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ABSTRACT: Intranasal administration was previously proposed
for delivering drugs for central nervous system (CNS) diseases.
However, the delivery and elimination pathways, which are very
imperative to know for exploring the therapeutic applications of
any given CNS drugs, remain far from clear. Because lipophilicity
has a high priority in the design of CNS drugs, the as-prepared
CNS drugs tend to form aggregates. Therefore, a PEGylated Fe3O4
nanoparticle labeled with a fluorescent dye was prepared as a
model drug and studied to elucidate the delivery pathways of
intranasally administered nanodrugs. Through magnetic resonance imaging, the distribution of the nanoparticles was investigated in
vivo. Through ex vivo fluorescence imaging and microscopy studies, more precise distribution of the nanoparticles across the entire
brain was disclosed. Moreover, the elimination of the nanoparticles from cerebrospinal fluid was carefully studied. The temporal dose
levels of intranasally delivered nanodrugs in different parts of the brain were also investigated.
KEYWORDS: intranasal administration, iron oxide nanoparticles, central nervous system, drug delivery

Central nervous system (CNS) diseases remain very
challenging to cure as more than 98% of small-molecule

drugs and nearly 100% of macromolecules are unable to cross
the blood−brain barrier (BBB) after systemic administration.1
Thus, drug delivery to the brain by crossing the BBB or
bypassing the BBB has attracted great interest over the past
decades toward the treatment of CNS diseases.2,3

Increasing the lipophilicity of a given drug is believed to be
favorable for increasing its permeability to cross the BBB,4

while the outcome is often impaired by the reduced solubility
and shortened blood residence time that may reduce the
bioavailability and increase the nonspecific binding activities
and unwanted toxicities of the drugs. In recent years,
nanoparticles have been gradually considered as one of the
most promising drug delivery vehicles for CNS therapeutics as
they help evade the above-mentioned limitations to achieve
prolonged blood circulation and improved bioavailability of the
loaded drug, apart from the facile functionalizability of the
carrier itself.5 Particularly, on-demand controlled release of
drugs can even be realized by a smart design to significantly
reduce the adverse effects caused by the nonspecificity of
conventional drugs.6−8 However, the efficiency for CNS-
targeted delivery of nanodrugs remains far from satisfactory,
apart from the potential toxicity to the reticuloendothelial
system (RES) including liver, spleen, etc.9 Therefore, great
efforts have been paid to increase the delivery efficiency
through different strategies.

Toward BBB crossing, various ligands, including lactoferrin,
angiopeptide-2, etc., were adopted to enhance the CNS-
specific delivery of nanoparticles through the receptor-
mediated transcytosis of endothelial cells of BBB.10−13 For
example, in vitro studies indicated that the efficiency of Fe3O4
nanoparticles across the BBB can be increased through the
covalently attached lactoferrin, e.g., from 9.6 ± 1.3% to 22.0 ±
2.9% of the dose, if compared with the PEGylated mother
particles.12 The transport efficiency remains limited, although
the structural parameters of the carrier can be further
optimized.14−16 The transient opening of the BBB with
hypertonic drugs or focused ultrasound has been demonstrated
to be an alternative approach to cross the BBB for the delivery
of nanoparticles. A higher therapeutic dose in the brain can
easily be achieved, but these approaches may inevitably lead to
undesirable influx of unsolicited compounds, pathogens, and
neuroinflammatory mediators to initiate severe adverse
effects.17−19

Direct intracerebral delivery of drugs through parenchymal
injection, intraventricular injection, or intrathecal injection has
received increasing investigations.20−23 These methods are
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favorable for precise delivery of given nanomedicines to reduce
possible toxicity due to the uptake in the RES system, but the
invasive nature increases the risk of brain infection, injury, and
patient intolerance.3 In this context, there is an urgent demand
of developing minimally invasive techniques that are capable of
delivering drugs to the CNS.
Intranasal administration is a promising noninvasive

