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Review Article
Imaging of intranasal drug delivery to the brain
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Abstract: Intranasal (IN) delivery is a rapidly developing area for therapies with great potential for the treatment of
central nervous system (CNS) diseases. Moreover, in vivo imaging is becoming an important part of therapy assess-
ment, both clinically in humans and translationally in animals. IN drug delivery is an alln fact, imaging hasternative
to systemic administration that uses the direct anatomic pathway between the olfactory/trigeminal neuroepithelium
of the nasal mucosa and the brain. Several drugs have already been approved for IN application, while others are
undergoing development and testing. To better understand which imaging modalities are being used to assess IN
delivery of therapeutics, we performed a literature search with the key words “Intranasal delivery” and “Imaging”
and summarized these findings in the current review. While this review does not attempt to be fully comprehensive,
we intend for the examples provided to allow a well-rounded picture of the imaging tools available to assess IN
delivery, with an emphasis on the nose-to-brain delivery route. Examples of in vivo imaging, for both humans and
animals, include magnetic resonance imaging (MRI), positron emission tomography (PET), single-photon emission
computed tomography (SPECT), gamma scintigraphy and computed tomography (CT). Additionally, some in vivo opti-
cal imaging modalities, including bioluminescence and fluorescence, have been used more in experimental testing
in animals. In this review, we introduce each imaging modality, how it is being utilized and outline its strengths and
weaknesses, specifically in the context of IN delivery of therapeutics to the brain.
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Introduction ising therapeutics. The key to overcoming these
challenges and furthering the field of IN deliv-
ery is to develop informative, non-invasive
methodologies to better understand the nose-
to-brain delivery pathway. One important tool
at our disposal is through the use of in vivo
imaging. In fact, imaging has great potential
to facilitate the translation of promising IN
therapies from animals to humans and im-
proved imaging techniques continue to emerge.
Prior to discussing the imaging aspect, we will
introduce the concept of IN delivery, explore
the latest information regarding the most like-
ly path from nose-to-brain and discuss various
types of therapies that would benefit from IN

The blood-brain barrier (BBB) is highly success-
ful at protecting the brain from entry of poten-
tially detrimental substances. Unfortunately,
greater than 99% of potential therapies are
also greatly restricted from entering the brain
[4, 2]. Therefore, there is an urgent need to
develop alternative delivery strategies for get-
ting therapies around the BBB non-invasively.
Intranasal (IN) delivery is a promising alterna-
tive to systemic administration that uses the
direct anatomic pathway between the olfacto-
ry/trigeminal neuroepithelium of the nasal
mucosa and the brain. Since only small
amounts of a drug are delivered to the brain

using this route, the mechanism of delivery
needs to be better understood and new meth-
ods need to be developed to overcome the
obstacles facing nose-to-brain delivery of prom-

imaging assessment. In particular, we lay the
groundwork for the importance of developing
theranostic agents for both therapy and diagno-
sis in one platform.
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The nasal cavity is well-suited for therapy deliv-
ery since the nasal mucosa has a high relative
permeability, thin endothelial membrane and
reasonable surface area for absorption of not
only small molecules but also macromolecules
such as proteins and peptides, nucleotides,
viruses and even stem cells [3-5]. In particular,
nose-to-brain therapy delivery has garnered
high interest given the high failure rate of
drugs that are unable to bypass the BBB [6].
Examples of difficult-to-treat central nervous
system (CNS) diseases include brain malignan-
cies, neurodegenerative diseases, stroke, sei-
zures and psychiatric diseases, among others
[7]. Understanding the mechanism of delivery
and fate of drugs that can bypass the BBB is
imperative to treating these debilitating and
costly diseases [8].

IN delivery offers several advantages over oth-
er routes of administration: It is relatively non-
invasive, it avoids first-pass metabolism and
its side effects can be minimized since other
healthy organs are not exposed to the thera-
peutic compound [4]. Because of its non-inva-
sive nature, there is a reduced risk of infection
or disease transmission. Additionally, nasal
spray formulations are easy to administer and
can be performed at home by the patient. As
with any route of delivery, however, there are
challenges that must be overcome when using
the nasal cavity for therapy delivery. Similar to
the BBB, the nasal mucosal barrier poses IN
delivery challenges, such as a physical bound-
aries provided by tight junctions, cellular mem-
branes and enzymes in the mucosal milieu. In
addition, certain environmental substances,
including pathogens and allergens, can irritate
the nasal mucosa and full delivery of a drug
may be impaired when a patient has an active
upper respiratory infection. Mucociliary clear-
ance can also hinder the delivery of intranasally
administered therapeutics. Thus, only a small
percentage of the administered drug may arrive
at the target site following IN delivery; so, a
compound requiring relatively high concentra-
tions for therapeutic efficacy may not be an
ideal candidate for this route.

Aside from its purported role as a promising
route of drug delivery, the nasal cavity normally
serves important roles in respiration and smell
while also providing a protective barrier against
environmental insults [9]. The nasal anatomy in

animals can differ widely relative to humans.
For instance, the ratio of surface area to lumi-
nal volume in the nasal cavity of a rat is very
different from that in humans (i.e., rat is 3350
mm?/cm?® and human is 820 mm?2/cm3) [10].
The relatively larger dedication of olfactory
mucosa to smell in rodents allows a particu-
larly strong model for IN delivery, but a lower
contribution of olfactory mucosa to smell in
humans poses a challenge when interpreting
drug efficacy results from rodent data. The
anterior vestibule, the respiratory region and
the olfactory region serve as three different
anatomically distinct areas in the nasal cavity
and only the respiratory and olfactory regions
are thought to contribute to drug delivery
(Figures 1 and 2) [9, 10].

The respiratory epithelium is the largest of the
three areas, is located more anteriorly within
the nasal cavity, and produces the majority of
the mucus, which is an additional barrier that
intranasally delivered drugs must overcome for
CNS delivery [11]. Drugs that overcome muco-
ciliary clearance and make their way across the
respiratory epithelium, such as naloxone and
zolmitriptan, may be absorbed into the small
blood vessels within the lamina propria, where
they would avoid first-pass metabolism encoun-
tered with orally delivered agents, but would
then still need to cross through the BBB from
the systemic circulation [12]. The lamina pro-
pria of the respiratory epithelium also contains
a high surface area of branches of the trigemi-
nal neuron which, along with a multitude of
small blood vessels, that provides a significant
perineuronal and perivascular pathway for ther-
apeutics to enter the brain [4, 13-15]. For
instance, Lochhead et al. used ex vivo fluores-
cence imaging (FLI) to show that bulk flow
within the perivascular space of cerebral blood
vessels contributes to the rapid central distri-
bution of small-molecule, fluorescently labeled
dextran tracers after IN administration in anes-
thetized adult rats [15]. Labeled macromole-
cules, such as interferon gamma [16], insulin-
like growth factor [14], and most recently insu-
lin [17], also demonstrated rapid uptake into
the brain and cerebral spinal fluid (CSF) spa-
ces along the trigeminal route following IN
administration.

The olfactory epithelium is the most posteriorly
located epithelium of the nasal cavity (Figures
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Figure 1. The human nose-to-brain anatomy. In humans, the nasal cavity
contains three major regions based on epithelial type. The first most ante-
rior vestibule (dark yellow), is comprised of squamous epithelial cells and
does not play a significant role in drug absorption/uptake. Just posterior to
the anterior vestibule is the respiratory epithelium (yellow). Drugs (green ar-
rows) absorbed across the respiratory epithelium can be deposited into the
lamina propria where they gain access to an extensive pathway to the brain
along the branches of the trigeminal nerve. Drugs can travel intraneuronally
or in a perineural and perivascular distribution to enter the brain via the tri-
geminal ganglion (red) and brainstem (red). Finally, posteriorly and dorsally
lies the olfactory epithelium (bright yellow), which houses the olfactory neu-
rons (blue), and is situated at the posterior and dorsal aspect of the nasal
cavity. These neurons send cilia into the nasal cavity lumen. Drugs can be
absorbed into the olfactory receptors or traverse the olfactory epithelium to
gain access to the olfactory bulb by transcellular or perineuronal/perivas-
cular routes within the lamina propria. From the olfactory bulb (blue), drugs
(purple arrows) gain access to the brain (pink).
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receptor neurons and olfacto-
ry ensheathing cells, which
can serve as a means of di-
rect intra-neuronal transport
into the olfactory bulb of the
brain. This direct transport is
made possible if the cilia aid
in cellular uptake of the thera-
py or provide an additional
highway to the brain CSF spac-
es. The cilia also provide a
similar highway along exten-
sive perivascular and perineu-
ronal spaces found with the
trigeminal system within the
lamina propria. The classically
cited example of direct neuro-
nal transport is wheat-germ
agglutinin conjugated to hor-
seradish peroxidase, which
was visible in neuronal axons
and the olfactory bulb follow-
ing IN delivery in mouse, rat
and squirrel monkey [21].
However, intraneuronal trans-
port is slow with studies indi-
cating brain entry via the
olfactory nerve taking 1.5-6
hours and even longer via the
trigeminal nerve, taking from
17-56 hours [3]. Since several
studies have confirmed rapid
nose-to-brain delivery within
minutes, the intra-neuronal
pathway is probably not the
primary route.

