Talking Point

New Opportunities for Nanoparticles

Through Nasal Delivery
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Q: What are the advantages of nanoparticle systems?

A: The growing focus on nanoparticle systems has been driven
by the various benefits they offer as a carrier for therapeutic
agents, and particularly biologics such as nucleic-acid-based
therapies. Here, nanoparticle encapsulation provides biologics
with a stable platform to cross multiple biological barriers and
support effective uptake within target cells, whereas without
encapsulation, some biologics can degrade quickly. Specific
advantages of nanoparticle systems include their high level
of encapsulation efficiency; the fact that the molecule is
protected against enzymatic degradation; their inherent adjuvant
properties, which result in increased immunogenicity for RNA
and DNA vaccinesi and the improved pharmacokinetic profile
they can deliver by avoiding renal excretion and clearance via
the mononuclear phagocyte system (MPS).

Compared with viral vectors, nanoparticle systems support
a reduced immune response, mitigating against the risk of the
therapy triggering an adverse effect. They offer other benefits too,
including low toxicity and the potential to deliver large payloads
with a controlled, sustained release.

Q: How are nanoparticle systems formulated?

A: Nanoparticles can be formulated using several methods, the
foremost being to dissolve lipids (which are mixed with a nucleic-
acid solution) in ethanol to produce lipid nanoparticles (LNPs)
via self-assembly. Alternatively, microfluidic mixing processes
have been designed to achieve rapid and controlled folding of
fluids within microseconds to milliseconds for precise control
of particle size, more homogeneous size distribution, higher
encapsulation efficiency, and greater reproducibility than bulk
methods. An example of this approach is hydrodynamic flow
focusing, a microfluidic laminar flow method where particles are
formed at the interface of laminar flow streams. However, this
process is limited in throughput (< 10mL/h) and is mainly used
for preparing liposomes, which have less structural complexity
than LNPs.

Another rapid-mixing process is ‘Tjunction mixing’, where
turbulent mixing in a macroscopic channel (> 1mm) can achieve
small nanoparticle sizes (< 100nm), but this method cannot scale

down to the small volumes (pL) needed for high-throughput
library screening of nanomaterials.?

For each method, particle size — and the ability to control it - is
an important parameter as it greatly influences the fate of the
nanoparticle in vivo. Bulk processes, namely self-assembly, do
not require specialised equipment, but they lack precise control
over mixing time and thus create large (> 100 nm), polydisperse
particles with low encapsulation efficiency that vary from
batch-to-batch and can require more downstream processing
in large-scale manufacturing. This reduces yields and increases
production costs.

Q: Why is there an interest in nanoparticle for intranasal
drug delivery?

A: The nasal cavity is highly vascularised, providing rapid
absorption and distribution of drugs, resulting in a faster
onset of action compared to other routes. The avoidance of
hepatic first-pass metabolism is another benefit, as drugs
delivered intranasally bypass the liver initially. This approach
is @ non-invasive and patient-friendly method, especially for
children and elderly individuals who may have difficulty with
injections.!

To date, injection has been the predominant route of
administration for nanoparticle formulations. However, the
influence of Covid-19 has placed a greater focus on the potential
forintranasal delivery of nanoparticle molecule systems as a more
patient-friendly route for tackling airborne respiratory viruses
and the potential for an improved or faster outcome.

Since the mucosa of the upper respiratory tract is the principal
site of infection for viruses such as SARS-CoV-2 and influenza,
delivering drugs intranasally can, if desired, facilitate the
activation of the mucosal immune system, either as a prophylactic
measure in the case of vaccines or for therapeutic treatments
aimed at addressing the inflammatory response in patients
infected by these viruses. Moreover, some drug products are
designed to directly target either the virus itself or the receptors
mediating viral cell entry, and often these are nucleic-acid-based
therapies that would deploy nanoparticle systems.?

Beyond vaccines and antiviral therapies, intranasal delivery
also presents a potential pathway for nanoparticle-encased
drugs to treat conditions affecting the Central Nervous System
(CNS) via the nose-to-brain pathway, which is primarily achieved
by targeting the olfactory and turbinates regions. The nose-to-
brain pathway offers a non-invasive route to deliver therapeutics
directly to the brain, bypassing the blood-brain barrier. This
approach shows potential for treating neurological conditions like
Alzheimer's and Parkinson's disease.* In addition, nanoparticle-
based intranasal drug delivery can be combined with other
innovative approaches, such as gene editing technologies like
CRISPR-Cas9. This combination could pave the way for targeted
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gene therapies for various genetic disorders affecting the
respiratory system and CNS.?

