software were
used to perform Gaussian tests of normality, Levene and
Bartlett’s test for homoscedasticity and/or Student’s t-
test with a significance level of p < 0.05. The tests demon-
strated both normality and homoscedasticity of the data used
for statistical analysis.

Results

Aerosol inhalation exposures

Aerosolised QDs maintained their PEG2-PE-encapsulated
micelle with a total diameter of 15-20 nm with a QD core
diameter of 1.9 nm. Spectrophotometry data revealed that
the spectra and fluorescence intensity at an emission peak
wavelength of 490 nm (blue) did not diminish with aero-
solisation or time of exposure. If QD shell/core were
degraded, fluorescence would not have been observed.
Supporting the spectrophotometry data, TEM images of
aerosol droplets captured by electrostatic precipitation
onto EM copper mesh grids demonstrated that the PEG2-PE
micelles containing QD were not dismantled by aerosolisa-
tion. Individual micelles appeared as dark QD cores, each
surrounded by an electron lucent halo composed by the
PEG2-PE, which forms the micelle (Figure 3).

Droplet sizing
Scanning mobility-based particle sizing data for PEG2-PE-
encapsulated QD aerosols were generated on five separate
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Figure 3. TEM of a single quantum dot (QD) aerosol droplet in which
dozensofindividual PEG2-PE micelles containingQDs can be seen. Arrows
indicate good examples of the “bulls eye” effect created by encapsulation.

occasions. Droplet size distribution and mass concentration
remained consistent for each sample over the 1-h exposure
period with an average particle diameter of ~84 nm and an
average concentration of 250 ug/ms. The MMAD, obtained
from serial stages of the cascade impactor, was utilised to
yield an agglomerate size in the aerosol of 1.8 um with a
geometric standard deviation (sigma g) of 2.24.

Nasal delivery

Filters placed in the aerosol outlet and the sampling ports
during exposure were moist at removal, confirming that the
aerosol droplets did not evaporate during transport from the
nebuliser to the nose ports of the inhalation system and that
the mice were inhaling suspension droplets containing
encapsulated QDs. Under fluorescent light microscopy,
the filters exhibited copious intense fluorescence consistent
with the QD forms used in the study.

Recovery of inhaled quantum dots by nasal lavage
QDs recovered 3 h post-exposure by retrograde flush of the
nasal cavity were found in readily detectable amounts. Under

10 pm

10 pm

Figure 4. Left, fluorescent light micrograph of dissociated olfactory
bulb tissue from quantum dot (QD) aerosol-exposed mice with QDs at
the cell surfaces of intact cells (black and white camera). Right,
fluorescent light micrograph of olfactory bulb digests captured with
a colour camera, of 1.9 nm core (blue) QDs.

excitation by UV light, supernatant and re-suspended pellets
from NLF exhibited bright fluorescence at emission peak
wavelength of 490 nm (blue), corresponding to the 1.9-nm-
diameter core QDs in the aerosol. Total fluorescence in the
QD-exposed group was 37% above background (8310 ALU
vs. 6060 ALU in shams).

Detection of quantum dots in tissue

Tissue lysates

Analysis of olfactory bulb tissue digests with fluorescent light
microscopy revealed the presence of QDs (1.9 nm cores,
blue) in the QD-exposed group but not in the shams
(Figure 4). A quantitative technique, fluorospectrophotome-
try, showed that total fluorescence (as evidenced by QDs’
characteristic  emission wavelength) in the QD-
exposed group was 26% above background (57,365 ALU
vs. 45,355 ALU in shams). These data conclusively demon-
strate that detectable numbers of QD reached the olfactory
bulbs within 3 h post-exposure of a single 1-h inhalation
exposure.