approach initially proposed by Frey II for delivering the
therapeutic agents by bypassing the BBB.24−28 The intranasal
route is superior to other administration routes as it avoids the
hepatic first-pass elimination. In addition, it is much more
convenient for self-administration and dose adjustment apart
from better patient compliance.29 Until now, various nano-
drugs for treating CNS diseases have been developed, and
some of them have been demonstrated to be effective to
decrease excessive Aβ and protect primary neurons in
Alzheimer’s diseased mice.30−34 For example, a higher
organelle abundance and synapse number were observed in
the hippocampus of mice treated with nanodrugs intranasally
delivered, and further immunoblot analysis revealed that the
Aβ level was reduced down to 25%, which was more significant
than that (40%) of the free-drug group.35 Although these

preliminary studies indicated that the intranasal delivery of
nanoformulations can improve the therapeutic efficacy, they
provided neither an accurate delivery efficiency nor a clear
transport pathway for the nanodrugs. However, other studies
found that the nanoparticles intranasally delivered were
obviously enriched in olfactory bulb and pons,36,37 suggesting
that the nanoparticles may bypass the BBB via the olfactory
nerve and trigeminal nerve to travel into the brain as some
small and large molecules do.38−40 However, the transport
mechanism and influx/outflux pathway remain to be clarified
and the delivery efficiency remains to be explored, which are
fundamentally important for the intranasal delivery of
nanodrugs against CNS diseases.
To address the aforementioned issues, a PEGylated

ultrasmall Fe3O4 nanoparticle (3.5 ± 0.3 nm) was chosen in
this study as a nanodrug model in consideration of its excellent
capacity as a magnetic resonance imaging (MRI) contrast
agent that allows for noninvasive visualization of the
nanoparticles within the entire brain, apart from its out-
standing biocompatibility, multiple therapeutic functions,41

and promising drug carrier applications. In addition, the
PEGylated Fe3O4 nanoparticles were covalently labeled with

Figure 1. Tracking the PEGylated Fe3O4 nanoparticles in vivo through MRI. (a) TEM image, (b) hydrodynamic size distribution profile of Fe3O4@
PEG NPs, and (c) linear regression fittings of the longitudinal and transversal relaxivities of a series of aqueous solutions containing different
concentrations of Fe3O4@PEG NPs for extracting r1 and r2. (d) T1-weighted MR images of the brain acquired before and at different time points
after the administration of Fe3O4@PEG NPs, together with those of a brain of rat receiving no particles as control (olfactory bulb, pons, and
cerebellum are indicated by the orange arrows, white arrows, and red arrows, respectively). (e−g) Quantitative temporal variations of the MRI
signal of olfactory bulb (e), pons (f), and cerebellum (g), respectively.
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Cy5.5 for showing the tissue-level distribution ex vivo with
fluorescence imaging and microscopy. Furthermore, the
pharmacokinetic behavior and delivery efficiency were
quantitatively assessed, which will strikingly promote the
intracerebral delivery of diverse chemo/biomolecular nano-
drugs for brain disease treatments.
Hydrophobic Fe3O4 nanoparticles were prepared through a

thermal decomposition method according to a previous
report.42 By replacing the oleate ligand with poly(ethylene
glycol) (Mn = 2000) ligand asymmetrically functionalized with
a maleimide group and a diphosphonate group (denoted as
DP-PEG-Mal) on both ends, respectively, the PEGylated
Fe3O4 nanoparticles (denoted as Fe3O4@PEG NPs) with an
average size of 3.5 ± 0.3 nm were obtained as shown in Figure
1a. Due to the strong binding affinity of the diphosphonate
group, the PEG ligand endows the underlying ultrasmall sized
Fe3O4 nanoparticles with excellent water solubility and
effectively prevents them from forming aggregation, evidenced
by the hydrodynamic size profile with single peak located at
13.5 nm as given in Figure 1b. Moreover, Fe3O4 nanoparticles
exhibited an outstanding colloidal stability showing very
neglectable variations in zeta potential and hydrodynamic
size profile, as shown in Figure S1. To evaluate the MRI
contrast enhancement effects of the Fe3O4@PEG nano-
particles, relaxivity measurements were performed on a 3 T
MRI scanner. The longitudinal relaxivity (r1) and transverse
relaxivity (r2) were determined to be 6.0 and 25.1 mM−1 s−1,
respectively (Figure 1c), much higher than those for the
gadolinium-based clinical contrast agents.43 The outstanding
contrast enhancement performance makes the resultant