1 and 2), and is structurally different from the
respiratory epithelium since it contains bipolar
primary receptor neurons necessary for our
sense of smell [18, 19]. The olfactory epitheli-
um overlies the cribriform plate and biopsy
studies of humans indicate that the olfactory
region may cover more of the nasal cavity than
previously thought, extending to involve the
middle turbinate (Figures 1 and 2) [9, 20]. Like
the respiratory epithelium, the olfactory neuro-
epithelium sits atop a highly cellular lamina pro-
pria that contains the axon fascicles as well as
Bowman’s glands, blood vessels, and connec-
tive tissue (Figure 3) [11]. However, the olfac-
tory epithelium also contains the olfactory

Intranasal therapies

The various IN therapies that have been
attempted and published are extensive. The
current review provides only examples to give
a flavor of intranasally delivered therapies. For
a more detailed description specific to thera-
pies, the reader is referred to the following
reviews by Fortuna et al. [22], Erd6 et al. [23]
and Corrigan et al. [24]. Although more often
for systemic or local treatment, examples of
therapies currently used clinically through the
IN route include nasal sprays for allergic rhi-
nitis (Azelastin Hydrochloride: Astelin, Meda
Pharmaceuticals, Inc.), the common cold (Oxy-
metazoline: Afrin, Merck and Co, Inc), vaccines
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Figure 2. Rat nose-to-brain anatomy. The nose-to-brain anatomy of the rat is
similar to the human with a few differences. Compared to the human, the
rat nasal cavity has a relatively greater surface area in the olfactory system,
making it an ideal animal model for studying IN delivery. The rat nasal cavity
consists of the anterior vestibule (dark yellow), respiratory epithelium (yel-
low), transitional epithelium and olfactory epithelium. Drugs (green arrows)
gain access to the brain along the olfactory and trigeminal pathways, similar
to human IN delivery.
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Figure 3. Olfactory nasal mucosa. The olfactory epithelium is mostly com-
prised of olfactory receptor cells and sustentacular support cells. Deep to
the olfactory epithelium is the lamina propria (pink), which contains blood
vessels, lymphatics and abundant branches of the trigeminal sensory neu-
rons. Compounds deposited into the lamina propria can travel in a peri-
neural, perivascular or perilymphatic manner to access the brain (orange).
The axons of the olfactory cells traverse the lamina propria and form nerve
fascicles, called the fila olfactoria. Olfactory ensheathing cells (green) pass
through the cribriform plate (yellow) along with the olfactory nerve axons.
The olfactory neuron axons synapse in olfactory bulb with second order neu-
rons that then travel to other parts of the brain.
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(FluMist Quadrivalent, Medlmmune, LLC), and
others. Agents currently undergoing clinical tri-

als, many of which take ad-
vantage of the nose-to-brain
route, include IN insulin for
memory (NCT02758691), po-
st-traumatic stress disorder
(PTSD) (NCT04044534), mo-
od disorders [25], and Alzhei-
mer’'s disease [26, 27]; IN
glutathione for Parkinson’s
disease (NCT01398748) [28];
IN oxytocin for autistic spec-
trum disorder [29, 30], Pra-
der-Willi syndrome [31], att-
ention-deficit/hyperactivity di-
sorder (ADHD) [32] dementia
[33], and schizophrenia; IN
dexmedetomidine for seda-
tion of patients with autism
spectrum disorder (NCTO35-
97477); IN fentanyl for cancer
pain management (NCTOO09-
94760); nerve growth factors
for stroke (NCT03686163)
and IN neuropeptide Y for
PTSD (NCT01533519) [34].
Clinical trials of IN delivery are
often focused in pediatrics
because of the relatively gr-
eater ease of IN administra-
tion compared to intravenous
(IV) delivery and better patient
comfort for pediatric patients.
These include dexmedetomi-
dine for IN anesthesia (NCTO-
3597477), IN ketorolac for
pain (NCT02297906), and mi-
dazolam for anti-anxiety (NCT-
03635398). In addition to
clinically approved drugs, the
number of compounds under-
going experimental evaluation
using the IN route in animal
models is extensive and be-
yond the scope of this review.

Therapeutic compounds deliv-
ered intranasally vary widely
and each type of therapy has
important challenges to con-
sider. In this review, we delin-
eate small molecules which
are less than 900 Daltons
from macromolecular com-

pounds, such as nucleic acids and peptides/
proteins. We also discuss two additional cate-

4 Am J Nucl Med Mol Imaging 2020;10(1):1-31



Imaging of intranasal delivery

gories: Nanosystems, including nanoemulsions
(NEs) and nanoparticles (NPs), as well as thera-
peutic stem cells [35]. While all of these cate-
gories could be adapted to serve as theranostic
agents, nanosystems and cellular therapies are
particularly suited for this emerging concept,
which combines therapy with diagnostic infor-
mation. Typically, nanosystems and cells have
the greatest potential to adapt to become ther-
anostic agents. It should be noted, however,
that not every theranostic agent is in the form
of a nanosystem.

Small molecules

Small-molecule drugs are among the most
common intranasally delivered therapies ad-
ministered to humans because of their small
size (less than 900 Da), which allows for rapid
diffusion across cell membranes. Examples of
clinically approved small molecules include
anesthetic agents [36] as well as drugs that
treat migraines [37], treatment-resistant de-
pression [38], seizures [39], pain modulation
[40, 41] and antidotes for drug overdose (i.e.,
naloxone) [42]. More experimental examples at
the preclinical level include morphine and oxy-
codone for the reduction of intentional drug
abuse [43, 44] and doxylamine in subjects
with sleep impairment [45]. Since many small
molecules are already approved for human use
via topical, enteric or IV routes of administra-
tion, the regulatory burden for approval of IN
delivery of small molecules is small [22].
However, most small molecules that can be
used intranasally can also be delivered orally.
In addition, many of the above-listed small mol-
ecules may utilize the nose-to-brain route to
some extent, but the majority is likely to become
systemically available following absorption
across the nasal membrane barrier [46].

Nose-to-brain delivery of drugs occurs through
a variety of different pathways; therefore, to
optimize a small molecule for maximum deliv-
ery, it is important to tailor the molecule to trav-
el through any of the possible pathways rather
than focus on any one [47]. Designing the best
small molecule would involve balancing a vari-
ety of factors including hydrophilicity, polarity,
charge, size and molecular interactions. Mucin,
which is a glycoprotein constituent of mucus,
has both hydrophobic and hydrophilic compo-
nents. While hydrophilic drugs are very soluble

in mucus, leading to high clearance, extremely
hydrophobic agents may interact with the
mucus and fail to reach the nasal cavity [3, 22].
To achieve the highest probability of transport,
a drug needs to exhibit moderate hydrophilic
properties to minimize hydrophobic interac-
tions with the mucus and maintain the ability to
be dissolved in aqueous medium, all while
avoiding clearance. Molecules that are polar
tend to have low bioavailability since they are
prone to clearance or decomposition by nasal
enzymes [22]. In terms of charge, mucin is neg-
atively charged; so, to minimize electrostatic
interactions that would cause drug entrapment
within the mucous, the drug needs to be neu-
tral or slightly negative at physiological pH [3].
While small molecules are generally not inhibit-
ed via size restraints, it is necessary to design
these molecules in a way that limits potential
molecular interactions that would trap them in
the nasal mucosa for clearance and prevent
absorption across the mucosa [48].

Macromolecular agents

IN delivery provides a viable route to the CNS
for macromolecular agents if they can over-
come the anatomic and functional impedi-
ments of the nasal mucosal barrier. Examples
of macromolecular agents include most drugs
that are larger than 900 Da by molecular
weight, but more specifically include agents
that are not likely to be absorbed following oral
delivery such as peptides, proteins, and nucleic
acids. These agents are commonly called bio-
logics, which are considered a collection of
macromolecular compounds with a high poten-
tial for therapy. Most proteins [22] and even
therapeutic plasmids [49] and viruses [50]
would fall into this category. Therapeutic neuro-
peptides belong to a class of small peptides.
They are promising for IN drug delivery for CNS
applications because of their decreased mo-
lecular weight compared to larger proteins and
macromolecular compounds. A good example
in this group is oxytocin, which has been stud-
ied extensively as a psycho-modulator of sev-
eral cognitive responses and social interac-
tions [51, 52] and has been used in clinical tri-
als to treat mental disorders [53-55].

Macromolecules are prone to the same issues
as small molecules since these, too, must tra-
verse the aforementioned barriers and abide
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by optimization guidelines. Compared to small
molecules, macromolecular agents are much
more sensitive to size and, as the molecular
weight increases, the absorption rate decreas-
es [48]. Given the limitations encountered with
delivering small molecules and macromole-
cules across the nose-to-brain barriers, several
absorption-enhancing materials are being in-
vestigated and developed, including cell-pene-
trating peptides (i.e., penetratin [56, 57]),
agents that open the tight junctions between
cells (i.e., chloramphenicol acetyltransferase
and matrix metalloproteinases [58]), and even
agents that reversibly destroy the most sup-
erficial layer of the nasal mucosa (i.e., methim-
azole [59]). However, with the implementation
of enhancers, there is a risk of a leaky BBB
and a risk of CNS infection, potentially leading
to brain edema [3]. In addition, macromole-
cules are subject to other challenges such as
higher susceptibility to enzymatic degradation,
from lower permeability and shape restraints
[22]. Furthermore, it was found that linear mol-
ecules seem to have lower absorption than
cyclic molecules [22]. The optimization of small
and large molecules was outlined by Kumar et
al. [48]. Some characteristics to look for include
therapeutic effects at lower volumes, appropri-
ate nasal absorptive characteristics, minimal
nasal irritation, higher drug stability, and mini-
mized odors or other comfort deterrents with
the therapy [48].

Nanosystems

Despite the potential advantages of IN delivery
to circumvent the BBB, most small-molecule
and macromolecule therapies in solution must
still overcome several obstacles in transit to
the brain or CSF spaces. It is estimated that
98% of low-molecular-weight molecules and
100% of high-molecular-weight macromole-
cules fail in entering the CNS due to physio-
logical and physiochemical challenges [48,
60]. The extremely low bioavailability of these
molecules challenges their use intranasally.
However, concentration levels can be further
manipulated by nanotechnology-based sys-
tems, nanosystems. Specific examples that
can be grouped more broadly into nanosystems
would include nanogels, dendrimers, nanosus-
pensions, NEs, and NPs, to name a few [48,
61]. Drug-loaded nanosystems present various
advantages that have potential to overcome

the aforementioned challenges. These include
improved endothelial permeability and extra-
vasation, enhanced interstitial diffusion and
decreased clearance or trapping by phago-
cytes. Additionally, nanosystems can be deco-
rated with disease-specific ligands that target
biomarkers of interest, thereby improving th-
eir biodistribution profile and minimizing toxi-
city to healthy tissues. Incorporating CNS dru-
gs into nanosystems can also preserve the
pharmacological action and physicochemical
integrity of the drugs and reduce their dilution
with body fluids. These advantages can signifi-
cantly improve the safety profiles of CNS drugs
and increase their maximum tolerated doses
(MTDs). Overall, to justify an agent’s delivery
via a nanosystem, its incorporation must over-
come the limitations associated with free drug.
Furthermore, drugs that are quickly cleared
need to have increased absorption and the
nanosystem must protect the drug from enzy-
matic degradation in the nasal cavity. Strong
drug candidates would include low water solu-
bility, instability, slow onset of action, and those
requiring high dosages that create systemic
side effects [60]. Optimal nanosystems would
remain less than 200 nm as the diameter of
olfactory axons ranges from 100 nm to 700 nm
and the mesh size of mucin ranges from 20 nm
to 200 nm [3, 60]. To sum up, the benefit of
using a nanosystem as a drug carrier and/or
solubilizer is the ability to modify and fill in any
weaknesses associated with the delivery of
free drugs. There are a variety of different
materials available to complete this.