Tissue sections

Investigation of tissue embedded in resin sections with
fluorescent light microscopy clearly showed multiple foci
of QD colour inside cells of the glomerular layer. QD
appeared as high-intensity punctate luminance in the cyto-
plasm but not in the nucleus (Figure 5). There was no
evidence of QDs in deeper layers of the olfactory bulb,
and QDs were only rarely observed within the olfactory

Figure 5. Fluorescent light micrographs (black and white camera) of methacrylate-embedded olfactory bulb tissue. Left, olfactory bulb, olfactory
nerve layer. Middle and right, olfactory bulb, glomerular layer. Arrows indicate quantum dots.
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Figure 6. Energy excitation-loss fluorescence detection of quantum
dots (QDs) in paraffin-embedded nasal tissues. This micrograph illus-
trates a low level of diffuse false-colour imaging of excitation-
loss regions within the nerve fascicles passing through the cribiform
plate of the cranium. Two small aggregates of more intense aggregation
of QDs (orange) are shown (arrows). TEM images showed the majority
of QDs to be within axons. Therefore, QD aggregates are most likely
within axons; however, the possibility exists of a periaxonal location as
well.

epithelium, where they were in close association with olfac-
tory neurons.

Visualisation of paraffin-embedded tissue sections of the
nasal cavity, nerves fascicles and olfactory bulb by energy
loss fluorescence detection demonstrated a low level of
diffuse excitation energy loss within the nerve fascicles
passing through the cribiform plate (Figure 6). Cryosections
of the olfactory bulb also demonstrated the clear aggregation

of fluorescent clustering indicative of the presence of QDs
within the olfactory bulb 3 h following aerosolisation in mice
(data not shown).

TEM images were taken of the glomerular and olfactory
nerve layers, where visual microscopy indicated the pres-
ence of QD. As can be seen in Figure 7, QDs were broadly
dispersed within the axon and occasionally within mitochon-
dria or along the mitochondrial border. QDs were much less
common in the olfactory nerve compared to the olfactory
bulb. Whereas TEM allows for observation of individual QDs
within the olfactory nerve, light microscopy of the whole
olfactory bulb shows clusters rather than individual QD given
the resolving power of the light microscope.

Microglial cell activation

We differentiated between resting and activated microglial
cell morphology as a means of evaluating olfactory bulb
responses to particle exposure. Criteria for categorisation as
‘resting’ included strong positive staining for RCA-1 and at
least two highly branched (ramified) processes extending at
least twice the length of a highly elliptical (flattened) nucleus
(Figure 8). Criteria for categorisation as ‘activated’ included
strong positive staining for RCA-1; not more than two visible
processes of more than half the length of the large, roughly
circular nucleus; or large overall size and amoeboid shape
accompanied by dense staining. Since the intensity and
immunological response may be shown in multiple ways,
activation of resident (local) microglia and recruitment of
additional microglia were considered as independent mea-
sures. There was a significantly larger population (p < 0.02)
of activated microglial cells, resident macrophages of the
brain, in the glomerular layer of the olfactory bulb in the QD-
exposed group than in the sham (Figure 9). There were no
significant differences between exposure groups in the total
number of microglial cells observed in the fields counted, a
result we interpret as a lack of recruitment.

Figure 7. TEM image of olfactory bulb axon stained with uranyl acetate. Left, sham-exposed animal; right, quantum dot (QD) aerosol-
exposed animal. Arrows indicate QDs in an olfactory neuron (original magnification 15,000x).
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Figure 8. Light micrographs of paraffin sections of mouse olfactory
bulb in which microglial cells are stained brown with Ricinus com-
munis agglutinin lectin + diaminobenzidine labelling (haematoxylin
counterstain). R, microglial cell exhibiting typical non-activated or
“resting” morphology with long, highly branched (ramified) processes
and a small cellular body; A, microglial cell exhibiting morphology
typical of activated state with a large overall size and amoeboid shape.