To realise the exciting potential of intranasal delivery for
nanoparticles in applications such as these, however, a variety
of issues must be addressed. Either in the case of reformulating
an existing nanoparticle injectable or introducing a new nasal
nanoparticle therapy, the process must answer some fundamental
questions from the outset to accelerate and de-risk the
development of the device and formulation combination.

Q: What are the essential first steps when formulating
nanoparticle molecule systems for intranasal delivery?

A: At Nanopharm, our expertise in formulation science tells us
that the starting point for any project of this type should in fact
be to assess the characteristics of the nanoparticle system in
question, which includes consideration of the active ingredient
and target therapeutic effect.

While intranasal drug delivery has several advantages, there
are challenges that need to be addressed. Nasal drug formulations
must be carefully designed to ensure proper bioavailability and
stability during storage and administration. The nasal cavity can
also be sensitive to certain properties, such as pH and osmolality,
which can impact tolerability and patient compliance but will also
affect the nanoparticle themselves. Ensuring precise control over
the particle size and formulation characteristics is crucial for the
efficacy and safety of nanoparticles.!

It is important to remember, after all, that in the case
of nanoparticle systems, the active drug is not free in a
solution, suspension or powder, but rather it is encapsulated,
conjugated or complexed within a nanoparticle. As such, the
focus is also on formulating the nanoparticle, not the drug
itself, and protecting it on its journey to the nose, including
ultimately the facilitation of deposition, release of the
active ingredient and its resultant therapeutic effect. The
constituent lipids or polymers that make up the nanoparticle
will demonstrate individual characteristics related to particle
size, structure, deposition, mucoadhesion, and stability as
well as pharmacokinetics in terms of absorption, distribution,
metabolism, and excretion (ADME).

The potential for agglomeration or bursting, for example, must
be understood and taken into consideration when evolving the
formulation for intranasal delivery, particularly since there are
limits to what the nose can tolerate with regards to characteristics
such as pH and osmolality. Modulating these properties must
be achieved in such a way that it does not affect the stability of
the nanoparticle, which may mean that some pH ranges are not
compatible. Carefully chosen tonicity adjusting agents, tested
for compatibility, may, along with surfactants or other elements,
be needed to stabilise the system and avoid agglomeration or
release of the nanoparticle’s payload.

By accurately establishing the physico-chemical properties at
play, the variables within the formulation process can be managed
and their potential to adversely impact stability can be limited.

As intranasal drug delivery using nanoparticles continues
to gain interest, regulatory agencies will play a crucial role in

evaluating safety and efficacy. Guidelines specific to intranasal
delivery and nanomedicine products may need to be developed
to address unique considerations.!

Q: What are some of the key considerations when
reformulating an injectable nanoparticle system to a
nasal nanoparticle system?

A: The sterility requirements from regulators of the original
injectable formulation means that preservatives and other
excipients are not often considered before the reformulation
process. However, sterile manufacturing for intranasal systems
is less well-established — aside from the careful consideration for
the formulation process itself, particular attention should be paid
to incorporating specific excipients for viscosity control, which
may not be compatible with elements of the current injectable
sterile production; and the more specialised capabilities of
assembling nasal devices may limit this option further. Therefore,
preservatives may be required for intranasal systems to prevent
contamination and enable an acceptable shelf life — particularly
if multiple doses are required — the presence of preservatives
can add greater complexity to early formulation development,
even if it simplifies the final manufacturing process, because their
addition could influence the stability of the nanoparticle - either
positively or negatively. Preservatives, therefore, need to be
profiled accurately and their interaction with other formulation
constituents monitored closely, as per the Nanopharm strategy
for development.

For example, there is a risk that the preservative may enter the
nanoparticle system, rendering it ineffective since it is no longer
able to “preserve” the aqueous medium of the bulk formulation.
This might also disrupt the nanoparticle structure and create the
potential for the encapsulated drug substance to be released.®
There are, however, formulation strategies that can be adopted
to counter this particular risk.