Further optimization methods address the chal-
lenges discussed above. Each nanosystem has
distinct advantages, but NPs and NEs will be
described in brief specifically, outlining their
role in IN delivery and imaging. For a more
detailed information regarding nanosystems,
the reader is referred to reviews from Kumar et
al. [48], Patra et al. [62], and Chavda [61].

NPs are compact particles with diameters
ranging from 1 to 1000 nm [48]. They can be
fabricated by a variety of procedures inclu-
ding solvent evaporation, ionic gelation, or pre-
cipitation [61, 63]. NPs may be composed of
biodegradable and non-biodegradable constit-
uents and can be categorized as polymeric,
polymeric micelles, liposomal, and inorganic,
among others [64]. Polymeric NPs are often the
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simplest type, utilizing single polymer chains.
Alteration of polymer molecular weights allows
fine tuning of drug release kinetics. Polymeric
NPs can be fabricated with a variety of differ-
ent methods including dispersion of polymers,
polymerization of monomers, and ionic gela-
tion [65]. Polymeric micelles are self-assem-
bled polymeric amphiphiles that can deliver
hydrophobic drugs, though there have been
studies utilizing them to deliver hydrophilic
imaging agents which were loaded into mice-
lle’s core through polymer-metal complex for-
mation [66]. Liposomal NPs are also self-
assembled via methods such as nanopreci-
pitation [67], thin-film hydration and extrusion
[68], and electrospinning [69] and can encap-
sulate both hydrophobic and hydrophilic drugs
and imaging agents. Finally, inorganic NPs
offer advantages for both imaging and therapy
as they contain materials such as iron oxide,
gold and silica, among others. Gold NPs, in par-
ticular, are useful as they have also been stud-
ied as radiosensitizers for cancer cells [70].
These are non-biodegradable and are very
small, less than 100 nm. Several NPs are FDA
approved for human use and are extensively
outlined by Bobo et al. including polymeric NPs
(Copaxone® and Eligard®), polymeric micelles
(Estrasorb™), polymer-protein conjugates (e.g.,
Pegintron®, Somavert), liposomal NPs (Mar-
gibo®, Doxil®/Caelyx® and Onivyde®), and inor-
ganic NPs (Nanotherm®, Ferrlecit®, and Fer-
aheme™) [64]. One example of current rese-
arch is polycaprolactone polymer NPs prepa-
red by nanoprecipitation. They are being inves-
tigated for the nose-to-brain delivery of me-
latonin for the treatment of glioblastoma.
Compared to free drug, melatonin NPs had
significantly improved therapeutic efficacy,
reducing the amount of drug required [63].
Bioavailability of NPs has been a debatable
subject as IN delivery poses the same physical
and chemical barriers like other drugs; the
difference is that NPs offer more chances to
finely tune the delivery system [48]. Furth-
ermore, there are general challenges such as
macrophage recognition of surface moieties. A
variety of mucoadhesive polymers are incorpo-
rated to extend adhesion time in the nasal
cavity, thereby preventing clearance. These
include chitosan, alginates and cellulose [22].
Increased adhesion time as a mean to promote
increased therapy remains controversial. On
one side, increased adhesion prevents trans-

port to the brain. On the other, increased adhe-
sion prevents clearance and increases the
chance of endocytosis [3]. Other challenges
include premature release of drugs, toxicity and
achieving desired dose requirements [61].

NEs are nano-sized globules that are biphasic,
containing two immiscible liquids (water/oil)
and a variety of surfactants and co-surfact-
ants [71]. Some commercially available NEs,
not specific to nose-to-brain delivery, include
Diazemuls®, Lipuroetomidate® and Diprivan®,
etc. Unlike NPs, there is no distinct boundary
of each droplet; however, the globule is typi-
cally known to have sizes of 100-300 nm or
less [60]. NEs are either oil-in-water (O/W) or
water-in-oil (W/0) emulsions fabricated by high
energy (ultrasonication/homogenization) or low
energy (phase inversion by temperature/com-
position changes) techniques [60]. However, to
our knowledge, only an O/W emulsion is used
for IN administration of drugs. NEs interact
directly with the aqueous environment via
Brownian motion of the droplets [48]. NEs, like
NPs, allow the transport of hydrophobic drugs
into the brain. For example, saquinavir is an
anti-HIV drug, but its water insolubility ren-
ders it a strong candidate for delivery via a NE.
NEs showed an increase in permeation into
the brain compared to free drug [60]. Another
study by Colombo et al. analyzed the effects of
incorporating chitosan into NEs [72]. Chitosan
is heralded in NEs for its ability to act as a
mucoadhesive to decrease nasal clearance
[71]. A NE containing kaempferol was made
with and without conjugation to chitosan for
the treatment of glioma. It was found, in an ex
vivo analysis, that NEs conjugated to chitosan
significantly increased permeation across the
mucosa because of the electrostatic interac-
tion of positively charged chitosan and nega-
tively charged mucosal layers, while also sig-
nificantly increasing the amount of drug deliv-
ered to the brain [72]. Mucoadhesives appear
to be quite critical in avoiding NE clearance
and their use optimizes drug delivery [71].
Uniquely, NEs use a high concentration of sur-
factants that can be chosen from a list of gen-
erally regarded as safe (GRAS) agents including
polyethylene glycol (PEG) 8 stearate, PEG 400,
polysorbate 20 and propylene glycol, to name a
few [61, 71]. Such surfactants can provide a
fluidizing effect on the barrier endothelial cells,
promoting drug permeability within the olfacto-
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ry and trigeminal pathways [60]. Despite their
advantages, those surfactants need to be
monitored for toxicity with repeat dosages.
Furthermore, both NPs and NEs are subjected
to scale-up challenges. In a laboratory setting,
these systems are made using specific material
amounts in a specific order, which makes their
translatability to industry a challenge.

Cellular therapies

IN delivery of stem cells to the brain overcomes
the certain challenges associated with brain
drug delivery and is highly amenable to ther-
anostics. Multiple studies have confirmed the
localization of various stem cells in the brain
following IN delivery, including mesenchymal
stem cells (MSCs), neural stem cells (NSCs)
and pluripotent stem cells [73, 74]. MSCs were
delivered to the brain via the IN route, success-
fully treating animal models of neurodege-
nerative diseases, including Parkinson’s dis-
ease, Alzheimer’s disease and Huntington’s
disease [75-77]. MSCs have also been deliv-
ered intranasally for the treatment of stroke
[78, 79], including neonatal hypoxia-ischemia
[80, 81]. In addition, MSCs delivered via nasal
application imparted therapeutic efficacy
when expressing tumor necrosis factor (TNF)-
related, apoptosis-inducing ligand in a mouse
model of human glioma. The increased overall
survival was even higher when the mice had
been irradiated [82]. The irradiated mice
showed higher levels of CXCL12, a lymphatic
chemokine, which is possibly related to the
mechanism of migration of those cells [83].
Although radiotherapy is a highly effective tool
for the treatment of brain cancer, it also causes
detrimental effects in surrounding healthy tis-
sues, leading to pernicious neurocognitive
side effects. A novel strategy to mitigate the
negative effects of radiation in brain tumor
treatment involved IN administration of hu-
man MSCs, which promoted brain injury repair
and improved neurological function following
brain irradiation in mice [84]. Stem cells have
become carriers of oncolytic agents or drugs
due to their capability to target brain tumors
when the stem cells and tumor cells express
specific cell adhesion molecules. For instance,
CXCR4-enhanced NSCs delivered an oncolytic
virus to glioma and extended survival of ani-
mals when they received concomitant radio-
therapy [85]. Moreover, neural stem/progenitor

cells (NSPCs) displayed a rapid, targeted tumor
tropism with significant accumulation at the
intracranial glioma site within 6 hours after IN
delivery. This peaked at 24 hours and rema-
ined at this level for up to five days. Currently,
two clinical trials are assessing IN delivery of
stem cells in the brain. One is recruiting to
evaluate the use of autologous bone marrow-
derived stem cells (BMSC) to improve cogni-
tive function (NCT03724136). Another is also
recruiting to study the use of autologous BMSC
and its transfer to the vascular system and
inferior 1/3 of the nasal passages in order to
determine if such treatment will provide
improvement in neurologic function for patients
with a broad spectrum of neurologic conditions
(NCTO2795052). Overall, cellular therapies are
an emerging therapy that may offer many ben-
efits for IN delivery.

Theranostics

The development of a single platform for the
simultaneous delivery of therapeutics and
diagnostic imaging agents for pretreatment
planning, real-time tracking/monitoring and/or
posttreatment assessment provides the basis
for the emerging field of theranostics [86].
Molecules such as metaiodobenzylguanidine
(MIBG) containing iodine-131 (*3!) and io-
dine-123 (*?%l), somatostatin peptide analogs
labelled with lutetium-177 (**"Lu) and prostate-
specific membrane antigen (PSMA) labelled
with 123, 131 gallium-68 (®8Ga), '’Lu and yttri-
um-90 (°°%Y) have been used as theranostic
materials in nuclear medicine [87, 88]. Also,
radioactive !l is used to simultaneously im-
age and treat thyroid diseases [89]. In general,
direct imaging of small-molecule and macro-
molecular therapies following IN delivery in
vivo is difficult to do since the addition of an
imaging tracer runs the risk of interfering with
drug binding site, thereby altering therapeutic
efficacy. Imaging labels directly conjugated
onto the therapeutic agent may also negatively
alter biodistribution and pharmacodynamic/
pharmacokinetic profiles. Regardless, direct
labeling of drugs would benefit from in vivo
imaging to better understand the ultimate fate
of therapies after delivery, which includes the
route of transit from nose-to-brain. When devel-
oping therapies that utilize nanosystems or
cells, labeling agents for in vivo imaging
becomes more feasible, albeit still technically
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challenging. A recent NP-based drug delivery
system was formulated for the treatment of
glioblastoma by Sukumar et al.; it provides a
comprehensive example of the multiple func-
tions NPs can have. Briefly, gold-iron oxide
NPs loaded with microRNAs for IN delivery
were produced to provide a multi-functional
theranostic capability for the treatment of glio-
blastoma. These NPs were coated with 3-cy-
clodextrin-chitosan (CD-CS) hybrid polymer for
the co-loading of the microRNAs. Finally, the
NPs were decorated with PEG-T7 peptides to
specifically target glioblastoma cells. In vivo
analysis showed that these multi-functional
NPs provided tumor sensitization, via the
microRNAs, to the standard-of-care treatment,
temozolomide, improving overall survival. Be-
cause of the gold-iron oxide component, the
IN delivery of the NPs was monitored via
T -weighted magnetic resonance imaging (MRI)
[90].