Fe3O4@PEG NPs an excellent candidate for tracking the
intranasally delivered nanoparticles with MRI.
The T1-weighted MR images shown in Figure 1d reveal that

Fe3O4@PEG NPs can remarkably improve the imaging
contrast of olfactory bulb, pons, and cerebellum, with the
remaining parts of the brain exhibiting no obvious signal
variation in comparison with those of the negative control.
These results indicate that Fe3O4@PEG NPs can be delivered
into the brain through intranasal administration. The temporal
MRI signal variations of the aforementioned brain regions
show very similar tendencies. As shown in Figure 1e−g, they
increase first to reach quasi-platforms between 30 and 90 min
postadministration and then decrease, while no such variations
can be observed from the control rat. The maximum contrast
enhancement factors achieved are 47.3%, 26.1%, and 11.0% for
olfactory bulbs, pons, and cerebellum, respectively. However,
the temporal variations are asynchronous for these three brain
regions. The olfactory bulb starts to show an increased signal
approximately 5 min postadministration, while pons and
cerebellum present increased signals at around 15 min
postadministration, indicating Fe3O4@PEG NPs need different
times to reach different brain regions, which provides an
important evidence on the route taken by the PEGylated
particles to enter the brain.44,45 In fact, radio-labeling was
utilized to explore the distribution of small molecules and
nanoparticles intranasally administered on account of the
outstanding sensitivity of radioactive detection techniques, but
the low spatial imaging resolution hardly reflects the delivery
pathway, which can easily be overcome by MRI.46

According to the anatomical structure of rat brain, the nasal
mucosa where nanoparticles are administered directly connects

Figure 2. Distribution of Fe3O4@PEG-Cy5.5 NPs based on fluorescence imaging ex vivo. (a) Fluorescence images of the excised brain and
trigeminal nerve. (b−d) Temporal evolutions of the integrated fluorescence signals from olfactory bulb (b), brain (c), and trigeminal nerve (d),
respectively, according to the results in (a). Data are presented as mean ± SD (n = 3); *: P < 0.05; **: P < 0.01; ***: P < 0.001.
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olfactory bulb and pons via olfactory nerve and trigeminal
nerve, respectively.24 It is therefore reasonable to speculate that
the Fe3O4@PEG NPs are transported into the brain along
these nerves. As the distances from nasal mucosa to the
olfactory bulb and pons are around 4−5 and 20−30 mm,
respectively, for adult rat, it is reasonable to believe this
difference is large enough to give rise to the different MR signal
onsets,44 as shown in Figure 1e−g. In fact, the olfactory nerve
and trigeminal nerve were also found to act as main channels
for some small molecules or proteins to enter the brain.38−40

Nevertheless, it is hard to demonstrate this through MRI due
to its limited imaging susceptibility.
Therefore, Cy5.5 was covalently conjugated to the Fe3O4@

PEG NPs via the particle surface maleimide groups, as shown
in Figure S2a, to enable more sensitive detection of the
nanoparticles through fluorescence imaging and microscopy.
As shown in Figure S2b−e, the TEM size, hydrodynamic size,
and relaxation properties of Fe3O4 nanoparticles remained
almost unchanged after being modified with Cy5.5. According
to the absorption spectroscopy results in Figure S2f, the
number of Cy5.5 per Fe3O4 nanoparticle was estimated to be
ca. 2. In addition, the resulting Fe3O4@PEG-Cy5.5 NPs
presented excellent fluorescence stability over one month
(Figure S2g). After the intranasal administration of Fe3O4@
PEG-Cy5.5 NPs, the rats were sacrificed at different time
points, and the brain and trigeminal nerve were excised for
fluorescence imaging using the IVIS system. Figure 2a shows
the fluorescence images of the brain in dorsal and ventral
positions and the trigeminal nerve harvested at 0.5, 1, and 2 h
postadministration in comparison with those from the
untreated control. Although the MRI results demonstrate
that Fe3O4 nanoprobes are distributed in olfactory bulb, pons,
and cerebellum, due to the much higher sensitivity, the
fluorescence imaging further discloses a much broader