In addition, preservatives may also encourage aggregation
of the lipid systems, again disrupting integrity and risking
the premature release of the drug substance or affecting
stability of the final nasal product and inducing undesirable
immune reactions. However, there is also evidence that, in
the right circumstances and at the right concentrations,
some preservatives - including Benzalkonium Chloride, the
most commonly used preservative in liquid multi-dose nasal
sprays — can enhance the stability of LNPs.” So, clearly, there
is not a one-size-fits-all approach, and performing adequate
pre-formulation studies is critical to avoid issues later in the
development process.

Adjuvants are another area of consideration for nasal
nanoparticle formulations targeting vaccination. Their inclusion
supports a rapid and prolonged immune response within the
mucosal tissues but, again, it is essential to understand their
wider influence on the stability of the nanoparticle system and
the properties of the final nasal formulation through a managed
testing and analysis programme. Furthermore, it is important to
highlight that nanoparticles themselves can act as an adjuvant
and this attribute can be amplified if the right components are
employed in their construction. In other cases, adjuvants can be
associated to the nanoparticle structure to augment the immune
response.?
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Q: Whichis the preferred form for intranasal nanoparticle
delivery: liquid or powder?

A: Numerous factors will contribute towards the decision about
whether a nanoparticle-based vaccine or therapy should be
optimised as either a liquid or a dry powder. Powder formulations
can overcome the stability concerns inherent with liquid
formulations, while also offering the potential for an enhanced
immune response through prolonged exposure on the nasal
mucosa. By avoiding the need to be handled via cold-chain
logistics, powder formulations can also reduce costs and
complexity, creating opportunities for cost-effective vaccination
programmes in territories where transportation and storage
infrastructures are restricted.

Furthermore, powder formulations are preferable to liquid
formulations when the delivery of a high drug payload is required.
Doses that require a high volume of liquid can cause tolerability
issues for patients, although there are a variety of different
methods that can be explored to overcome this issue and increase
the amount of active ingredient reaching the target area, such as
higher drug concentrations or methods to enhance permeation
and absorption in the nasal cavity.

However, powder systems are generally more complex
and expensive to develop and manufacture, especially
if reformulating from an existing liquid-based injectable
formulation. Therefore, if the aqueous system can be kept stable
then this is often the quickest and most cost-effective option,
and the preferred starting point, particularly for early-stage
clinical studies — even if the final commercial format might
bridge over to a dry powder product.

Q: What are the different methods to manufacture
nanoparticle powder formulations for nasal delivery?

A: There are various routes to achieving a dry powder formulation,
with freeze drying and spray drying the primary options for
biologic molecules. Spray drying, which involves the rapid
evaporation of a solution or suspension at high temperatures,
can present challenges, however. Given the relatively low melting
point of the lipids that constitute nanoparticle systems and the
drying process involved, there is a risk of compromising the
integrity of the nanoparticles and, therefore, the bioavailability
and efficacy of the resulting powder formulation.

These problems can often be avoided through freeze drying.
This is a more commonplace lyophilization process that involves
the freezing of the product prior to moisture being removed by
drying and sublimation. Freeze drying, however, can only be
achieved within a critical temperature range and any variance
can impact on the stability of the nanoparticle. This requires the
freezing conditions as well as the primary and secondary drying
conditions to be defined based on the characteristics of the
nanoparticle system, with the formulation composition screened
to ensure nanoparticle structure and size are maintained in the
powder cake obtained. This would be achieved using techniques
such as transmission electron microscopy (TEM), x-ray microscopy
and dynamic light scattering (DLS).

Moreover, freeze drying is not suitable to directly obtain
the form of powders required for nasal delivery and a second

process, such as sieving, blending, mixing and/or milling, would
be required to obtain a final product that can be delivered by nasal
spray and deposit in the target region of the nasal cavity. Further
drawbacks to freeze drying include the energy consumption
levels required during the process, the comparatively slow rate
of production, and the relatively low yields, which can impact
on overall cost.

To assess whether the nanoparticle and overall formulation
would be suited to either spray drying or freeze drying, close
analysis is carried out via modulated differential scanning
calorimetry (DSC) or freeze-drying microscopy. This elicits data
on the physico-chemical characteristics of the nanoparticle
suspension, providing the means to analyse a particular product
to ensure its integrity is maintained in the creation of a powder
state. If the results subsequently highlight a need to modify
the formulation’s properties to facilitate a given process -
such as increasing or decreasing the boiling or freezing point
- components can be added to the formulation. Sugars and
polyalcohols, for example, are recognised as cryoprotectants,
stabilizers or bulking agents.