Intranasal imaging

In humans, IN imaging studies have thus far
been limited mostly to MRI, positron emission
tomography (PET) and single-photon emission
computed tomography (SPECT), with MRI being
the most extensively utilized modality. Gamma
scintigraphy, to our knowledge, has been used
clinically in the context of IN imaging in one
instance. Preclinical studies that utilize imaging
offer a great deal of information about the fate
of the delivered therapeutic and/or disease
progression, which would enable the efficacy of
novel IN therapies and their potential for clini-
cal translation. So far, preclinical imaging stud-
ies have not only utilized MRI, PET and SPECT
but also gamma scintigraphy as well as bio-
luminescence imaging (BLI) and fluorescence
imaging (FLI). Ultrasound imaging, however,
has not yet been used for IN imaging by virtue
of the difficulties associated with transmitting
and receiving acoustic waves across 0sseous
structures using diagnostic ultrasound trans-
ducers in the clinical megahertz ranges. Ne-
vertheless, ultrasound waves can be focused
using specialized therapeutic focused trans-
ducers in order to enhance transmission and
enable therapeutic benefits for IN drug deliv-
ery; this emerging approach, which is known as
focused ultrasound-mediated drug delivery, will
be briefly discussed later in this Review. A few
CT studies have been used in humans and ani-

mals, mostly to study nasal anatomy and nasal
flow dynamics. Combined PET and MR has per-
haps the highest future potential for the ass-
essment of the nose-to-brain route of drug
delivery since they can combine both the high
quantitation and sensitivity of molecular imag-
ing with the high tissue contrast and spatial
resolution of MRI. However, very few studies
have been performed to date using this dual-
modality approach which enables understand-
ing of in vivo biological processes at a funda-
mental level. In subsequent paragraphs, we
review each imaging modality and its contribu-
tion to understanding IN delivery from both a
preclinical and clinical perspective.

Magnetic resonance imaging

MRI is a powerful, non-ionizing imaging tech-
nology that utilizes a strong magnet (typically
0.5-3 tesla for humans and up to 21.1 tesla
for small animals) to produce three-dimension-
al detailed anatomical images [91]. MRI has
revolutionized medicine because of its ability to
generate high spatial resolution images and
exquisite soft tissue contrast (Table 1). In
humans, it is used for disease detection and
therapy monitoring. MRI signals are produced
through the process of resonance using radio-
frequency (RF) coils, which include a transmit-
ter and receiver. The RF transmitter coils gener-
ate a secondary magnetic field (B,) that is per-
pendicular to the main magnetic field (B),
whereas the RF receiver coils detect the result-
ing MR signal. The transmitter and receiver
functions are often separated in order to maxi-
mize the signal-to-noise ratio (SNR) of a given
imaging sequence [92]. Image contrast in MRI
is mainly based on inherent properties of bio-
logic tissues; these include proton content (i.e.,
1H spin density), longitudinal recovery time (T)
as well as transverse relaxation times (T, and
T,") of *H nuclei [93, 94]. MRI of the brain allows
a high level of detail and with the use of higher
magnetic fields, animals as small as mice can
be imaged. Although MRI is widely available
clinically, only certain centers of research have
more sophisticated MRI capability at the small-
animal, preclinical level. Multimodality, multipa-
rametric imaging in small animals is even less
frequently available. Regardless, these tech-
nologies are continuously evolving to reduce
the costs and scan times as well as improve
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Table 1. Comparison of imaging modalities utilized in intranasal delivery of therapeutics to the brain

Spatial

Imaging modality ~ Strength Weakness resolution Sensitivity
MRI -No ionizing radiation -Expensive +++++ ++
-Excellent soft-tissue contrast -Gd-based contrast agents can be toxic
-Superior spatial resolution with multiplanar imaging capabilities -Susceptible to patient movement-induced image artifacts
-Very versatile and widely available for both preclinical and human imaging studies -Relatively slow patient throughput
-Can utilize magnetofection -Some patients may experience claustrophobia
-Safety hazards for patients with implanted medical devices
-Possible thermal injuries in the body and hearing issues
CT -Provides detailed images of many tissue types, including osseous tissue -Involves ionizing radiation ++++ +
-Can image soft tissue, bone and blood vessels simultaneously -Patients may experience adverse reactions to contrast agents
-Relatively inexpensive and fast compared to MRI -Generally, not recommended for pregnant women
-Unlike MRI, patients with implanted medical devices are safe inside a CT scanner
-CT is less sensitive to patient motion than MRI
-Can complement PET or SPECT, both clinically and preclinically
-Micro-CT is available for laboratory use
Gamma Scintigraphy -Easy to use, fast and inexpensive -Involves ionizing radiation +++ ++
-Provides functional information -2D images with poor spatial resolution compared to MRI or CT
-Can be used in drug discovery and development to facilitate pharmacokinetic/pharmaco- -no CT or MR combination for anatomy overlay
dynamic and biodistribution studies -Lower detection sensitivity compared to SPECT
-Higher spatial resolution than SPECT -Requires physical collimators that reject photons that are
not within a very limited angular range, thereby decreasing
sensitivity compared to PET
SPECT -Enables noninvasive visualization of biodistribution of radiolabeled tracers for diagnostic -Involves ionizing radiation ++ +++
applications and assessment of treatment efficacy -Less quantitative than PET
-Utilizes common radiopharmaceuticals, like Tc-99m, that are widely available -Requires collimation which introduces noise, decreases sensi-
-Relatively inexpensive -Can be employed in a dual-modality system (SPECT/CT) tivity, and increases san time
-Can do multi-isotope imaging (i.e., multi-radioisotope resolution) -Relatively poor spatial resolution compared to MRI or CT
-Can allow for widening observational time window of imaging due to the longer half-life of
single photon emitters
PET -More sensitive than SPECT (two to three orders of magnitude) -Involves ionizing radiation ++ +++++
-Many radiopharmaceuticals are available -Expensive
-Short-lived radionuclides used in PET improve detection sensitivity -Requires complex equipment
-Quantitatively accurate -Quantitative data analysis depends on specialized software
-Most often as a molecular imaging modality combined with CT and most recently with MRl tools
-Micro-PET is available for animal studies -Relatively poor spatial resolution compared to MRI or CT
Optical -Safe, sensitive, widely available, inexpensive with high spatial resolution -Unusable for deep tissues ot bttt
-Nonionizing radiation -Cannot be performed non-invasively in vivo on brain easily
-Fast (e.g., multiple animals can be imaged at once, reducing imaging operation time and secondary to skill
costs)
-Can be used to monitor disease progression, therapeutic efficacy and molecular processes
10 Am J Nucl Med Mol Imaging 2020;10(1):1-31
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software interfaces for the use of MRI in both
the clinical realm and the investigational set-
ting in both humans and animals.

Contrast agents utilized in MRl include gadolin-
ium-based contrast agents (e.g., gadolinium-
diethylenetriamine pentaacetic acid (Gd-DTPA))
and iron-containing agents. Gadolinium-based
agents allow for contrast enhancement and
image brightening by shortening T, times of
hydrogen nuclei in contrast agent-containing
biologic tissues, further delineating regions of
interest (e.g., tumors). Iron, on the other hand,
is visualized using T, or T ~weighted MRI
parameters by shortening T, times and induc-
ing a hypointense signal. Moreover, by utilizing
fluid- or fat-eliminating techniques (e.g., FL-
AIR, STIR, and T2 fat saturation), the pathology
can often be better visualized. Certain sequenc-
es, including gradient recalled echo (GRE) and
susceptibility-weighted imaging (SWI), detect
hemorrhage or calcification through what is
known as a blooming artifact. In addition to
static imaging, MRI can be used to collect
dynamic information such as with various per-
fusion techniques, which are more commonly
utilized in stroke and tumor imaging. Examples
of perfusion techniques include dynamic sus-
ceptibility contrast, dynamic contrast enhance-
ment and arterial spin labeling. Another MRI
technique that can detect the diffusion of wa-
ter through space is known as diffusion-weight-
ed imaging (DWI). DWI is the clinical workhorse
for the detection of stroke and abscesses.
Diffusion tensor imaging (DTI) is another diffu-
sion-related sequence which analyses the
three-dimensional shape of the diffusion of
water in space to generate an image. Similarly,
functional MRI (fMRI) indirectly measures oxy-
gen utilization in certain resting states or acti-
vated brain regions to generate regional maps
of brain activity.

In animals, MRI can be performed at baseline
and following therapy to assess changes in the
brain compared with the original baseline.
Examples include animal models of brain
tumors such as glioblastoma [59, 74, 83],
stroke [95] autistic spectrum disorder [96],
multiple sclerosis [97], and neuroinflammation
[98]. Using DTl and metric fractional anisotropy,
IN delivery of myelin oligodendrocyte glycopro-
tein (MOG,, ,,) was shown to ameliorate pro-
gression of disease and reduce brain damage
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in @ mouse model of multiple sclerosis [97].
The neuroprotective peptide, NAP (part of the
8 amino acids in NAPVSIPQ) also called davu-
netide (CP201), which is derived from activity-
dependent neuroprotective protein (ADNP) was
pioneered by Dr. Gozes and her team. This
promising agent has been shown to be neuro-
protective in numerous neurodegenerative ani-
mal models of disease, including Alzheimer’s
disease, Parkinson’s disease, frontotemporal
dementia and amyotrophic lateral sclerosis
[96]. Most recently, the group demonstrated
the neuroprotective effects of NAP augmented
by the penetration enhancer chorabutanol in
ADNP+/- mouse model of autistic-like ADNP
syndrome. Using a 7-tesla MRI unit for in vivo
imaging of seven eight-month-old mice, NAP
protected against abnormal increases in DTI-
derived mean diffusion and fractional anisot-
ropy in the hippocampus in the ADNP+/- mice
following IN delivery of NAP, demonstrating its
translatability to clinical practice. In an inter-
esting study, Zhang et al. utilized DTI-derived
fractional anisotropy and other histologic tech-
niques to demonstrate a regenerative role of
interleukin-4 (IL.-4) beyond its known immuno-
regulatory functions in an experimentally in-
duced middle cerebral artery occlusion mouse
model [95]. IL-4-loaded liposomal NPs were
administered intranasally at 1-7 days, 14 days,
21 days and 28 days following middle cerebral
artery (MCA) occlusion and was found, using in
vivo DTl on a 9.4-tesla MRI system and histo-
logically, to improve white matter integrity.
Long-term sensorimotor and cognitive deficits
also improved in the IL-4 NP-treated group
compared with vehicle-treated mice.