distribution of Fe3O4 nanoparticles across the entire brain. In
addition, the strong signal from the trigeminal nerve provides
visual evidence for the above conjecture that the trigeminal
nerve serves as a major pathway for nanoparticles to enter the
brain. Figure 2b−d presents the temporal fluorescence signals
of olfactory bulb, trigeminal nerve, and brain, respectively. All
fluorescence signals increase in intensity and reach maximum
values at 1 h postadministration, followed by decays upon
prolonged observation, roughly consistent with the MRI
results. Although these results clearly demonstrate that the
trigeminal nerve act as a major pathway for the intranasal
delivery of Fe3O4 nanoparticles into the brain, the transporting
mechanism remains unclear.
To address this issue, the excised tissues were sliced for

fluorescence microscopy and histological analyses. Figure 3a
shows the cross-sectional fluorescence images of a bilateral
maxillary nerve, a trigeminal nerve branch that directly
connects with nasal mucosa. Although the overall signal
intensity variation is consistent with those obtained through
fluorescence imaging (Figure 2a), the microscopy results
provide more detailed information on the distribution of the
particles at the tissue level. For example, the Fe3O4@PEG-
Cy5.5 NPs are mainly distributed in the epineurium and
perineurium of the trigeminal nerves, independent of the
postdelivery time, indicating that the Fe3O4 nanoparticles were
transported through the extracellular space rather than the
transcytosis of the nerve cells in fasciculus. The fluorescence
microscopic images of the brain slices shown in Figure 3b
reveal that the fluorescence signals are mainly accumulated at
the meninges. The distribution of Fe3O4 nanoparticles around
the connective tissues were also confirmed through Prussian
blue staining of trigeminal nerve and brain tissues, as shown in
Figure S3. All these results indicate that the intranasally

Figure 3. Distribution of Fe3O4@PEG NPs in trigeminal nerve and brain. (a, b) Fluorescence and bright-field optical microscopy images of the
transverse sections of the trigeminal nerve (a) and the brain (b) harvested from rats at different time points after intranasal administration of
Fe3O4@PEG-Cy5.5 NPs or the control rat receiving no particles. The tissue slices were stained with DAPI to show cell nuclei (blue). The
nanoparticles labeled with Cy5.5 present red signals upon excitation at 635 nm (scale bar = 100 μm).

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c05056
Nano Lett. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c05056/suppl_file/nl2c05056_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c05056/suppl_file/nl2c05056_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c05056/suppl_file/nl2c05056_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c05056/suppl_file/nl2c05056_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c05056/suppl_file/nl2c05056_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c05056?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c05056?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c05056?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c05056?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c05056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


administered Fe3O4 nanoparticles can enter the CNS through
the perineural space of trigeminal nerve.
Apart from the trigeminal nerve, the olfactory nerve offers

another possible pathway for nanoparticles as it connects nasal
mucosa and the brain.47 However, the olfactory nerve of the
rat is too tiny to be observed through either MRI or
fluorescence imaging. Thus, to verify the role of the olfactory
nerve in the transportation of the nanoprobes, the ethmoid

bone including the ethmoturbinate and cribriform plate, which
is in front of the olfactory bulb and associated with olfactory
mucosa, was also collected and sliced for H&E staining and
fluorescence microscopy studies. According to the correspond-
ing structural diagrams of the major parts of the rat nasal
cavity, the H&E staining and fluorescence microscopy results
in Figure 4 reveal that the Fe3O4@PEG-Cy5.5 NPs are
accumulated in the olfactory epithelium, olfactory nerve

