European Journal of Pharmaceutics and Biopharmaceutics 204 (2024) 114530

Contents lists available at ScienceDirect

European Journal of Pharmaceutics and Biopharmaceutics

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/ejpb

Review article ' :.) ]

Check for

Formulation strategies, preparation methods, and devices for pulmonary | e
delivery of biologics

b,c,j,1 d,j,1

Kai Berkenfeld !, Simone Carneiro , Carolina Corzo “*, Flavia Laffleur _°f~""1,
Sharareh Salar-Behzadi “"~»', Benjamin Winkeljann ">“#"J-' Golbarg Esfahani "

@ Laboratory of Pharmaceutical Technology and Biopharmaceutics, Institute of Pharmacy, University of Bonn, Gerhard-Domagk-Street 3, 53121 Bonn, Germany

b Department of Pharmacy, Ludwig-Maximilians-Universitat Munich, Butenandtstrasse 5-13, Haus B, 81377 Miinchen, Germany

¢ Center for NanoScience (CeNS), Ludwig-Maximilians-Universitat Miinchen, Miinchen 80799, Germany

d Research Center Pharmaceutical Engineering GmbH, Graz, Austria

¢ Department of Pharmaceutical Technology, Institute of Pharmacy, Center for Chemistry and Biomedicine, University of Innsbruck, Innrain 80-82, 6020 Innsbruck,
Austria

f Institute of Pharmaceutical Sciences, Department of Pharmaceutical Technology, University of Graz, Graz, Austria

8 RNhale GmbH, Miinchen 81371, Germany

h Comprehensive Pneumology Center Munich (CPC-M), Helmholtz Munich, German Center for Lung Research (DZL), 81377 Munich, Germany

! Department of Pharmaceutical Technology, Institute of Pharmacy, Martin Luther University Halle-Wittenberg, Wolfgang-Langenbeck-Strafie 4, Halle 06120, Saale,
Germany

J Pharmaceutical Engineering and Technology Research Scientists (PETRS)

ARTICLE INFO ABSTRACT

Keywords: Biological products, including vaccines, blood components, and recombinant therapeutic proteins, are derived
Aerosols from natural sources such as humans, animals, or microorganisms and are typically produced using advanced
Drying techniques biotechnological methods. The success of biologics, particularly monoclonal antibodies, can be attributed to their
f;::;;t; devices favorable safety profiles and target specificity. However, their large molecular size presents significant challenges
Lipids in drug delivery, particularly in overcoming biological barriers. Pulmonary delivery has emerged as a promising

route for administering biologics, offering non-invasive delivery with rapid absorption, high systemic bioavail-
ability, and avoidance of first-pass metabolism. This review first details the anatomy and physiological barriers of
the respiratory tract and the associated challenges of pulmonary drug delivery (PDD). It further discusses in-
novations in PDD, the impact of particle size on drug deposition, and the use of secondary particles, such as
nanoparticles, to enhance bioavailability and targeting. The review also explains various devices used for PDD,
including dry powder inhalers (DPIs) and nebulizers, highlighting their advantages and limitations in delivering
biologics. The role of excipients in improving the stability and performance of inhalation products is also
addressed. Since dry powders are considered the suitable format for delivering biomolecules, particular emphasis
is placed on the excipients used in DPI development. The final section of the article reviews and compares various
dry powder manufacturing methods, clarifying their clinical relevance and potential for future applications in the
field of inhalable drug formulation.

Monoclonal antibodies
Nucleic acids
Polymers

1. Introduction

Biological products include a wide variety of substances, for
example, vaccines, blood or blood components, and recombinant ther-
apeutic proteins. These products can be composed of sugars and other
excipients, proteins, nucleic acids or complex combinations of those.
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This class also comprises living entities such as cells and tissues. Bi-
ologics are derived from diverse natural sources such as humans, ani-
mals, or microorganisms. Also, they can be produced through
biotechnological methods and other advanced technologies. In contrast
to most drug substances that are chemically defined and their structure
is known, most biologics are complex mixtures that are not easily
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characterized. Biological products, including those manufactured by
biotechnology, tend to be heat sensitive and susceptible to microbial
contamination. Therefore, it is necessary to use aseptic principles from
the initial manufacturing steps, which is also in contrast to most con-
ventional drugs. Biological products are frequently found at the fore-
front of advanced biomedical research and have the potential to provide
the most effective treatments for a wide range of medical illnesses and
conditions that currently lack alternative remedies [1]. Nearly 30 % of
all drugs approved by the US Food and Drug Administration (FDA) in
2015-2018 were biologics. Currently, more than 60 peptides are
approved by the FDA for various indications, and there are even more in
clinical trials [2]. Proteins and peptides now constitute a major pro-
portion of therapeutic modalities being pursued for the treatment of
various diseases [3]. Monoclonal antibodies (mAbs) have become the
leading treatment approach, with more than 50 approved products [4]
and over 500 mAb-based therapies currently being evaluated in clinical
trials. More than 90 % of the biologics recently approved are mAbs. The
growing success of biologics can be ascribed to their favorable safety
profile, target specificity, and pharmacokinetics, in comparison to
traditional small-molecule drugs [4]. Yet, the high molecular mass of
biotechnological drugs presents major challenges as they are unable to
passively diffuse across biological barriers [5].

The delivery of biologics via inhalation has particularly gained
attention as it enables the non-invasive administration of drugs, either
locally or systemically, even at high doses. To give a brief overview on
the history of modern aerosol therapy, Fig. 1 shows major events and
milestones in its development. The inhalation route has the advantage of
rapid absorption and fast onset of drug action due to extensive vascu-
larization, high tissue permeability and large surface area [6]. The
amount of proteolytic enzyme activity in the lungs is considerably lower
than in the gastrointestinal tract. However, enzymes such as CYP450,
CYP2S, CYP2F, esterases and peptidases are expressed in the lung
epithelia [78]. The extent of the metabolism of biologics in the lung is
still unclear. It has been reported that the level of protease is higher in
inflamed lungs [7]. The efficacy of inhaled biologics may be impaired in
this case due to the increased metabolic activity. Delivery of biologics is
not only affected by enzymatic degradation but also by the physical
structures of the airways in the lungs, mucociliary clearance, alveolar
macrophages, lung surfactant and epithelial membrane permeability
[8].