Direct localization of therapeutic agents in
MRI have so far been limited to nanosystems
and cellular therapies. For instance, a cholera
toxin B subunit-derived NP was found in the
hippocampus at one hour after IN delivery in a
mouse [99]. By tagging the cholera B toxin
NPs with Cy5.5 (an internal fluorescence pro-
be that served as a model drug) and Gd®* (an
MRI contrast agent), 7-tesla MR images were
obtained in vivo followed by ex vivo histologic
and fluorescence microscopy of brain sections.
Although the authors claimed that the cholera
toxin could be a nanosystem for the treatment
of Alzheimer’s disease and could target the hip-
pocampus, a therapeutic drug was not deliv-
ered and a mouse model of Alzheimer’s dis-
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Figure 4. High-resolution T - and T,-weighted MRI of intranasally administered MSCs. (Adapted from Balyasnikova
et al., 2014 with permission). High-resolution T,- and T-weighted MRI of intranasally delivered MSCs, loaded with
MPIOs, were visualized migrating to the brain of irradiated intracranial glioblastoma-bearing mice to a greater de-
gree than non-irradiated glioblastoma-bearing mice. Top two rows are in the coronal plane and bottom row is an
axial plane. Red arrows point to dark signal representing the MPIOs.

ease was not utilized in this study [99]. In
another study, MRI was utilized by Balyasni-
kova et al., to demonstrate the localization of
MSCs to the tumor site in an animal model of
glioblastoma at 48 hours following IN delivery
[83]. The MSCs were engineered to express
TNF-related apoptosis-inducing ligand (TRAIL)
on the cell membrane for improved therapeutic
efficacy in an irradiated glioblastoma mouse
model. Additionally, the MSCs were loaded with
micron-sized paramagnetic iron oxides (MPIOs)
and then delivered intranasally to the brains of
irradiated and non-irradiated mice with glio-
blastoma. The mice were then imaged 48
hours later with MRI utilizing a high-resolution,
T,-weighted rapid acquisition with relaxation
enhancement (RARE) spin-echo images and
multi-slice, high-resolution, Tl-weighted, fast
low-angle shot (FLASH) gradient-echo sequ-
ences (Figure 4). Importantly, the authors uti-
lized a clinically relevant imaging modality for
the first time to demonstrate delivery of MSCs
to the brain from the nose. More recently,
Spencer et al. intranasally administered NSCs
loaded with superparamagnetic iron oxide
nanoparticles (SPIONS) with methimazole to a
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mouse model of glioblastoma [59]. The mice
were imaged at 24 hours, 48 hours, and 120
hours following NSC treatment using a 7-tesla
Bruker MR scanner. The pre-treatment addition
of methimazole delayed mucociliary clearance
of the NSCs from the nasal cavity for 24 hours
and amplified localization to the tumor site to
a greater extent than without a pre-treatment
methimazole administration. Another study
demonstrated IN delivery of insulin in a rat
model of moderate traumatic brain injury (TBI)
by MRI, performed at days 3 and 9 post injury,
to result in a significant decrease in hippocam-
pus lesion volume [100]. *¥F-fluorodeoxyglu-
cose (*®F-FDG) PET imaging was also perfor-
med on days 2 and 10 to demonstrate reduced
inflammation and decreased cerebral glucose
uptake, which are additional attestations to the
therapeutic efficacy of insulin in TBI following IN
delivery in this same animal model.

Furthermore, IN delivery of the anti-inflammato-
ry and neuroprotective agent cyclosporine-A,
contained within an oil-based, omega-3 fatty
acid-rich flaxseed NE system, demonstrated
therapeutic efficacy by inhibiting proinflamma-
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tory cytokines in lipopolysaccharide-induced
rat model of neuroinflammation as compared
to a similar solution formulation without NE
[98]. The T, MRI contrast agent gadolinium
was complexed with the same NE system in
place of cyclosporine-A. Using a 7-tesla MRI
unit, the authors showed a higher uptake of the
NE-gadolinium conjugate in major regions of
the brain when dosed intranasally based on
changesin T, relaxation times. Since cyclosprin-
A does not appear to also have been included
in the MR-imaged preparation, the results can
only be used to indirectly imply that the
cyclosprin-A also reached this location in the
brain.

A novel theranostic application is to utilize the
high magnetic force of MRI to guide magnetic
therapeutic agents to the desired location in
the brain, a term that has been described as
magnetic transfection or magnetofection. For
instance, in a mouse model of TBI, chitosan-
and polyethyleneimine-coated magnetic mice-
lles were evaluated as a potential MRI contrast
agent using a reporter DNA delivered to the
brain after mild TBI [101]. Magnetofection was
also used to increase the concentration of the
chitosan- and polyethyleneimine-coated mag-
netic micelles in the brain, suggesting the pos-
sibility of using these as theranostic delivery
vehicles.

With regards to human imaging of IN delivery, a
multitude of recent articles have been pub-
lished to demonstrate the effects of insulin and
oxytocin on various CNS conditions (for a recent
review of insulin, see Santiago and Hallschmid,
2019 [102] and for recent reviews of oxytocin,
see Ding et al. [103], De Cagna et al. [104], and
Horta et al. [105]). IN insulin is predominately
being studied as a modulator of metabolic con-
trol (i.e., obesity and diabetes) and memory
(i.e., mild cognitive impairment and Alzhei-
mer’s disease) [102]. Oxytocin, on the other
hand, is being studied in categories that inclu-
de stress and anxiety, metabolism and weight,
social engagement and bonding and pain and
infammation [105]. In a study examining the
effects of insulin on memory in Alzheimer’s
patients, 3D MRI volumetry using 3D T, volu-
metric magnetization prepared rapid gradient
echo (MPRAGE) sequences correlated with
improved cognition and daily function following
IN delivery of insulin [106]. In particular, for
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patients who experienced improvement in their
memory following IN delivery subregional brain
MRI volumes of the middle cingulum, cuneus,
hippocampus, superior frontal, and parietal
regions, were higher in Alzheimer’'s patients
compared with normal patients. In another
study, arterial spin labeling MRI perfusion was
utilized to measure central insulin action in the
brain following IN delivery in lean, overweight,
and obese adults to identify brain regions
affected by insulin resistance. Insulin action
was selectively impaired in the prefrontal cor-
tex in 23 overweight and obese adults com-
pared to 25 healthy control patients, potentially
by promoting an altered homeostatic set point
and reduced inhibitory control contributing to
an over-eating behavior [107].

Since insulin is one of the most extensively
studied agents in clinical trials following IN
delivery, an fMRI study was performed to
assess three commercially available insulin
nasal delivery devices [108]. fMRI revealed a
significant decrease in regional blood flow in
areas dense in insulin receptors in the intrana-
sally delivered insulin group compared to saline
alone. Also, using fMRI, oxytocin (24 IU) or pla-
cebo was delivered intranasally to 15 healthy
patients in a randomized, double-blind manner
to affect the precuneus and amygdala, key
brain regions in social cognition and introspec-
tive processing [109]. In the nasal oxytocin
study, fMRI measuring amygdala activity
showed that body dysmorphic patients had
higher baseline resting state functional con-
nectivity compared to placebo, which was
reversed by oxytocin IN delivery. fMRI identified
highly detailed and specifically localized areas
of functional connectivity between brain re-
gions [110]. In a separate study in humans,
perillyl alcohol was delivered intranasally for
the treatment of glioblastoma and lower grade
gliomas in patients also receiving surgery,
radiotherapy, and chemotherapy. Perillyl alco-
hol was found to be safe and demonstrated
anti-tumor activity as assessed by MRI and CT
after six months of treatment [111].

Positron emission tomography

PET is a promising, highly quantitative and sen-
sitive imaging tool used in disease diagnosis as
well as the prediction and assessment of thera-
py response [112]. Being a sensitive imaging
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system, PET enables us to quantitatively under-
stand physiological processes and pathways
within the body at a fundamental level. From a
therapy standpoint, PET holds probably the
greatest potential for the development of ther-
anostic agents. PET images depict the distribu-
tion of positron (B* particle)-emitting radionu-
clides (e.g., fluorine-18 (*8F), rubidium-82 (82Rb),
oxygen-15 (1%0), nitrogen-13 (*3N), carbon-11
(**C), zirconium-89 (89Zr), and copper-64 (5*Cu))
in the body. Emitted positron moves within tis-
sue and deposits its kinetic energy. Upon meet-
ing a free electron in tissue, a mutual annihila-
tion occurs, producing two 511 keV gamma
photons (511 keV is the energy equivalent to
the rest mass of an electron or positron). These
two photons are emitted back-to-back, propa-
gating outward from the site of annihilation
180 degrees apart. Therefore, PET scanners
detect a pair of 511 keV photons in what is
called annihilation coincidence detection (ACD)
in order to obtain projections of radioactivity
distribution in the patient. With this approach,
only simultaneous gamma rays are detected
(with multiple rings of detectors surrounding
the patient) and declared as events. A time
interval (or time window), typically 2-20 nano-
seconds for modern scanners, set by the user
determines whether two detected photons are
declared as “simultaneous” [113].