Figure 4. Pathway for intranasally delivered nanoparticles to enter the brain. (a) Structure of the sagittal plane of rat brain. (b) Sagittal view of the
area highlighted by the black dashed line square in (a). (c) Histological section of ethmoid bone stained with hematoxylin and eosin (scale bar =
100 μm). (d) Distribution of Fe3O4@PEG-Cy5.5 NPs at olfactory epithelium, olfactory nerve, and olfactory bulb 1 h after intranasal administration
(scale bar = 100 μm) (OE: olfactory epithelium; ON: olfactory nerve; CP: cribriform plate; ET: ethmoturbinate; OB: olfactory bulb; CSF:
cerebrospinal fluid). The white, orange, and green arrows in (d) were used to indicate the actual positions of olfactory mucosa, olfactory nerve, and
olfactory bulb, respectively. (e) Schematic drawing to show the pathways of Fe3O4@PEG NPs from the nasal cavity to the central nervous system.
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sheath, and olfactory bulb after administration, indicating that
the olfactory nerve also serves as a pathway for paracellular
transportation of intranasally administered Fe3O4 nanoparticles
into the brain. Previous studies have demonstrated that some
molecular drugs can be delivered to CNS through the
intracellular and paracellular route of the trigeminal nerve
and olfactory nerve.39,48 The transportation of Fe3O4 nano-
particles along the paracellular route is actually consistent with
these studies. However, no intracellular transport within the
axons of olfactory neutrons was observed for the nanoparticles,
which suggests that the nanoformulation may be favorable for
reducing the potential damages of CNS drugs intranasally
delivered to olfactory neuron cells.
All above results suggest that both trigeminal nerve and

olfactory nerve are involved in the nose-to-brain delivery of
nanoparticles intranasally administered. As depicted in Figure

4e, the maxillary branch of the trigeminal nerve extends nearly
to the respiratory epithelial surface, right beneath the tight
junctions, to innervate the respiratory epithelium cells, while
the other side of the trigeminal nerve connects the pons at the
tail part of the brain. Differently, the nerve in the olfactory
epithelium extends beyond the tight junction of epithelium
cells with cilia, the end of the olfactory sensory neuros, being
exposed to the mucus layer. On the other side, the axonal
processes of olfactory sensory neurons converge into bundles
that are surrounded by ensheathing cells and fibroblasts, travel
through the cribriform plate into the brain, and then project to
the olfactory bulb. It is then reasonable to speculate that the
nanoparticles delivered through intranasal administration are
transported along the paracellular route to the projections of
trigeminal and olfactory nerves in the brain, e.g., the perineural
space of the trigeminal perineurium/epineurium and the

Figure 5. Dynamic distribution of Fe3O4@PEG NPs in the brain. (a) Axial T1-weighted MR images of rat brain after intranasal administration of
Fe3O4@PEG NPs. (b, c) Temporal MRI signals of cerebral cistern and ventricle, delineated by a black dashed line and red dotted line, respectively,
in (a). (d) Quantitative analysis of Fe content in CSF at different time points postadministration. Results are presented as mean ± SD (n = 3), *: P
< 0.05. (e) Fluorescence images of arachnoid/pia mater and dura mater obtained at different time points postadministration. (f) Iron contents of
arachnoid/pia mater and dura mater determined by ICP-MS. (g) Temporal iron contents of different parts of the brain. Results are presented as
mean ± SD (n = 6); *: P < 0.05; **: P < 0.01.
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olfactory nerve sheath,49 as guided by the red lines in Figure
4e. Once entering the perineural space of nerves, the
nanoparticles will flow with cerebrospinal fluid (CSF) to
reach subarachnoid space and then spread to other brain
regions along with the CSF circulation.50−55

To verify that Fe3O4 nanoparticles can enter the CSF
circulation after intranasal administration, MRI studies on rat
brain were performed by focusing on the cerebral cistern and
ventricle that are filled with CSF. As shown in Figure 5a, the
cerebral cistern area delineated by the black dashed line
exhibits a strong signal enhancement after intranasal delivery of
Fe3O4 nanoparticles, in contrast to the almost unenhanced
cerebral ventricle area highlighted by the red dotted line. This
can be attributed to the fact that CSF is produced in cerebral
ventricles and then directionally flows into the cerebral
cistern,56,57 whereas the Fe3O4 nanoparticles coming from
the perineural space of nerves can circulate in the cerebral
cistern but hardly backflow to the cerebral ventricles. Further
quantified results shown in Figure 5b,c indicate that the MRI
signal of cerebral cistern increases first to reach a quasi-
platform and then decreases, exhibiting a maximum enhance-
ment factor of 19.3% around 1−1.5 h postadministration, while
the signal value of cerebral ventricles remains arbitrarily
fluctuated during the same observation period. Interestingly,
the MRI results are consistent with the CSF iron content,
which also presents a nonmonotonic variation against time, as
shown in Figure 5d. In addition, the brain region near the
cerebral cistern also exhibits an obviously enhanced contrast
according to the results shown in Figure 5a, indicating that the
Fe3O4 nanoparticles can enter the brain parenchyma while
circulating in the CSF. Further fluorescence microscopy
analysis of the brain slice obtained at 1 h postadministration
in Figure S4 revealed that the Fe3O4 nanoparticles were mainly
concentrated on the meninges and gradually decreased in
concentration with increased distance away from the meninges
that directly contact the CSF, suggesting that the Fe3O4
nanoparticles in CSF penetrate through the meninges to
enter the brain parenchyma, probably through diffusion driven
by a concentration gradient.58,59