The main advantage, among many others, of using pulmonary drug
delivery (PDD) with the aim of systemic exposition, is that by delivering
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a drug via the respiratory tract, it can directly enter the circulation
system without passing through the liver, thus bypassing the first-pass
metabolism, resulting in a higher systemic bioavailability. Although
the first-pass effect can be avoided using PDD, it is important to keep in
mind that the lungs still represent a metabolizing organ, as comprising
Cytochrome P450 enzymes. However, the metabolic rate of the lungs is
much lower than that in the liver. In addition to that, the respiratory
tract has an estimated internal surface area of 24-69 m? per lung lobe
[11] in adults, allowing for an efficient and complete absorption of drugs
and a rapid onset of action. If the target organ of an administered drug is
the lung itself, which to date is the case most of the time when PDD is
chosen, the dose of the drug can be lowered (compared to an oral dose)
while still achieving an effective drug concentration at the site of action.
This can result in fewer adverse drug events and therefore in a higher
compliance, or potentially reduce therapy costs. Upon entering the
airway system, a drug particle encounters a number of barriers of
different nature. Following, we will provide a brief introduction to the
anatomy of the airways, the clearance mechanisms present in the lung,
and the deposition mechanisms, which all represent difficulties a par-
ticle must overcome in order to unfold its desired pharmacological
effect.

1.1. Airway anatomy and mechanical barriers

One of the first obstacles that a drug is confronted with is the anat-
omy of the airways, which is highly complex and imposes certain criteria
on the particle. The respiratory tract can be divided into the upper air-
ways, lower airways and the so-called gas exchange or alveolar region.
The upper airways consist of the nasal and oral cavities, pharynx, and
larynx whereas the lower airways include trachea, bronchi, bronchioles
as well as the terminal bronchioles [12]. It is important to mention that
in total, the airways present about 23 bifurcations, each bifurcation
representing an obstacle the drug particle must circumvent [13]. While
the structure of the conducting airways is already narrow by nature, a
diseased lung shows an even tighter pathway, which is a further hurdle
in the way of effectively reaching the deep lung [14].

Pulmonary clearance in the lungs involves three key mechanisms:
mucociliary clearance, macrophage uptake, and absorption into the
epithelial layer, all of which are crucial for the development of drugs
administered via the respiratory tract [15]. Mucociliary clearance relies
on a two-layer system where a mucus layer traps inhaled particles and
microorganisms, while a periciliary layer lubricates ciliated epithelial
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Fig. 1. Timeline of milestones in modern aerosol therapy [9,10].
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cells to move mucus at around 10 mm/min in healthy tracheas, ulti-
mately expelling particles via swallowing, coughing, or sneezing
[12,16-18] Macrophage uptake, primarily in the alveoli where 97 % of
airspace macrophages reside, removes foreign particles through elec-
trostatic or receptor interactions, leading to elimination by lysosomes or
transport to the interstitial space for lymphatic clearance[12,17,18].
The third mechanism, absorption into the epithelial layer, involves the
dissolution of drug particles in epithelial lining fluid, with small hy-
drophilic molecules permeating slowly via paracellular diffusion, while
lipophilic molecules are absorbed quickly through passive transcellular
diffusion, and larger molecules are taken up through receptor-mediated
transcytosis. The airway epithelium, consisting of various inter-
connected cells, regulates permeability through tight junctions, cellular
enzymes, and efflux proteins, while the alveoli, lined by type I and type
II pneumocytes, maintain alveolar structure and function, with type II
pneumocytes secreting surfactant to prevent collapse [12,19-23].

1.2. Deposition mechanisms

When a drug is being inhaled, there are multiple factors which co-
decide its fate once it has entered the airways. The most important
influencing factor is the structure of the lungs, which is highly complex
and rich in bifurcations. Further features need to be taken in consider-
ation such as size and general physical characteristics of the particles
[24]. Here, not only the geometric diameter but rather their aero-
dynamic diameter is relevant. The aerodynamic diameter is a surrogate
diameter describing the aerodynamic behavior of the particle of interest
combining information about the particle’s geometric diameter, density,
and shape. It is defined as the diameter of a hypothetical standardized
particle (:= spherical shape and density of 1 g/cm"3) that shows the
same settling velocity as the particle of interest [25].

There are five different mechanisms by which particle deposition can
occur in the lungs: inertial impaction, sedimentation, diffusion, inter-
ception and electrostatic precipitation. Impaction is the primary mech-
anism responsible for the deposition of particles in the upper airways,
concerning mainly larger particles with an aerodynamic diameter of >5
um. Nevertheless, depending on the flow velocity, impaction under
physiological conditions can also occur for particles as small as 2 pm
[24]. Sedimentation is a time-dependent process in which particles
settle due to the influence of gravity. Hence, breathing maneuvers in
which more time is allowed for the particles to sediment (e.g. breath-
holding) may increase lung deposition[26]. Diffusion comes about
through so-called Brownian motions, namely “Brownian diffusion”. As
opposed to the mechanisms of impaction and sedimentation, deposition
by diffusion increases with decreasing particle mass and is the main
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settling process for particles that measure < 0.5 pm in aerodynamic
diameter [24]. Interception describes the separation of fiber like parti-
cles (e.g. asbestos) from the airstream: due to their unfavorable geo-
metric shape, these particles are likely to interact with flow path
defining structures falling below a particle specific critical dimension, e.
g. when reaching the bifurcations of e.g. bronchioles. Deposition by
interception usually does not occur in pharmaceutical preparations
though and is more related to toxicology. These mechanisms have been
reviewed in detail elsewhere [27,28].

2. Requirements for PDD

Modern inhaled medicines may contain two levels of particle/
droplet structures (Fig. 2). The primary structures with particle size in
um range, as a liquid droplet or a dried matrix, determines the formu-
lation’s deposition in the lung. On the other hand, the secondary
structures with particle size in nm range refers to a formulation con-
taining an encapsulated active pharmaceutical ingredient (API)
designed to enhance the physicochemical characteristics of the drug
within the respiratory tract. The presence of a secondary particles in
primary particles creates what is often referred to as a nano-in- or nano-
embedded microparticle (NIM/NEM). Whether or not a secondary par-
ticle structure is necessary depends on the therapeutic approach (e.g.
proactively supporting macrophage targeting) and the properties of the
API, in particular, whether its bioavailability is sufficient without
further formulation [28].

Considering the fact that dry powders for inhalation (DPI) are suit-
able products for the delivery of biomolecules, it is important to note
that they are generally existing in carrier-based and carrier-free for-
mulations. The modern products based on mentioned primary and sec-
ondary particle structures are carrier-free particles. More information on
DPIs in general and each category in particular, together with applied
excipients, can be found in next sections.