The majority of PET systems are coupled to CT
scanners (PET/CT systems), though there is a
growing interest in PET/MRI systems recently
for both clinical pre-clinical studies. By detect-
ing the biodistribution of radiopharmaceuticals
in the body, PET studies enable the diagnosis of
a wide array of clinical conditions, including
cancer, dementia, epilepsy, Parkinsonism as
well as cerebrovascular and cardiovascular
diseases. There are many PET radiopharma-
ceuticals, with new radiotracers and their asso-
ciated ligands being developed extensively
[114]. Clinically, the most widely used radio-
pharmaceutical is 8F-FDG, which is a glucose
analog that detects elevated metabolism in the
body [115]. *8F-FDG PET has also been utilized
in the detection of malignant lesions, staging
cancer patients as well as assessing tumor
treatment response [113]. Typically, the results
are reported in the form of a standard uptake
value (SUV) which is calculated based on the
time of injected dose, the patient or animal’s
body weight and the radionuclide rate of decay.
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Advantages of PET include its high quantitation
and sensitivity relative to other modalities and
its ability to co-register with CT and MRI. For
instance, compared to other radionuclide im-
aging techniques (e.g., SPECT), PET enables a
greater detection sensitivity over a given period
of time with its relatively short-lived radionu-
clides. That is, because PET utilizes radionu-
clides with shorter physical half-lives compared
to SPECT, greater activities can be injected in
patients without an increase in the overall radi-
ation. However, PET has several limitations.
The most important limitation is poor spatial
resolution relative to MRI or CT (Table 1). PET
also has a relatively high cost with complex
equipment, requiring trained personnel and
specialized software [116]. Radiation exposure
is also a risk to patients [117]. With regard to
FDG, one major limitation is that elevated
metabolism detected by *¥F-FDG is found in
both normal and abnormal tissues which reduc-
es background to noise ratio. This is because
there is a typically high baseline glucose utiliza-
tion in the brain. Pathologic entities that would
have high metabolism include abnormal inflam-
mation, tumors, cardiovascular disease, and
brain disorders including dementia, epilepsy,
Parkinson’s disease, stroke, and TBI [118].

As described in the MRI section, *F-FDG PET
and MRI were combined to study the effects of
IN insulin on cerebral glucose uptake, lesion
volume, memory and learning, and inflamma-
tion using a controlled cortical impact (CCl) TBI
model in rats [100]. A significant reduction in
18F-FDG uptake was observed in the hippocam-
pus on PET imaging along with a significant
decrease in the hippocampal lesion volume on
MRI, indicating that IN insulin may be a viable
therapy for TBI.

Orexin A (hypocretin-1) is one of two isoforms
of endogenous neuropeptides produced in the
hypothalamus that plays an important role in
modulating the sleep/wake cycle, energy and
homeostasis, appetite and feeding, drug ad-
diction and cognition [119]. Orexin A can be
delivered intranasally with good efficacy [120]
and exerts a neuroprotective and anti-inflam-
matory effect against various CNS disease
states [119]. Despite ample evidence that orex-
in A can be delivered to the CNS intranasally,
Van de Bittner et al. was unable to demonstr-
ate CNS delivery following IN administration of
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Figure 5. PET/MR of **C-CH_-Orexin A and *'C-raclopride in the brain and nasal cavity after intranasal delivery to
the neuroepithelium. (Reprinted from ref. 122. Copyright 2018 American Chemical Society) Comparison of *1C-
CH_-Orexin A and *C-raclopride uptake in rhesus macaque brain after intranasal administration. *C-CH3-Orexin
A (A) and **C-raclopride (B) were administered using a device for intranasal delivery to the neuroepithelium. At 90
minutes, *'C-CH_-Orexin A was not visible in the brain using PET/MRI, while *'C-raclopride was readily visible in the

basal ganglia.

a ''C-radiolabeled form of orexin A (*'C-CH._-
Orexin A) compared with **C-raclopride using
PET/MR in either rats or non-human primates
(Figure 5) [121]. Furthermore, in a safety and
efficiency trial of a nasal vaccine against botu-
lism, PET imaging of the botulinum type A
neurotoxin (BoHc/HA), labeled with *8F (i.e.,
18F-BoHc/A), did not demonstrate uptake into
the cerebrum or olfactory bulb, despite being
highly protective against botulism in non-
human primates [122]. Nevertheless, PET/CT
followed by fusion with MRI was shown in a rat
model to be feasible for pharmacokinetic stud-
ies using compartmental modeling following IN
delivery of the 8F-FDG radiotracer [123]. The
authors were able to generate a time-activity
curve after acquiring the data in list-mode from
0.5-30 minutes following IN delivery to demon-
strate regional differences in permeability of
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the radiotracer in the nasal cavity. The authors
concluded that absorption and distribution of
drug in the rat nasal cavity can be quantitated
using PET imaging, but FDG was not detected
in the brain after IN delivery. These results are
similar to another report that assessed IN deliv-
ery of FDG in humans [124]. The reason for this
may be saturation of local tissues since these
too have glucose transporters that would
sequester FDG and prevent more distant perfu-
sion for brain entry.

In a recent clinical trial, an increase in brain
metabolic activity was found in patients with
Alzheimer’s disease and mild cognitive impair-
ment after four months of IN insulin when
imaged by PET following IV administration of
18F-FDG [125]. There was no change in the pla-
cebo group. As mentioned earlier, another ther-
apy that is amenable to IN administration is
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Placebo 0 = 60 min post-nal. (4 mg)

0 = 60 min post-nal. (2 mg) 300 - 360 post-nal.

Figure 6. *1C-Carfentanil PET imaging of the brain following intranasal naloxone at 0-60 min or 300-600 min. (Adapt-
ed from Johansson et al., 2019). ROI-based binding potential was determined using PET imaging of **C-Carfentanil
superimposed on a brain MRI template without naloxone administration (upper left image), at 0-60 min following 4
mg of naloxone (upper second image from left), at 0-60 min following 2 mg naloxone (upper third image from left),
or at 300-360 min following 2 or 4 mg naloxone. The bottom row indicates percent occupancy of naloxone relative
to placebo at the doses administered in the upper row. BP, is the binding potential of [*'C] carfentanil relative to
the uptake of the tracer in the non-displaceable compartment.

oxytocin. Oxytocin inhibits the amygdala, de-
creases anxiety and modulates depression and
autism when delivered intranasally. Using a
radiolabeled partial antagonist to 5-hydroxy-
tryptophan-1 receptors and PET/MRI, Motto-
lese et al. demonstrated in a randomized, dou-
ble-blind control in humans that oxytocin mo-
dulates the serotoninergic system by regulating
the 5-hydroxy-tryptophan-1 receptor network,
providing an important mechanism of action for
oxytocin in humans [126].

Naloxone (Narcan) is a life-saving medication
that can rapidly reverse opioid overdose and is
available in various forms of administration,
including IN [127]. In a study demonstrating the
advantages of in vivo imaging, quantitative
localization of intranasally delivered naloxone
was demonstrated in the brains of 24 healthy
male adult human subjects using *'C-Carfen-
tanil PET imaging combined with brain MRI
(Figure 6) [128]. Rapid mu opioid receptor
occupancy of naloxone following IN delivery
was demonstrated directly for the first time in
this study and fit well with the rapid (< 5 min-
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utes) reversal of opioid overdose. The authors
proposed that naloxone’s rapid onset and half-
life occupancy of mu opioid receptors of about
100 minutes could be useful for other addictive
states such as addictive gambling and alcohol
dependence in situations where clinical trials
of longer acting mu receptor antagonists have
been less efficacious [130].

Zolmitriptan is a selective serotonin 5-HT1B
receptor agonist that can be delivered orally or
intranasally for the treatment of migraine head-
aches [129]. When delivered intranasally, the
onset of action is detectable within 10 minutes
and can quickly abolish major migraine symp-
toms [130]. Drug biodistribution studies in the
nasopharynx, brain, lung, and abdomen were
conducted using PET following IN administra-
tion of **C labelled zolmitriptan (*C-zolmitrip-
tan) [131]. In phase 1, the group determined
the most appropriate times for PET scanning,
whereas in phase 2, they validated the distribu-
tion, pharmacokinetics, and tolerability of
H1C-zolmitriptan. Healthy volunteers, aged 18-
28 years, were scanned over sectors covering
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one of the nasopharynx, brain, lungs or abdo-
men for up to 1.5 hours post dose by PET. It
was determined that most of the **C-zolmitrip-
tan was detected in the nasopharynx immedi-
ately after IN administration. Moreover, that
was a detectable radioactivity within brain tis-
sue, thereby suggesting central penetration of
the drug [131].

Single-photon emission computed tomography

SPECT is a nuclear tomographic imaging tech-
nique that depicts the distribution of gamma-
ray-emitting radionuclides (e.g., technetium-99
(°°™Tc), thallium-201 (2°1T1), 1231, and 31), acquir-
ing planar (projection) images from multiple
angles. These projection images are combined
to reconstruct a 3D image depicting the distri-
bution of radionuclides in patients. It depends
on radiopharmaceuticals labelled with radio-
nuclides whose radioactive decay produces
gamma photons directly. ®°"Tc serves as the
workhorse for PET imaging and is the most
common radionuclide used due to its short
half-life [132]. The most common method of
performing SPECT is with a rotating gamma
camera mounted on a special gantry that
allows up to 360-degree rotation around the
patient so that photons are captured in multi-
ple directions. Some recent SPECT systems
employ more than one gamma camera head,
reducing scan time. In single-head SPECT sys-
tems, the gamma camera is rotated either 180
degrees (for most cardiac imaging applica-
tions) or 360 degrees (for most non-cardiac
imaging applications) so that a standard pro-
jection (planar) image is acquired at each angle.
Transverse images are reconstructed from
the projection data on the system’s computer
[92]. Like PET, SPECT allows for the freedom
to work with other modalities like CT or MRI.
Additionally, SPECT scans are far less expen-
sive than PET scans (Table 1). However, SPECT
is less quantitative than PET. It is also less sen-
sitive than PET because it requires physical col-
limators that reject photons that are not within
a very limited angular range. The collimation
requirement in SPECT also introduces noise
and increases san time.

At the preclinical level, Esposito et al. tested a
99mTe-labeled nanostructured lipid carrier (NLC)
(based on a tri-block copolymer platform) di-
stribution using SPECT following IN, intraperito-
neal, IV and oral administration in a Wistar rat
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model as a potential therapeutic application for
obesity or other metabolic disorders [133]. The
in vivo study demonstrated stability of the
NLCs, indicating suitability of the system to
carry both drugs and radiotracers for both ther-
apeutic and diagnostic applications. Activity
was visualized in the nasal cavity but not in the
brain [133]. In addition, Mandlik et al. used
%mTc-labelled, zolmitriptan-loaded nanocarri-
ers for in vivo analysis of efficient drug target-
ing, biodistribution, and kinetics for the treat-
ment of migraines [134]. The anti-migraine zol-
mitriptan-loaded into radiolabeled nanostruc-
tured polymeric carriers and delivered intrana-
sally to Swiss albino mice. The °*™Tc radiola-
belled nanocarriers were efficient in targeting
the brain, resulting in higher zolmitriptan-load-
ed concentrations compared to intranassally
delivered unencapsulated free drug solution
(i.e., °®*™Tc-zolmitriptan) and intravenously deliv-
ered °°"Tc-labelled, zolmitriptan-loaded nano-
carriers. The authors were able to monitor the
biodistribution of each therapy by a cou-
pled bimodal SPECT-CT system. Due to the
increased radioactivity found in the brain from
analysis of the scintigrams and pharmacoki-
netic parameters, attesting to a more superior
drug targeting, it was concluded that intrana-
sally delivered zolmitriptan-loaded nanocarri-
ers are a much more promising system than
free drug solution or intravenously delivered
drug-loaded nanocarriers.