Discussion

Our primary objective in this study was to demonstrate
whether QDs made of coated CdSe/ZnS were transported
to the olfactory bulb by axonal transport within olfactory
sensory neurons and induced a pro-inflammatory response,
indicating toxicity, following a short-term inhalation expo-
sure. Based on the results, we conclude that following short-
term inhalation of solid QD nanoparticles (1 h), there is rapid
(within 3 h of exposure) olfactory uptake and axonal trans-
port to the brain/olfactory bulb with observed activation of
microglial cells, indicating a pro-inflammatory response.

For QD to reach the olfactory bulb via nose to brain
transport, the particles must first cross the olfactory epithe-
lium. Three different pathways are possible for particles to
cross the olfactory epithelium: (1) transcellular, especially
across sustentacular cells; (2) paracellular, through tight
junctions between sustentacular cells or between sustenta-
cular cells and olfactory neurons; and (3) intracellular, via
axonal transport within the olfactory nerve to the glomerular
layer of the olfactory bulb where the olfactory axon termi-
nates (Illum 2000; Shepherd 1994). Both fluorescent micros-
copy and TEM showed QDs associated with olfactory nerve
and glomerular (terminal to the olfactory nerve) layers of the
olfactory bulb, which indicate that QDs were taken up by the
olfactory sensory neurons and transported by axonal trans-
port to the olfactory bulb. Since QD clusters were observed in
the glomerular layer, where particles would exit from the
olfactory sensory neurons via axonal transport, and not
broadly and uniformly distributed to other areas of the
olfactory bulb, we can speculate that QDs were most likely
transported from the olfactory sensory neurons to the olfac-
tory bulb rather than by other potential pathways (i.e.,
trigeminal nerve, vascular regions of the nasal cavity, the
lungs and systemic transfer from the blood, etc.).

QDs appeared to be maintained in a non-aggregated state
and transported as single dots to the olfactory bulb, where
they formed clusters. This conclusion is based on the fol-
lowing observations: (1) TEM images of aerosol captured by
electrostatic precipitation show distinct, single QD particles
with PEG2-PE micelles intact; (2) groupings of individual
QD, as seen in the micrographs, represent particles captured
within a given aerosol droplet and deposited as a cluster on

the copper grids; (3) QDs were found in the nasal lavage; (4)
accumulation of QD was readily detected by fluorescent light
microscopy in the glomerular layer of the olfactory bulb, but
QDs were rarely visualised in the nerve layer and olfactory
fascicles traversing the cribriform plate and never as large
clusters there; and (5) large clusters were not observed in the
electron micrographs of olfactory sensory neuron axons.
Since the ability of QD to emit upon excitation with ultra-
violet light is a direct function of their crystal lattice structure
and size, degradation of structural integrity would manifest
as loss of fluorescence or shift in colour (Chang et al. 2006).
Because there was no loss of fluorescence or a shift in
wavelength emitted (and the light observed was the same
colour as was seen before aerosolisation), we can conclude
that the QDs were transported to and deposited in the
olfactory bulb as solid non-degraded particles.

Detection of QDs in the olfactory bulb within a few hours
after a single 1-h nose-only exposure suggests an active
mechanism of transport, such as microtubule-
mediated axonal transport. Axonal transport can be ‘fast’
or ‘slow’; accepted rates for fast axonal transport are 200-
400 mm/day, whereas slow rates are 1-5 mm/day (Shepherd
1994). If we assume an average olfactory epithelium-to-
olfactory bulb path distance of 5 mm in the mice, travel
time would be 18-36 min; ‘slow’ transport would require five
days and can be excluded because a greater concentration of
QDs were observed in the olfactory bulb within a few hours
(<3 h) of inhalation exposure compared to the significantly
less amount found in the olfactory nerve. Only vesicular
components are transported via the fast mechanism. Simple
diffusion is extremely slow due to the narrowness of the
axon, and lateral diffusion along the plasma membrane is
even slower. Because the TEM data show QD inside the
axon, we can presumably dismiss simple and lateral diffu-
sion. Therefore, based on the results, we believe that QDs
undergo fast, vesicle-mediated transport. QDs then appear to
be able to escape from the olfactory sensory neurons and
gain entry to other cells in the olfactory bulb, as evidenced by
light micrographs of methacrylate-embedded tissue sec-
tions: the images show QD clusters suggestive of lysosomal
compartments distributed in the cytoplasm of individual
cells within the glomerular layer of the olfactory bulb.
From the glomerular layer, QDs may have the potential to
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Figure 9. Comparison of group mean activated microglial cell counts
in olfactory bulb. Qualified cells were counted in six fields per section,
two sections per animal, six animals per exposure group. *p < 0.02.
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travel to other areas of the brain (e.g., amygdala, prepyriform
cortex, hypothalamus, etc.) as shown with previous studies
of other molecules and particles (Illum 2000; Tjalve et al.
1996). On the other hand, studies have shown inability of
particles to pass the synapses between the primary and
secondary olfactory neurons in the olfactory bulb to the
telencephalon and diencephalon (Tjalve et al. 1996). To truly
determine this, a longer timeline (i.e., chronic studies with
longer post-exposure time) is needed for particles to trans-
port to other areas of the brain (via this pathway).