2.1. Particle size

The aerodynamic diameter of the particle is crucial in determining
the path it take once in the airways and even the mechanisms that ensure
their removal from the organism. Table 1 lists a correlation between the
size of a particle and its elimination and deposition mechanisms.

While the table can be a helpful guideline for defining appropriate
quality attributes such as particle size, in drug development, it is
important to note that the size of an inhaled particle is not always static.
Usually, the lung presents a higher relative humidity than ambient
conditions, which can be absorbed accordingly by hygroscopic particles.

Active Pharmaceutical secondary particle primary particle
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the physical /
bioavailability stability of the [
of the API API- |
determines (formulation) \
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Fig. 2. Primary and secondary structures in modern inhaled medicines.
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Table 1

Correlation between particle size, removal mechanism and deposition mechanism.
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Particle size Reached lung region Clearance mechanism

Deposition mechanism

<10 nm Nose, mouth, pharyngeal airways Exhalation

< 200 nm Deep lung Exhalation/macrophage uptake

< 500 nm Acinus Exhalation/macrophage uptake

< 2pm Alveolar ducts and alveoli Macrophage uptake

2-5 pm Central and small airways Macrophage uptake/mucociliary clearance
5-10 pm Upper and large airways Mucociliary clearance

> 10 pm Oropharynx/nasal cavity

Captured by nose hairs or mucus and then removed through mucociliary clearance

Brownian diffusion
Brownian diffusion
Brownian diffusion
Brownian diffusion
Impaction/Sedimentation
Impaction/Sedimentation
Impaction

This change in size can consequently affect both the mechanism of
deposition and the location of deposition[18]. Many studies have been
conducted with the goal to find the ideal particle size. Indeed, there is a
conflict between overcoming the multiple barriers in the airways and
the efficient deposition of a particle. For instance, whereas small parti-
cles are able to penetrate mucus more easily, they are also more likely to
be exhaled. On the other hand, larger particles can be deposited effec-
tively, but might not be capable of penetrating the mucus layer. One
solution to this issue is formulating nano-based microparticles, or
“Trojan” particles. After reaching the desired target, these nano-based
microparticles disaggregate into nanoparticle subunits, which are able
to permeate the mucus layer. Another approach involves designing large
porous particles with low mass density ((p) < 0.4 g/cm3) and a diameter
of > 5 um. These characteristics enable deep lung deposition while
evading macrophage uptake[29]. Another approach proactively exploits
the hygroscopicity of certain excipients (e.g. mannitol). This strategy is
based on the hypothesis that particles with smaller aerodynamic di-
ameters are more effective at reaching the deep lungs. Once in the lungs,
these particles increase their aerodynamic diameter by absorbing hu-
midity, increasing the likelihood of depositing within the lower respi-
ratory tract or the alveolar region (known as Excipient Enhanced
Growth, EEG)[30].

2.2. Requirements for secondary particles

Particulate-based drug delivery systems are commonly employed as
secondary particles and include matrices such as polymeric nano-
particles, liposomes, dendrimers, and lipid nanoparticles. These for-
mulations significantly improve the overall capacity of the drug to reach
the target site within the intricate structure of the lungs. An inherent
advantage of secondary particles lies in their ability to protect the API
from direct contact with lung fluids and cells, mitigating premature
degradation [31]. These formulations address challenges associated
with the poor water solubility of some APIs, thereby enhancing
bioavailability. Additionally, they offer benefits such as sustained
release of the drug [32].

The nanometric size and large surface area of these secondary par-
ticles enable them to penetrate through the lungs, evading pulmonary
clearance mechanisms and passing through biological barriers such as
mucus, cell membranes, and the endolysosomal compartment [32].
Moreover, the versatile composition of nanoparticles, including various
polymers and lipids, allows the design of delivery systems with targeting
molecules aiming at enhanced specificity [33]. An important criterion
for the polymers and lipids incorporated into the formulation of sec-
ondary particles intended for inhalation is the possession of biocom-
patible and biodegradable properties, ensuring minimal toxicity [31].

Considering that the physicochemical characteristics of nano-
particles drive their fate within the lungs, this chapter will explore the
requirements of secondary particles for successful pulmonary drug de-
livery. We aim to deeply understand the intricate interplay between the
characteristics of nanoparticles and their role in optimizing drug de-
livery to the pulmonary system.

2.3. Influence of physicochemical properties of nanoparticles on their fate
after pulmonary drug delivery

Physicochemical properties of nanoparticles, such as size [34], hy-
drophobicity/hydrophilicity [35,36], surface charge [37] and shape
[38,39] have a crucial effect on their fate after pulmonary administra-
tion. It is widely reported that penetration of a particle through mucus is
size-dependent. The mucus consists of mucin fibers that create a tangled
and interconnected network, giving mucus its size-filtering capability.
The mesh spacing of this network prevents nanoparticles larger than the
mesh size from passing through the mucus, causing them to be sterically
impeded and potentially eliminated from the lung through mucociliary
clearance. By contrast, particles and pathogens smaller than the mesh
pore size can rapidly penetrate the respiratory mucus [40-42].

Mucus contains abundant negatively charged groups, causing posi-
tively charged nanoparticles to become immobilized within the mucus
network through electrostatic association. This enhanced mucoadhesion
serves as an effective approach to enhance the pulmonary delivery of
drugs by prolonging their retention time in the lungs. Chitosan (CS) is
frequently employed as a positively charged mucoadhesive material in
the airway mucus [43,44]. Ciprofloxacin loaded chitosan (Cipro-CS)
particles, prepared by ionic gelation, with a size in the range of < 200
nm were reported to be internalized in the human lung epithelial cells
[45]. Nevertheless, the mechanism by which CS-based nanoparticles are
internalized is not yet clear. However, their efficiency in intracellular
delivery of nucleic acids is proven by several studies [46-48].

Coating the nanoparticles is one of the most used approaches to
modulate surface properties. Hyaluronan is a polysaccharide often used
as a coating agent. CS-coated poly(lactic-co-glycolic acid) (PLGA)
nanoparticles loaded with voriconazole were proposed to increase
retention time at the pulmonary site, consequently promoting cellular
internalization [49]. Almeida et al, observed improved cellular inter-
nalization of hyaluronan-coated particles [50]. In a study conducted by
Ghosh et al [51], hydrophilic, net-neutral charged peptides were iden-
tified and used to coat the nanoparticles. The ex-vivo outcomes showed
600-fold better penetration of the particles through human cystic
fibrosis mucus compared to uncoated or PEGylated nanoparticles. In a
recent study, novel small lipidated sulfoxide polymers based on poly(2-
(methylsulfinyl)ethyl acrylate) (PMSEA) as inhalable drug delivery
platforms was investigated. Linear PMSEA (5 kDa) was used as a hy-
drophilic polymer backbone with excellent anti-fouling and stealth
properties compared to poly(ethylene glycol). Their data suggest that
there is scope to tune the lipid component of the system to control
membrane permeability and cellular interactions in the lungs to tailor
drug disposition in the lungs [52].