There are very few available studies specifi-
cally utilizing SPECT to study IN delivery in
humans. In one study, the clinically approved
radiotracer thallium-201 (*°'Tl) was adminis-
tered intranasally in 24 humans in an attempt
to visualize the nose-to-brain route using
SPECT/CT fused with MR images of the same
subjects [135]. 2°1Tl was visualized in the olfac-
tory bulb at 24 hours following IN delivery
through the anterior skull base via the cribri-
form lamina. More recently, olfactory bulb
uptake of 2°TI was demonstrated in healthy
human subjects following IN delivery. This was
significantly lower in anosmic patients [136]
(Figure 7). SPECT/MRI with nasal 2°'Tl is a dual-
modality technique that can be used to assess
the olfactory nerve function [136]. In another
study, SPECT/MRI was used 24 hours post 2°T|
injection to assess the olfactory nerve connec-
tivity in post-traumatic patients. There was a
significant decrease of 2°1T| detection in olfac-
tory-impaired patients [136].
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Figure 7. SPECT-MR imaging of 2°’thallium following intranasal delivery in a
human (adapted from Shiga et al., 2013 with permission). Representative
SPECT images acquired 24 hours after unilateral intranasal delivery of 2°T|
in 10 healthy volunteers and 21 patients with olfactory dysfunction from
various causes. The SPECT images were fused with MRI images from the
same patients. 2°T| was shown to migrate to the olfactory bulb (white ar-
rows) which was significantly correlated with odor recognition thresholds

and volume of the olfactory bulb on MRI.

Gamma scintigraphy

Gamma scintigraphy is a nuclear medicine
imaging approach that uses the same gamma-
emitting radiotracers used in SPECT such as
°mTe and 2°'Tl. The drug-labelled radionuclide
(i.e., radiopharmaceutical) emits gamma rays
from the organ/tissue where it is localized;
these rays are detected by external gamma
cameras, forming a 2D projection image which
depicts the biodistribution of the gamma-emit-
ting source in the body. Gamma scinitigraphy is
often used as an in vivo IN imaging technique
preclinically because it is readily available, fast,
and inexpensive (Table 1). However, some
drawbacks include its ability to only produce
2D/planar images, relatively poor spatial reso-
lution compared to MRI or CT, lower detection
sensitivity than PET or SPECT, and the deposi-
tion of radiation dose.
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Left Recently,  ropinerole-loaded
mucoadhesive NPs [137],
lorazepam-loaded PLGA NPs
[138], and risperidone-loaded
solid lipid NPs [139], labeled
with °°"Tc, demonstrated gr-
eater Dbrain concentrations
after IN delivery compared to
IV delivery. In a proof-of-con-
cept study, Kakkar et al.
reported that circumin-loaded
lipid NPs could be visualized
in a New Zealand rabbit bra-
in at 4 hours following IN de-
livery using gamma scintigra-
phy, but was not visualized in
the brain following IV delivery
[140]. Unfortunately, the imag-
es provided show only a dor-
sal view without correlational,
cross-sectional imaging to dis-
tinguish between signals in
the nasal cavity versus signal
in the brain. Gamma scintigra-
phy in rats was performed
following IN administration of
ropinerole hydrochloride-load-
ed chitosan NPs to ascertain
the localization of drug in the
brain following IN administra-
tion of formulations [137]. The
brain-to-blood ratios obtained
at 30 minutes are indicative of
direct nose-to-brain transport,
bypassing the BBB. This study, too, suffered
from the lack of verifiable anatomic localization
since the nasal cavity cannot be delineated
from the brain in these images using planar
imaging alone.

High

One key component to efficient nose-to-brain
delivery in humans is the development of a
nasal drug delivery device that facilitates focal
deposition of the drug onto the dorsal nasal
epithelium. Various companies market this abil-
ity using various technologies, including bidi-
rectional technology (Optinose™) [141], con-
trolled particle dispersion technology (Kurve
Technology) and Precision Olfactory Delivery
(POD) technology (Impel Neuropharma) [142].
As an illustration, Optinose developed a breath-
powered device with a nasal piece that extends
beyond the nasal valve in the nasal cavity. In
one study, gamma scintigraphy images were
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Figure 8. Gamma scintigraphy of an example of a breath-powered na-
sal spray. (Figure included with permission from Djupesland et al., 2013.)
Gamma camera images 2 minutes after delivery using a traditional liquid [134]. Furthermore, in ani-

spray (A) and powder with OptiNose Breath-Powered Device (B) shown with
a logrithmic hot iron intensity scale. Initial gamma images from one of the
subjects are esuperimposed on a lateral MR image. The red dotted lines
indicate the segmentation used for regional quantification.

obtained 2 minutes after the delivery of a tradi-
tional spray using an Optinose breath-powered
device (Figure 8) [142]. Images were superim-
posed on a lateral MRI image. The Optinose
breath-powdered device was superior for dem-
onstrating a broader deposition on ciliated
respiratory epithelium in the nasal cavity, espe-
cially in the upper and middle posterior regions.
There was less deposition in non-ciliated nasal
regions, which are thought to be less important
in nasal drug delivery.

Computed tomography

Computed tomography has had a limited role in
nose-to-brain drug delivery largely because of
its lower soft tissue contrast and lower sensitiv-
ity of detection compared to MRI and nuclear
medicine, respectively. However, CT has been
useful in characterizing the nasal anatomy and
dynamic airflow in small animals and humans,
which are important for testing IN delivery
methods [143]. CT utilizes x-rays to generate
cross-sectional, gray-scale images with various
pixel (or voxel) intensity values Hounsfield Units
(HU) [144]. The degree to which soft tissues
attenuate x-ray photons and prohibit them from
reaching the detectors determines the image
characteristics [145]. CT is widely available,
relatively inexpensive, and its images can be
acquired quickly compared to other imaging
modalities such as MRI (Table 1). However, the
use of CT involves ionizing radiation, which has
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the potential for deterministic
and stochastic side effects
to patients [144, 145], making
it not recommended for pre-
gnant women. Also, patients
may experience adverse reac-
tions to its iodine- and barium-
based contrast agents.

While CT has not been utili-
zed as a standalone imaging
modality for IN delivery, it has
indeed been used as an ad-
junct anatomical modality al-
ong with dynamic imaging su-
ch as PET [123] and SPECT

mals, the upper and lower air-
way morphology in Sprague-
Dawley rats was studied using
micro-CT and image segmen-
tation techniques [146]. The
combination of high-resolution, static micro-CT
scans with dynamic micro-CT scans was used
to assess the deposition patterns of inhaled
particles for obligate nose breathers like the rat
[146]. In another study, three-dimensional CT
was used to study the to pography of the nasal
and paranasal sinuses, which were compared
with corrosion casting and gross and histologic
cross-sections [147]. In humans, Warnken et
al. utilized CT to create an anatomical 3D-
printed model of the nasal cavity for both pedi-
atric and adult patients to evaluate the deposi-
tion pattern of several IN agents [148]. CT was
also used for an in vitro model of the nasal cav-
ity to determine the penetration of a nasal
spray or the deposition of the olfactory nerve
[149, 150]. Furthermore, Shang et al. used CT
to reconstruct a human nasal cavity model to
better understand mucociliary clearance by
examining mucus flow patterns [151]. Often, as
mentioned earlier, CT is used in conjunction
with other modalities to gain a better under-
standing of the intra-nasal delivery. In fact, CT
can be used for anatomic correlation when
combined with PET or SPECT since these
modalities have inherently poor anatomic spa-
tial resolution. CT also allows attenuation cor-
rection, reducing attenuation artifacts and
enabling an improvement in the overall diag-
nostic performance greater than either modali-
ty alone [92].
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Optical imaging

Optical imaging techniques, particularly BLI
and FLI, provide in vivo information at the pre-
clinical level on disease (e.g., tumor) progres-
sion [152] and treatment biodistribution [152,
153]. Both BLI and FLI quantify light production
for spatial and anatomical information during
real-time studies through individual processes
[154]. BLI relies on an enzymatic reaction as
chemical energy converts into light energy with-
out an excitation source [155]. The complete
reaction uses luciferase genes in the presence
of a substrate, an energy source and oxygen
[154]. Substrates include an endogenous
reduced riboflavin phosphate (FMNH,) and
long-chain aliphatic aldehyde or exogenous co-
elenterazine and D-luciferin [152, 154], which
can be combined with luciferases such as
Gaussia princeps luciferase (Gluc) [152, 155]
or firefly luciferase (Fluc) [59, 156]. Because of
newer cloning and transfection techniques,
genes coding for the enzyme and substrate can
be introduced into cells for imaging [157]. For
example, inserting the lux operon into a plas-
mid or chromosome catalyzes the aldehyde
substrate and can be monitored at a wave-
length of 490 nm [154]. The absence of
required external light makes BLI very favor-
able since there is a unidirectional full conver-
sion from chemical energy to light [155]. BLI
avoids toxic contrast agents, ionizing radiation,
high cost, and low throughput associated with
other techniques such as MRI or CT [157].
Other advantages include ease of use and
little to no background signal except in the
abdomen from digested rodent chow-contain-
ing chlorophyll [154]. Multiple animals can be
imaged at once in a single view, which reduces
costs and imaging operation time, and the non-
invasiveness of the procedure allows for serial
in vivo imaging [157]. A major limitation of BLI,
however, is that luciferases often do not permit
deep-tissue imaging greater than 1-2 cm [154,
155]. This limitation generally prevents optical
imaging from being useful in clinical applica-
tions where deeper tissue penetration is a
requirement. While optical imaging is one of
the most sensitive imaging modalities, im-
proved sensitivity needs to come from imaging
advancements as well as modified substrates
(Table 1). For example, NanoLuc is meant to
have improved stability as well as increased
luminescence; however, its interaction with
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mammalian tissues currently challenges its
use. One group utilized red-shifted luciferins
designed based on the combination of syn-
thetic coelentarazine analogs and NanolLuc
mutants to improve such sensitivity [158, 159].
BLI is strongly dependent on substrate admin-
istration and, therefore, timing and bioavailabil-
ity are two important factors [154]. If certain
animals require different administration times,
cost could become quite expensive. Finally,
substrate administration is often via tail vein
injection which often requires experienced indi-
viduals and could pose a challenge to experi-
ments, especially when working with smaller
animals such as mice, if the injection is not
done correctly.