In general, CSF is a major medium for excreting metabolites
out of the brain. As aforementioned, the CSF generated in the
cerebral ventricle directionally flows into the subarachnoid
space between the arachnoid mater and pia mater.60 It can
permeate into the superior sagittal sinus on the dura mater
through the arachnoid villus and then return to the venous
system and, otherwise, be excreted out of the brain through
glymphatic clearance from perineural transport along both
cranial and spinal nerve roots.61−64 Thus, to show whether
Fe3O4 nanoparticles entering the brain follow the same
elimination pathway as metabolites, the meninges closely
related to the circulation and excretion of CSF were carefully
analyzed at different time points postadministration. Figure
5e,f shows the fluorescence and iron content of arachnoid and
pia mater and dura mater. As expected, both fluorescence
signal and iron content of arachnoid and pia mater increase
within 1 h and then decrease after intranasal administration of
Fe3O4 nanoparticles, well matching the CSF signal variations
determined through both MRI and iron content analysis, as
given in Figure 5a−d. Quite unexpectedly, the dura mater also
shows a strong fluorescence signal, although it does not
directly contact the CSF, indicating Fe3O4 nanoparticles in
CSF can be transported into dura mater. Moreover, the iron
concentration in dura mater keeps increasing, in contrast to the

nonmonotonically varied iron contents in arachnoid and pia
mater. These results for the first time demonstrate that the
nanoparticles entering the brain can be excreted via the
superior sagittal sinus on the dura mater following the CSF
circulation.
To disclose the pharmacokinetics behavior of Fe3O4

nanoparticles in the brain after intranasal administration, the
iron contents in different tissues including the olfactory bulb,
cerebrum together with cerebellum, and pons extracted at
different time points postadministration were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS). The
results in Figure 5g reveal that iron concentrations in the
aforementioned tissues increase within 1 h and then start to
increase or decrease with the elapse of time, depending on the
location. The variations of the iron content of different parts of
the brain are actually very consistent with the tendencies
determined through MRI (Figure 1e−g) and fluorescence
(Figure 2b−d), respectively. Based on the quantified results,
the concentration of Fe3O4 nanoparticles in the brain was
determined to be 3.31, 5.97, and 3.80 μg/g at 0.5, 1, and 2 h
postadministration, respectively, suggesting that a gradual
accumulation of Fe3O4 nanoparticles in the CNS followed by
elimination occurs within a period of 2 h.
In summary, by using PEGylated Fe3O4 nanoparticles as a

model, we have for the first time clearly disclosed the pathway
for the intranasally delivered nanodrug to enter the central
nervous system. Upon intranasal administration, the Fe3O4
nanoparticles first pass the nasal mucosa to enter the perineural
space of trigeminal nerve and olfactory nerve and then flow
into subarachnoid space together with CSF. Once within the
subarachnoid space, the Fe3O4 nanoparticles will reach the
whole cerebral cistern along with the CSF circulation and
eventually enter the brain parenchyma to finalize the delivery
of Fe3O4 nanoparticles to the brain. In the meantime, the
Fe3O4 nanoparticles in the brain will gradually be sent to the
venous system by CSF through the arachnoid villus and
superior sagittal sinus. The pharmacokinetic studies reveal that
the maximum accumulation of Fe3O4 nanoparticles reaches
5.97 μg/g 1 h postadministration, which may enable efficacious
therapies with versatile drugs in nanoformulation. We thus
believe the clear pathway depicted by the current study lays a
solid corner stone for promoting research and application of
nanodrugs in the treatment of various CNS diseases through
intranasal administration.
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