Once the particle reaches the surface of the target cells of the res-
piratory tract, it has to cross the cellular membrane. Endocytosis is the
major cellular uptake pathway known to be involved in non-viral
nucleic acid delivery [53]. Particles below 150 nm could avoid macro-
phage uptake and will enter the cells either by diffusion or by endocy-
tosis depending on the particle size [54]. In a study conducted by
Thorley et al [55], it was demonstrated that 50 nm nanoparticles enter
largely by passive diffusion and are found in the cytoplasm, whereas
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100 nm nanoparticles enter primarily via clathrin- and also caveolin-
mediated endocytosis and are found in endosomes. Particles that are
taken up by the cells through this pathway are enclosed in clathrin-
coated vesicles. They are then transported into early endosomes,
which fuse to form late endosomes and subsequently into the lysosomes
[56]. Endocytosis can also occur via receptor-mediated mechanisms.
Kim et al, reported hyaluronan-receptor mediated endocytosis of
nanoparticles formed with hyaluronan (100 kDa) conjugated with
vascular endothelial growth factor receptor 1 peptide [57]. After the
internalization, polysaccharide-based nanoparticles may remain within
the cells, exerting their effects, or be transported transcellularly and
expelled in a process named transcytosis. By transcytic pathway, the
nanoparticles can permeate the epithelium, and reach blood or
lymphatic circulation [58]. Another mechanism that enables nano-
particles to cross the epithelial barrier is through the opening of tight
junctions, which allows the movement of solutes via the paracellular
pathway. CS is recognized for its capability to open tight junctions,
thereby enabling the translocation of nanoparticles of sizes up to 50 nm
[59].

Please note, that the described formulation strategies should be
defined and tailored carefully for each case of application. Beyond this,
the structure of biological compounds can be modified to improve the
absorption of biological drug and to maintain its in vivo stability.

Genetic engineering, protein fusion and chemical conjugation are
examples for strategies to prevent physical and chemical degradation
[60,61]. Genetic engineering of a recombinant protein, by introducing
single or multiple amino acid substitutions, can affect properties such as
specificity of ligand binding and sensitivity to degradation. Genetic
modifications to improve the conformational stability can be further
applied for optimization of electrostatic contacts and hydrogen bond
network, of hydrophobic and van der Waals interactions [62].Glyco-
engineering is another approach, in which new glycosylation sites are
introduced to the protein, or the previously available sites are engi-
neered with the aim of improving the in vitro stability [63].

Another strategy to improve the properties of therapeutic proteins is
fusion proteins. Examples are the fusion of different biologics such as
glucagon-like peptide-1 (GLP-1), fibroblast growth factor 21 (FGF21),
canine interferon gamma (IFN)-y, and human serum albumin (HSA), to
improve the short life-time and instability of these biologics [64-66].

Covalent linkage of polymers to protein drugs is an approach to
improve the pharmacokinetic and in vivo stability of loaded biologics
upon pulmonary administration. This approach can provide a controlled
and sustained exposure of the lungs to the biologic. The steric hindrance
or surface modifications can prevent degradation of the molecules.
Conjugation can be performed with a series of carbohydrate moieties or
synthetic polymers, e.g. glycans, polyethylene glycol (PEG), dendrimers,
polyethylenimine (PEI), hyaluronic acid, etc. Comprehensive research is
available on this topic and an extensive description can be found in
Marasini et al. [60] among others.

3. Devices for PDD

Aerosols are a suitable option to deliver pharmaceutics to the lungs.
As discussed in the previous section, therapeutic aerosols must fulfill
certain requirements regarding their aerodynamic particle size. Over the
past decades, multiple approaches to generate appropriate aerosols have
been developed and transferred into clinical practice, most notably
formulation as pressurized metered dose inhalers (pMDIs), dry powder
for inhalation (DPI) and different types of nebulizers including soft mist
inhalers (SMIs) [67]. For delivery of biomolecules though, pMDIs do not
play a major role [68] which might be related to several limitations of
the technology e.g. the necessity to formulate as either suspension or
solution, which inherently creates a need to provide a formulation of
suitable physical and chemical stability over the entire anticipated shelf
live. Other concerns might be related to fairly high shear forces occur-
ring during actuation that might have negative effects on the activity of
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the molecules post delivery, or the limitation to doses in the lower
milligram range. DPIs and nebulizers currently are the most prominent
technologies to produce respirable aerosols containing macromolecules
and will be discussed briefly in the following sections. For an in depth
discussion of associated device technology, the reader is referred to the
excellent review articles available, e.g. [67,69-73].

3.1. Dry powders inhalers (DPIs)

Formulating as dry powders for inhalation is a viable approach to
generate therapeutic aerosols. Here, the API and excipients are formu-
lated and processed so that they form dry powder particles in the suit-
able size range. Excipients and technologies used within this context are
discussed in the corresponding sections of this review. Even though the
aerodynamic diameter of the particles may efficiently be manipulated
through adjusting the particle density and geometry[25], particles still
exhibit a geometric diameter in the lower micrometer range. Due to
unfavorable surface to mass ratios, particles in this size range typically
are very co— and adhesive so that dry powders for inhalation need to be
de-agglomerated prior to or upon inhalation, using dry powder inhala-
tion devices. In most cases, the energy required to overcome the cohe-
sive forces (namely: van-der-Waals, capillary, and electrostatic forces
and mechanical interlocking) is provided by the inspirational airflow of
the patient and devices using this source of energy are classified as
,passive‘ devices. Often, the API particles are co-formulated with larger
so-called carrier particles (Lactose monohydrate or mannitol) that can
aid in increase processability, dose metering, and aerosolizability [67].
This formulation approach comes with the trade-off of having to accept
that a certain fraction of the bulk formulation/metered dose (often times
in the range of 90+ %) is pharmaceutically inactive [74]. Therefore, also
here, dose limitations might play a role, making this formulation strat-
egy less attractive for biomolecules. Also processing technology suitable
for biomolecules is often suitable for particle engineering approaches as
well, lowering the barrier to decide against the more traditional
approach involving interactive blends of jet-milled API and larger car-
rier particles.