In a preclinical model, Fuentes et al. used BLI
in order to track the distribution of oncolytic
virus-loaded NSCs in the presence of methima-
zole of fibrin glue as a potential treatment
option for glioblastoma [59]. Methimazole and
fibrin glue were used to enhance penetration of
the olfactory epithelium. NSCs were overex-
pressed with chemokine receptor type 4 to also
facilitate travel to the brain and were modified
to be Fluc-expressing for BLI. The cells were
administered intranasally and D-luciferin sodi-
um salt was injected intraperitoneally and
placed inside each nostril. Figure 9 represents
increased brain localization of NSCs in the
presence of methimazole at different time
points compared to saline and fibrin glue [59].
In both the saline and the fibrin glue groups, it
is clear the NSCs either cleared or remained in
the nasal cavity. Figure 9 has been chosen as a
representative BLI image because of its sharp
resolution and its change longitudinally. BLI
images of the brain are often challenging to
acquire in mouse models as it is challenging to
discern between the nasal cavity and brain.
However, here as time continues, the region of
interest shrinks and becomes more concentrat-
ed at the brain and this evident shift discerns
between the two regions.

FLI is a two-step process as it requires an exter-
nal light with an appropriate wavelength to
excite a fluorescent molecule (fluorophore).
This fluorophore is excited to a higher energy
state and as the molecule relaxes, light is emit-
ted at a different wavelength than the excita-
tion wavelength [154, 157]. There are a variety
of proteins that can be used for FLI including
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Figure 9. In vivo BLI after IN delivery of NSCs. (Figure adapted, with permission, from Spencer et al., 2019) Oncolytic,
virus-loaded NSCs were intranasally delivered in the presence of either fibrin glue, methimazole, or saline. Their dis-
tribution was monitored over time using BLI. Methimazole best disrupts the olfactory epithelium to facilitate nose-
to-brain transition for the treatment of glioblastoma which is seen from the increased concentration and localized

region of interest at the brain.

green fluorescent protein (GFP) [152, 160],
Turbo red fluorescent protein (TurboRFP) [154],
and mCherry fluorescent protein [152], in addi-
tion to metals such as gold [161]. Some advan-
tages of FLI include exquisite sensitivity and
specificity, high temporal and spatial resolu-
tion, availability, easy to operate and inexpen-
sive (Table 1) [157]. FLI also does not involve
ionizing radiation and is extremely fast in vivo,
with measureable signal available within sec-
onds [154]. On the other hand, FLI has disad-
vantages such as a smaller limit of detection/
penetration depth of only a few millimeters
compared to that of BLI and background auto-
fluorescence [154].

Fluorescent molecules can be conjugated to a
wide variety of entities, including cells and NPs.
For example, Bagheri-Mohammed et al. tag-
ged human endometrium-derived stem cells
(HEDSCs) with GFP for a possible treatment of
Parkinson’s disease [160]. The HEDSCs were
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administered intranasally and ex vivo fluores-
cence imaging was performed. It was found
that the HEDSCs were able to migrate to the
substantia nigra pars compacta and behavior
was improved [160]. Another group fluorescent-
ly labelled poly(N-vinyl pyrrolidone)-based na-
nogels that were attached to insulin for the
treatment of Alzheimer’s disease [47]. By fluo-
rescently labelling the nanogel, the group was
able to monitor biodistribution and clearance
and determine that the mucosa was not altered
and brain activity was enhanced [47].

FLI and BLI can be used together to provide
more information. In a very interesting study,
Carvalho et al. used both FLI and BLI to mon-
itor the distribution of olfactory ensheathing
cells (OECs) and their role as a carrier for gene
therapy in the treatment of glioblastoma [152].
OECs were modified to carry a fusion protein
between cytosine deaminase and uracil phos-
phoribosyl transferase which converts the pro-
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drug 5-fluorocytosine into its cytotoxic me-
tabolite. OECs and OECs labelled with the
fusion protein were engineered to express
Gluc, while glioblastoma stem cells were modi-
fied to express Fluc for an in vitro BLI study
measuring viability using two separate sub-
strates, coelenterazine and D-luciferin, respec-
tively. An in vivo BLI study combined with an ex
vivo FLI study using the same cell modifications
showed a decrease in tumor size in the pres-
ence of labelled OECs and 5-fluorocytosine as
well as migration of both OECs using the nasal
pathway into the glioma site [152]. Briefly, mice
were injected with glioma stem cells expressing
Fluc and mCherry fluorescent protein and one
week later were intranasally administered
OECs and labelled OECs expressing Gluc and
GFP. The mice were then treated daily with an
intraperitoneal injection of 5-fluorocytosine.
D-luciferin was injected intraperitoneally at
150 pg per gram of body weight and imaged
ten minutes later. The fluorescent proteins
were utilized in an ex vivo FLI study to confirm
migration to the primary tumor site [152].

Another special type of optical imaging, known
as photoacoustic (PA) imaging, takes advan-
tage of short light pulses to excite a region of
interest (i.e., absorbing medium), causing a
slight temperature rise (in the millikelvin ran-
ge) and thermoelastic expansion [162]. Conse-
quently, pressure waves emitted at ultrasonic
frequencies are recorded by a diagnostic
ultrasound transducer that produces a 3D
image of the absorbing medium distribution.
Compared to traditional optical imaging, this
imaging approach provides deeper tissue pen-
etration (up to 5-6 cm) and offers higher resolu-
tion due to the weaker tissue scattering of
ultrasound waves [162]. By virtue of its capabil-
ity in visualizing the optical absorption proper-
ties of biologic tissues, PA imaging also pro-
vides higher tissue contrast than conventional
ultrasound imaging (Table 1) [163]. Additionally,
PA imaging utilizes a nonionizing electromag-
netic radiation, similar to BLI and FLI.

Near-infrared (NIR, 650-900 nm) absorptive
materials are used as contrast agents to
improve PA imaging sensitivity and tissue pen-
etration results [164]. Some studies have used
PA with NIR NPs for contrast enhancement,
tumor targeting, or multimodal imaging [164].
One study, particularly, incorporated a gold
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nanorod (GNR) into porous magnetic nanosh-
ells [165]. The highly preserved plasmonic fea-
ture of GNRs enabled photothermal-induced
PA imaging. Doxorubicin, as a model antican-
cer drug, was loaded into GNR nanocapsules
and, under the guidance of MRI/PA dual-modal
imaging and magnetic tumor targeting, a photo-
thermal-chemo synergistic therapy was con-
ducted via NIR laser for a highly efficient tumor
eradication. It was shown by H&E stained imag-
es, blood parameters, and the bodyweight of
treated groups that the NPs were well tolerated
[165]; however, the nonbiodegradability and
potential long-term toxicity of these nanomate-
rials impact their clinical translation. Data
regarding PA-assisted IN drug delivery remain
to be explored.

Conclusions, perspectives and future direc-
tions

IN delivery to the brain can be evaluated with in
vivo imaging to determine the fate of agents
administered through this route and to assess
the progression of diseases as well as the
effectiveness of therapeutics. Various in vivo
imaging techniques have been discussed in
this review, highlighting the critical role imaging
plays in the assessment of treatment efficacy.
This review also discussed the nose-to-brain
route as well as preclinical and clinical IN thera-
pies including small molecules, macromolecu-
lar agents, nanosystems, cellular therapies and
theranostics.

Innovative IN therapies are continuously being
developed. Therefore, we believe that there will
be an increasingly growing interest and devot-
ed efforts to not only optimize current imaging
methodologies but also develop new diagnostic
capabilities in order to facilitate the discovery
and clinical translation of novel IN therapies to
the brain. In particular, molecular and multi-
modality imaging techniques will likely con-
tinue to be at the forefront of development,
dominating the aforementioned efforts. PET/
MRI, for instance, is an emerging molecular
imaging modality that harnesses the strengths
of both PET and MRI to produce hybrid quanti-
tative images with exquisite soft tissue con-
trast. Therefore, we believe, PET/MRI in IN
delivery studies is and will continue to be a
promising area of research and investigation
with a potentially significant clinical impact in
the future.
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In addition to optimizing and developing imag-
ing capabilities to facilitate IN delivery, future
work should investigate strategies that enhance
the delivery of drugs across the nasal barriers
providing a more localized delivery to specific
brain sites. One of these strategies is focused
ultrasound (FUS), which is a noninvasive, thera-
peutic modality that harnesses the mechani-
cal and thermal effects of ultrasonic beams
focused at a region of interest in order to induce
therapeutic benefits in deep-seated tissues
with little or no harm to intervening tissues.
FUS, which is FDA approved for certain clinical
conditions, has already demonstrated promis-
ing initial results supporting its capability in
enhancing the efficacy of IN delivery within
targeted brain regions [166, 167]. The FUS-
mediated transport enhancement of intrana-
sally administered agents utilizes another FDA-
approved component, namely microbubbles, in
order to induce mechanical effects (cavitation)
that facilitate the transport of therapeutics in
the brain.

We also believe that combination therapy, deliv-
ered intranasally using a NP-based drug deliv-
ery system, can bring about significant advan-
tages in treating debilitating brain diseases
over single-drug therapies. Moreover, engineer-
ing multifunctional NP-based delivery systems
that not only incorporate multiple anticancer
drugs but also imaging agents as well as target-
ing moieties would certainly provide added
advantages in IN delivery. Such a nanother-
anostic platform can enable targeted, image-
guided IN delivery to the brain, utilizing one or
more of the diagnostic imaging modalities dis-
cussed in this review for treatment planning,
real-time monitoring and control, as well as
posttreatment evaluation of efficacy.
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Post-traumatic stress disorder; RARE, Rapid
acquisition with relaxation enhancement; RF,
Radiofrequency; SPECT, Single-photon emis-
sion computed tomography; SUV, Standard
uptake value; SNR, Signal-to-noise ratio; SPION,
Superparamagnetic iron oxide nanoparticles;
SWI, Susceptibility-weighted imaging; TBI, Trau-
matic brain injury; Technetium-99, 99m-Tc;
Thallium-201, 204TI; TNF, Tumor necrosis
factor; TRAIL, TNF-related apoptosis-inducing li-
gand; Turbo RFP, Turbo red fluorescent protein.
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