Q: What assessment can be made of the performance of the
final, intranasally delivered nanoparticle formulation?

A: Nasal formulations are usually screened using nasal devices
following a design-of-experiment approach, where typical
excipients used for nasal delivery, including preservatives,
mucoadhesive polymers, absorption enhancers and buffers,
are tested for their influence on properties such as rheological
behaviour, droplet-size distribution (DSD- an example in Figure 1),
spray pattern (SP), plume geometry (PG), and spray-content
uniformity (SCU). The outputs from these experiments allow
the optimal formulation composition to be defined as well as
enabling product performance to be predicted in relation to the
design space investigated.

Formulation development of a nanoparticle for nasal delivery
starts from the characterization of the nanoparticle system itself
to define properties such as size (by dynamic light scattering),
interfacial charge between the nanoparticle aqueous media
(zeta-potential), encapsulation efficiency and stability. These
properties may change through the addition of other formulation
enhancers that may be required, which makes it essential to
monitor and modulate them from the start to ensure there are
no surprises later and that the impact of the formulation design
on critical attributes is consistently understood.

To do this, stressful storage conditions may need to be
defined to be able to select the optimal variants for formulation
optimisation and clinical trials.

In the case of nanoparticles, it is fundamental to determine the
integrity of the system after formulation development and after
spraying from the nasal device. This is because the mechanisms
involved in forming droplets within the nasal spray pumps impart
high shear stresses (albeit for a very short timeframe) which may
disrupt the nanoparticle structure. This can be assessed with
techniques like dynamic light scattering (DLS — an example of
size assessment as per Figure 2) and turbidity measurements,
which help identify precipitation or any change in size due
to the aerosolisation process. This analysis can be conducted
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Figure 1. LNP DSD data using Aptar Pharma’s Classic ‘CPS’ nasal pump

together with specific methods for quantification (for example
UV-Visible photometry, fluorescence, polymerase chain reaction
or gel electrophoresis) and in vitro evaluation of the activity of
the biological entity delivered by the system, such as mRNA
transfection.

Q: What other considerations are there?

A: Generally speaking, nanoparticles reformulated from injectable
to nasal delivery have good cell permeability, but mucoadhesive
polymers may need to be added to prolong retention. It follows
that the link between payload and delivery efficiency may then
need to be assessed as the dose usually administered via injection
has to be adjusted based on this new method of administration.
To help with this, in silico tools, such as physiologically based
pharmacokinetic (PBPK) modelling, can be used to drive
formulation development.
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To do this, an understanding of where in the nasal cavity
the drug will be deposited is necessary, since each region has
a different physiology and this in turn impacts residence time
and permeation pathways. To assess this in vitro, an anatomically
accurate and clinically validated nasal cast can be employed to
assess where the drug will be deposited after actuation from the
device (Figure 3). This information, together with pre-existing
in vivo data (in the case of the re-formulation of injectable
nanoparticles to nasal delivery) or preclinical in vivo data (for
new molecular entities), can be used to build a PBPK model
able to predict the pharmacokinetic properties of the nasal
product once delivered into the nose of humans, de-risking
clinical studies.

So in Summary..?
Nanoparticle systems present significant potential for the
delivery of new modalities to the nose. Nasal drug delivery
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Figure 2. DLS before and after spraying from Aptar Pharma’s CPS nasal pump
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Figure 3. AERONOSE® Nasal Cast, co-developed and co-owned by Aptar Pharma, Diffusion Technique Francgaise and the French University of Tours for analysis of nasal
drug deposition

using nanoparticles holds great promise for treating not
only respiratory infections but also various Central Nervous
System (CNS) disorders. However, reformulating a legacy
injectable system requires careful evaluation and adaptation to
successfully transition to this alternative route of administration.
Pre-formulation studies and targeted in vitro and in silico testing
- focused on assessing the nasal product performance and
nanoparticle system integrity when it reaches the site of action
- are fundamental to define the best formulation design space,
which will accelerate and de-risk product development and be
instrumental in realising the full potential of nanoparticles in
intranasal drug delivery.

For enquiries regarding formulation development and device
characterisation, contact Nanopharm, an Aptar Pharma company
at info@nanopharm.co.uk or see more of their services at
nanopharm.co.uk.
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