Another advantage of passive devices is that the actuation of the
device inherently is synchronized with the inspiration maneuver of the
patient, which can be challenging in clinical practice when the inspi-
ration must occur simultaneously with the manual actuation, as e.g. seen
in pMDIs [75]. Associated with all types of DPI devices is a device
specific intrinsic airflow resistance, which correlates the volume flow
occurring over the device with a given pressure drop that is to be pro-
vided by the patient. Especially in the case of obstructing conditions e.g.
chronic obstructive pulmonary disease (COPD) or asthma, the overall air
flow is dominated/regulated by the air flow over the constricted bronchi
and bronchioles, so that high resistance devices might be better suited
for this patient population. Selection of an unsuitable device might
result in a situation where the patient is not capable of providing suf-
ficient pressure drop for the device to function properly, which might
lead to incomplete de-agglomeration and consequently in an increase in
aerodynamic particle size, which then leads to premature separation of
the particles from the air stream and impaction in the upper airways thus
delivering an incorrect dose. In contrast, low intrinsic resistance devices
are often more effective in de-agglomerating the particles so the devices
have to be designed or adapted carefully for the intended purpose [70].

Different DPI devices frequently use unique design features to
convert the energy provided through the airflow into particle motion
aiding the de-agglomeration of the bulk particles. In one common
approach, powder doses are pre-metered in gelatin or hydrox-
ypropylmethylcellulose (HPMC) capsules that are pierced during a
priming step and set in motion during the inhalation process. The type of
primary motion (e.g. axial gyration (e.g. Handihaler), revolution (e.g.
RSO1 type)) [76], geometry of the needle tip and the resulting holes
[77], and numerous other device characteristics e.g. extent of capsule-
wall, particle-particle, or particle-wall interactions, but also other
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characteristics [78] as e.g. the exit velocity of the aerosol plume demand
that dry powder formulation and DPI device need to be viewed at as one
operational unit with distinct product characteristics i.e. very specific
aerodynamic particle size distributions. As the overall dose delivered is
related to the aerosol characteristics and exit velocity from the device
[70], these products are not interchangeable. From the scientist’s point
of view, this also leads to the conclusion that evaluation of the aerosol
properties of dry powders for inhalation without precise knowledge of
the device and test conditions used is not very meaningful. Of course, not
all DPI devices use a capsule based approach and there is a broad vari-
ability not only when it comes to device effectiveness, but also other
features as e.g. feed-back mechanisms indicating correct use are of
relevance and different use cases demand different solutions. It is to be
mentioned though that in the context of research and early stage feasi-
bility studies, capsule-based DPI devices are often preferred, which is
related to their ease of use. For an in depth discussion of DPI device
technology, the reader is kindly referred to the excellent reviews on this
topic [67,69,70].

3.2. Nebulizers

Nebulizers are the most straightforward approach to generate
pharmaceutical aerosols. Solutions, suspensions, or emulsions of the API
in a suitable solvent or solvent mixture (typically water) are nebulized
using either compressed air (jet-nebulizers) or by other means as e.g.
oscillation provided by a piezo driver (mesh nebulizers) [79]. Most
nebulizers have in common that an external source of energy is required
which often makes nebulizers quite bulky and not very easy to carry
around [80]. This becomes especially cumbersome when doses are to be
applied multiple times a day. Modern hand held devices are better suited
for convenient use but also here, user friendliness might be an issue as all
nebulizers require substantial effort for priming the device, cleaning, or
the need for energy supply. Additionally, the delivery rate is rather low
[81,82] when compared to pMDIs and DPI and delivering one dose
might take up to more than ten minutes — compared to a couple of
seconds using aforementioned devices. Nevertheless, nebulizers play a
very important role in modern healthcare, especially when it comes to
the treatment of specific patient populations for instance children that
might not be able to operate pMDIs or DPIs properly, which is also
related to their differences in anatomy and physiology. Firstly, the di-
mensions of the respiratory tract of children are smaller compared to
adults so that excessive oropharyngeal deposition is observed when
using e.g. pMDIs. Spacers or valved holding chambers may be used to
mitigate this issue (and also to help with synchronizing actuation and
inhalation), but often nebulizers are the better choice, as also these
systems are linked to certain limitations such as problems with not
reproducible doses related to electrostatic charging [83]. Also DPIs are
not suitable for children up to a certain age, as the physiology of
respiration (volume inhaled, pressure drops, breathing pattern) of the
very young differ significantly from the adults and does not allow their
proper use [84]. Nebulizers are also widely used in hospitals if patients
are supplied with active ventilation to support breathing. In this sce-
nario, the nebulizer head can be incorporated into the system already in
use and often this is the only option for aerosol therapy, especially when
the patients are unconscious.

Another important field of application is their use in early clinical
testing of investigational drug candidates, which is related to the rather
low effort to develop suitable test formulations and the potentially
increased traceability of quality of the inhalation maneuver. Also,
aforementioned limitations are not very critical in a clinical trial setting.
Latest developments in nebulizer technology include the development of
smart devices, where for example, the device is trained to optimize
actuation patterns based on the inspiratory flow patterns of the user so
that a smaller fraction of the dose is lost during the application process.
For more information on nebulizers, the reader is kindly referred to
[71,72,85].
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3.3. Choice of inhalation devices

As discussed in the previous sections, it is of utmost importance to
select the ,right’ device for each application. Here, not only the suit-
ability of the target patient population to successfully and safely operate
the device is relevant, but also other considerations play a role. Besides
the limitations that apply to the delivery of biomolecules, in therapeutic
approaches where high doses are needed, pMDIs are not the first choice,
and other approaches such as DPIs are in most cases better suited. One
prominent example is anti-infective aerosol therapy using antibiotic or
antifungal agents. Nebulizers are often a suitable alternative; however,
they still have some notable drawbacks. In this specific use case, using
single-use, disposable devices might be beneficial as the risk of recon-
tamination of the patient through an already used and not properly
cleaned device is minimized. Of course, single-use products may not be
the first choice when considering environmental aspects, but it is
conceivable that future devices could be made from biodegradable
polymers. However, the disposal of used and potentially contaminated
devices (with APIs and pathogens) could pose a challenge. These
exemplary considerations highlight that modern device development
must not only consider and meet the requirements to assure a safe, easy
to use, and reliable therapy, rather it is to be expected that additional
factors, such as environmental safety or the device’s carbon footprint
will become more important.