While no clear evidence of QD exposure-related acute
cytotoxicity in either the nasal epithelium or the olfactory
bulb was found in this study, increased activation of micro-
glial cells in the olfactory bulbs of mice exposed to QD was
observed. There have been many in vitro studies demon-
strating QD cytotoxicity as demonstrated by altered cell
growth, viability and function. Cytotoxicity appears to be
dependent on many factors, including QD size, capping
materials, colour, dose, surface chemistry, coating bioactivity
and processing parameters (Jamieson et al. 2007). Much of
the observed cytotoxicity of QDs may be due to the break-
down and release of Cd** (Chang et al. 2006; Yu et al. 2006).
Encapsulation of CdSe with ZnS, as was done here, has
previously been shown to reduce free Cd (in the intracellular
compartment) and toxicity (Rzigalinski & Strobl 2009). The
PEG2-PE QDs did not degrade to reveal their active core, yet
the presence of solid PEG2-PE QDs was enough to elicit a
cellular response. This finding suggests that QDs exiting the
olfactory sensory neuron into the extracellular space of the
olfactory bulb are sufficiently immunogenic to elicit a pro-
inflammatory response. Further studies are needed to deter-
mine the extent of toxicity and potential neurological effects
of QDs in the brain.

We chose CdSe cores coated with a layer of ZnS because
this chemistry is the most refined. Since the CdSe core is
highly reactive and has an unstable structure, coating the
core with ZnS increases stability, protects the core from
oxidation, prevents leaching of CdSe into the surrounding
solution and produces QD with improved luminescence and
higher quantum yields (Jamieson et al. 2007; Medintz et al.
2005). However, capping the core with ZnS alone is not
sufficient to stabilise the core in biological solutions; there-
fore, to render QDs more biologically compatible, coatings
such as PEGs are used to maintain QDs in a non-
aggregated state, reduce non-specific adsorption and
increase stability and solubility (Jamieson et al. 2007; Rzi-
galinski & Strobl 2009). We chose to use this technique to
ensure that the QDs were well dispersed and biologically
available.

Conclusion

In conclusion, this study demonstrates that when inhaled,
QDs can undergo nose-to-brain transport via the olfactory
sensory neurons. Transport to the olfactory bulb was con-
firmed by visualising QDs with a variety of microscopy
techniques, ranging from fluorescent to TEM, in olfactory
axons as well as the olfactory bulb. To observe further
potential transport from the glomerular layer to other areas

of the olfactory bulb and CNS, a longer timeline is needed.
The stimulation of a pro-inflammatory response with an
increased activation of microglial cells demonstrates the
need for further in vivo studies via inhalation to determine
the extent of toxicity and potential neurological effects of
QDs in the brain. The study also provides positive findings
that solid nanoparticles have the potential to be used for
drug delivery and imaging via the nose-to-brain pathway,
albeit QDs may also display toxic effects once introduced
into neural tissues.
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