3.4. Regulatory pathways for biologics for pulmonary delivery

Besides selection of a suitable formulation and device strategy, se-
lection of the regulatory pathway is another very important decision to
be made during the development of biologics intended for administra-
tion via the pulmonary route. Depending on the area of the world where
the product is intended to be made available, different regulatory
pathways are available. It is beyond the scope of this article to discuss all
pathways as defined by the different regulatory agencies, but as an
example, we would like to very briefly discuss different options as
provided by the United States Food and Drug Administration. Choice of
the appropriate pathway is to be made on a case dependent basis as
different therapeutic approaches, APIs, devices and associated devel-
opment programs will have their individual needs and constraints for
example, shelf life of the device after first use, storage conditions, fre-
quency of use etc. Due to aforementioned requirements regarding
aerodynamic PSD, fit for the intended patient population etc., it should
be considered state-of-the-art to link drug product and device, though e.
g. development as solution for nebulization might be appropriate in
some cases. Nevertheless, registration as a combination product will be
the preferred option in the majority of cases. Combination products are
products where the drug formulation (here called drug constituent part)
is either an integral part of the device (device constituent part), or is co-
packaged with the device, or is linked to the device that is packaged
separately through cross-labeling [86]. Example scenarios might be
multidose DPIs or pre-loaded soft mist inhalers, multi-unit dose DPIs or a
nebulizer with co-packaged solution for nebulization, or cross-labelling
the drug product with e.g. a certain nebulizer, respectively. It is to be
mentioned that not only the drug product but also the referenced device
must be approved in the respective region, when cross-labelled.
Regardless of the regulatory strategy, it is advisable to take this deci-
sion early on in the development programs, as the regulatory pathway
should be reflected in the CMC aspects of the development. for further
information on this topic, the reader is kindly referred to [87]. Addi-
tional information on aerosol product development can be found in the
respective guidelines including ICH, FDA and EMA.

4. Excipients

Excipients are used in the development of inhalation products to
improve the stability, the mechanical properties and the dosing
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reproducibility of administered API. The result is improved performance
of the inhalation product. Beyond those classical applications, they are
used in advanced pharmaceutical manufacturing for encapsulation of
both biologics and small molecules, to improve the stability, to modify
the active compounds’ pharmacokinetics and pharmacodynamics and to
enhance the drug targeting [88].

The focus of this section is mostly on the excipients used for the
development of dry powder inhaler (DPI) products, as DPI is the most
promising delivery system for providing improved stability of the
advanced pulmonary formulations. Carrier-based and carrier-free for-
mulations are considered. Whereas a short overview is provided on the
carrier excipients, the main focus is on the carrier-free formulations of
biologics, divided into primary and secondary particle structures. This is
due to the fact that the stress factors involved in the preparation of
carrier-based formulations can cause degradation and denaturation of
proteins and peptides. Hence, carrier-free development is mainly used
for the formulation of biologics for inhalation purposes[89,90]. The
manufacturing processes are discussed in the next section.

It is important to note that despite the existence of a huge number of
research papers dealing with the functionality of different groups of
excipients, the required safety data is the limiting factor for their
application in industrial production[91,92].

4.1. Excipients for carrier-based formulations

Coarse excipient particles are required as carriers to improve the
dispersing and actuation of cohesive micronized particles of API, hence
improving the delivery to the lungs by ensuring dosing accuracy. This is
of special importance in case of potent, and low dose micronized APIs
such as antibiotics and steroids. Generally, carrier attributes such as
particle shape and size distribution, surface morphology, powder
porosity, and rheological properties are the key parameters for the
functionality. Those properties significantly affect the blend uniformity
and powder flowability, among others[90,93]. The ratio of micronized
drug to carrier, their physical and chemical compatibility, as well as the
interparticular interactions between drug, carrier and container have to
be considered for selecting the carrier.

Available as approved excipient in different forms, lactose is the most
applied carrier for industrial production. Lactose monohydrate is the
most common form in different inhalation-grades with detailed speci-
fications including impurities, protein content and amorphous content
[94]. Detailed information on different types of lactose and the effect of
critical quality attributes such as particle size distribution (PSD) and
surface modifications on the performance of lactose as carrier can be
found elsewhere[9,95-97].

The reducing function of lactose, due to the available carbonyl group
in its chemical structure, makes it inappropriate as a carrier for proteins
and small molecules containing primary amine groups such as for-
moterol and budesonide. Therefore, alternative carriers have been
extensively screened. Examples include mannitol, xylitol, sorbitol,
maltitol, trehalose, fructose, galactose, sucrose, dextran and cyclodex-
trins, among others[85,98-100]. The most researched non-reducing
sugar is mannitol, which possesses the additional advantage of a high-
ly sweet aftertaste that can improve patient adherence to therapy and
monitor the dose taken by the patient[98,101]. Mannitol is also avail-
able as a mucolytic active compound in Bronchitol® to support the
treatment of cystic fibrosis.

There are several approaches to improve the performance of carrier-
based formulations, in terms of improving blend’s rheological behav-
iour, dispensing properties, increased FPF, and thus dosing accuracy.
Such approaches are basically established on adding a second additive to
the API-carrier blend and building a ternary mixture as well as carrier
engineering.

In the case of providing ternary mixtures, one strategy is the addition
of carrier fine particles to the coarse material. Two different theories
explain the effect of fine carrier particles. The first one is based on the
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partial covering of API bonding sites with fine particles, resulting in the
fewer remaining number of active sites on API for attaching to the active
sites of coarse carrier. The result would be the easier detachment of drug
particles from the carrier by actuation. A fundamental understanding of
the attributes of coarse carrier that determines the active sites of those
particles is required for an effective formulation development. Examples
of such critical attributes are PSD, surface energy and morphology,
porosity, electrostatic charges and chemical properties of coarse parti-
cles [97,102-107]. The second theory is based on the forming of ag-
glomerates of API and fine particles. The de-agglomeration may easily
occur due to the smooth surface of fine particles compared to the
engineered surface of coarse material. The small API-fine agglomerates
with improved flowability can also be directly deposited in the lungs
[107-111].

The other strategy is to coat the active sites of the coarse carrier by
using the so-called force control agents (FCAs). The aim is to facilitate
the detachment of API, hence increasing the FPF and improving the
performance of formulation. FCAs possess low surface free energy, and
they are supposed to reduce the intrinsic cohesion of the powder,
resulting in improved flowability. Magnesium stearate is the famous
FCA with approval for inhalation purposes and its mixture with lactose
monohydrate has been used in industrial manufacturing of carrier-based
inhalation products for decades [112-114]. Examples of marketed
products containing lactose and magnesium stearate include Anoro®
Ellipta®, Bero® Ellipta®, Incruse® and Trelegy®[115]. Ternary mix-
tures of mannitol were prepared by adding magnesium stearate or
mannitol fine particles to successfully improve the API detachment from
coarse mannitol carrier[98,116].

Besides magnesium stearate, several authors reported on the appli-
cation of excipients such as leucine, lecithine, sucrose stearate, and even
polymers, among others [117-120]. Due to the fact that small changes in
critical carrier attributes can affect the reproducible and stable perfor-
mance of the final product, carrier engineering is of significant interest
for tailoring those attributes. Different crystallization methods have
been used to tailor the polymorphic form of lactose and mannitol. Spray-
drying, spray freeze-drying, freeze-drying, supercritical fluid technology
and electrospinning are the common processes to tailor the surface
properties [121-123]. As mentioned above, application of carrier-based
formulations for manufacturing of biologics is uncommon. One example
is the use of commercial mannitol to provide a spray freeze-dried
mixture with 10 % w/w glycine as carriers for loading of glucagon-
like peptide-1 (GLP-1). The peptide was also prepared without excipi-
ents via spray drying. GLP-1 delivered dose was significantly improved
by using spray freeze-dried glycine-mannitol as carrier[124]. Other ex-
amples below focus on using engineered carriers for loading of small
molecules.

Leucine is one of the promising excipients used in spray-dried
inhalation products, both in ternary mixtures for manufacturing of
engineered carriers, as well as for the development of carrier-free
products. Enhanced aerosolization, increased FPF, improved stability,
preventing moisture, especially in combination with hygroscopic car-
riers such as lactose, and enhanced API solubility have been reported for
formulations developed with leucine [125-132]. Kaialy et al. have
investigated the impact of PSD on carrier properties of mannitol by
spray-drying of the material to provide consistent properties i.e. ho-
mogeneous spherical shape, solid-state (mixture of a and f§ polymorphic
form) and true density with a water content of 1 + 0.1 %, w/w, but
different particle sizes. The spray-dried mannitol was used as carrier to
load albuterol sulphate. The formulation with larger particle size had a
superior flowability and improved FPF, resulting in a minimized dose
variability [101]. In a further study Ferdynand and Nokhodchi have
spray-dried the mixtures of lactose and mannitol in different ratios with
5 %w/w leucine, to successfully improve the aerosolization performance
of spray-dried ternary mixture for loading salbutamol as small molecule.
Presence of mannitol in the samples resulted in the stabilizing of
amorphous state of lactose, while mannitol remained in its crystal form
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having a mixture of o and p polymorphic forms when the ratio of
mannitol was low. The best aerosolization performance belonged to
spray-dried ternary mixture with the 1:3 ratio of mannitol to lactose.
Consequently, the same ternary carrier delivered the highest FPF (62.42
+ 4.21 %) after loading with API [128].

Detailed information on carrier engineering as well as on the
mechanisms of drug detachment from carrier particles can be found in
[102].

4.2. Excipients for carrier-free formulations

Carrier-free formulations are divided into primary and secondary
particle structures. The primary structure, as a liquid droplet or a dried
matrix, determines the formulation’s deposition in the lung, while the
secondary particle refers to nanoparticles containing an API designed to
enhance the physicochemical characteristics of the drug within the
respiratory tract. The most applied excipients for the development of
such structures are described below and relevant examples are listed in
Table 2.

4.2.1. Excipients for primary particles

Primary particles with a size range of a few micrometers are mostly
prepared by natural polymers. Natural polysaccharides such as CS,
alginate (AG), hyaluronic acid (HA), dextran, and cellulose are exten-
sively used to deliver drugs into the pulmonary tract due to their
biodegradability, low toxicity, and ability to blend with a varied range of
drug formulations [133]. This review focuses on the most commonly
used polysaccharides in pulmonary formulation preparation.

Hyaluronic acid (HA) is a polysaccharide that is naturally present in
the lung [134]. Hyaluronic acid protects the lung elastin from inflam-
matory lung disease injuries and helps to repair lung damage [135]. HA
is able to entrap bioactive molecules by forming a stable matrix. For
instance, HA amorphous microparticles can be produced by co-spray
drying of the aqueous solution of the polymer and a bioactive mole-
cule. Solubility and molecular weight of the bioactive molecule deter-
mine the dissolution and release rate. These factors regulate the
diffusion of the molecule through the hydrogel matrix that is formed
after the exposure of the HA to water [136]. In a study conducted by
Blair et al, HA was spray-dried with insulin from aqueous solutions to
form inhalable dry powders containing 10 % (w/w) drug. In this study,
the authors faced several limitations of spray drying HA at the
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laboratory scale including: 1. Long spray drying batch times due to low
solids concentrations because of the viscous nature of the HA. 2.
Extrusion of the viscous solution through the nozzle, rather than at-
omization in case of lack of steady rate of pump control of the solution to
the nozzle [137].

Carboxymethyl cellulose (CMC) is a water soluble cellulose deriva-
tive [138]. In a study conducted by Gallo et al., sodium carboxymeth-
ylcellulose (CMCNa), sodium hyaluronate (HLNa), and sodium alginate
(AlgNa) were selected to co-process sodium cromoglycate (SC), an anti-
asthmatic and antiallergenic drug, by spray drying. The powder based
on SC and CMCNa exhibited the best mucoadhesion and aerosolization
performance, the highest process yield and adequate moisture content,
hygroscopicity, and stability [139].

CS has widely been studied for the delivery of various drugs, vac-
cines, genes and chemotherapeutic agents [140-142]. Various types of
CS-based carriers have been investigated for pulmonary delivery of
various drugs such as antibiotics [143,144] or heparin[145]. In a study,
spray-dried powders were produced from 30 % (v/v) aqueous ethanol
formulations that contained hydrophilic (terbutaline sulphate) and hy-
drophobic (beclometasone dipropionate) model drugs, CS (as a drug
release modifier) and leucine (aerosolizsation enhancer). Their in-
vestigations demonstrated that it was possible to generate highly
respirable powders that exhibit sustained drug release profiles of both
hydrophilic and lipophilic agents by spray drying[146].

CS and its derivative, trimethyl chitosan (TMC), have also been used
as dispersibility enhancers in dry powder formulations for pulmonary
deposition. Birchall and Li demonstrated that both CS and its soluble
derivative TMC can significantly increase the emitted dose (> 90 %) and
the in vitro pulmonary deposition (Fine particle fraction (FPF) > 35 % =
fraction of dose with aerodynamic diameter < 5 ym) of dry powder
dispersions[147].

Besides natural polymers, synthetic polymers have also been inves-
tigated to design novel pulmonary delivery systems. For example, an
innovative material approach was explored in a study on disordered
mesoporous silica particles (MSP). In this case, MSP was employed as a
novel carrier for delivering proteins to the lungs. The disordered struc-
ture of the silica particles provided a high surface area and porosity,
facilitating efficient encapsulation and controlled release of therapeutic
proteins. This method showed promise in enhancing the stability and
bioavailability of proteins during pulmonary delivery[148].

Table 2
The most applied excipients for the development of carrier-free formulations.
Material Active substance Used device/method Method of preparation reference
Sodium hyaluronate Insulin surgically prepared Spray drying [137]
permanent tracheostome
in dogs
Guanidinylated chitosan siRNA Aeroneb Pro nebulizer Lyophilization [207]
Chitosan, Lactose Rifampicin DPI Spray drying [208]
Sodium carboxymethylcellulose Sodium cromoglycate DPI (Breezhaler®) Spray drying [139]
Leucine-modified chitosan Terbutaline sulphate, DPI (Spinhaler®) Spray drying [146]
beclometasone
dipropionate
Chitosan Plasmid DNA DPI (Spinhaler®) Spray drying [147]
Diglycerol full ester of behenic acid Rifampicin DPI Spray drying [168]
(PG2-C22)
Diglycerol ester fully esterified with Dexamethasone Nebulization Melt-emulsification followed by high pressure homogenization [216]
stearic acid
Dipalmitoylphosphatidylcholine Temocillin DPI Spray-drying [217]
Glycerol Beclomethasone pMDI Mixing of the formulation components followed by the filling of [218]
dipropionate hydrofluoroalkane as a propellant using a Pamasol 2016
Laboratory plant
Fumaryl diketopiperazine Insulin Dreamboat® inhaler Mixture of ultrafine aerosol **™pertechnetate nanoparticles and [219]
the insulin-fumaryl diketopiperazine dry powder in a nebulizer
chamber. The powder was filled into cartridges for inhalation.
Cholesterol and distearoyl Tobramycin DPI Spray drying [220]
phosphatidylcholine (DSPC)
DSPC and DPPC GDC-A DPI Spray drying [221]
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4.2.2. Excipients for secondary particles

As introduced above, certain APIs require additional formulation
effort besides what is needed for aerosol generation. One of the most
prominent examples is nucleic acids (NAs). Naked NAs have almost no
bioavailability; they are rapidly cleared by the immune system, and
target tissue cells hardly internalize bare NAs. Similarly, proteins or
small molecules with low water solubility might require additional
formulation to become bioavailable in reasonable amounts. Nano-
formulations are one strategy to increase the bioavailability of such
payloads. Generally, one can distinguish between viral and non-viral
vectors. The latter can be further categorized into polymeric, lipid-
based, and inorganic carriers such as silica or gold nanoparticles.
Additionally, hybrid systems combining multiple types of materials can
also be utilized, offering the advantages of various carrier types and
enhancing the overall efficacy of the formulation.

4.2.2.1. Lipids. Lipid-based nano-formulations have emerged as drug
carriers made from biocompatible materials designed to efficiently
deliver cargo through various routes of administration. These non-viral
delivery systems, which include liposomes, lipoplexes, and stable lipid
nanoparticles for RNA delivery, offer several advantages to overcome
the poor solubility and stability of conventional drugs. While efficiently
encapsulating the drugs, these carriers can protect the cargo from
degradation and premature release, increasing drug stability [149]. For
pulmonary administration, lipid-based systems have shown promise in
overcoming lung barriers and interacting efficiently with cell mem-
branes, enhancing overall pharmacokinetics [150].

Among lipid-based nanoformulations, lipid nanoparticles (LNPs)
stand out as the clinically most advanced systems. The approval of the
Onpattro® (name of the company and location) a few years ago estab-
lished LNPs as efficient and safe carriers for siRNA delivery [151]. LNPs
were later successfully used as platforms for two vaccines loading mRNA
against SARS-CoV-2, providing protection against severe COVID-19
disease and playing a crucial role during the pandemic [152]. Due to
the highlighted translational potential of LNPs, this section focuses on
discussing the main features of LNPs and their application as inhalable
therapeutics.

LNPs are essentially composed of four lipids: ionizable cationic lipid,
helper lipid, cholesterol, and polyethylene glycol (PEG)-lipid, combined
at specific molar ratios. This standard composition ensures a mono-
disperse system, with increased stability, as well as efficient cell uptake
and endosomal escape [153].

The ionizable cationic lipid plays a pivotal role in enabling both
payload encapsulation and endosomal escape. The RNA is encapsulated
by electrostatic interactions between negatively charged phosphate
groups and the tertiary amines that are typically part of the chemical
structure of such ionizable lipids. The mechanism is based on the pKa of
these lipids, between 6.2 and 6.4, which ensures a positive charge under
acidic conditions and a neutral charge at physiological pH. Therefore,
preparing LNPs under an acidic pH allows for nucleic acid encapsula-
tion, while the overall particle charge becomes neutral after increasing
the pH to a physiological value [153]. This mechanism also explains the
endosomal escape. Due to the acidic endosomal environment, the ter-
tiary amine moieties of the ionizable cationic lipids become protonated
and thus, interact with the negatively charged endosomal membrane.
Consequently, the RNA is released in the cytoplasm to exert its function
[154].

Helper lipids are essentially represented by phospholipids, such as
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE). This class of lipids influences
the lipid packing of final LNPs, affecting particle stability, cell interac-
tion, and transfection [154-156]. By analyzing the chemical structure of
DSPC, for instance, features such as the saturated lipid tails, the melting
temperature of approximately 54 °C, and its cylindrical geometry lead to
its packing as a lamellar phase. This directly impacts the overall stability
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of the final LNPs. Comparatively, the conical shape, melting temperature
of around 30 °C, and unsaturated tails of DOPE allow for the formation
of inverted hexagonal (HII) phases that are likely to interact and disrupt
endosomal membranes [156].

Cholesterol mainly modulates the rigidity and fluidity of LNPs. The
mechanism explaining these properties lies in the interaction with
helper lipids, which drives the lipids to organize themselves into a
liquid-ordered phase, balancing both parameters [154]. Additionally,
cholesterol impacts the protein corona formation after intravenous
administration, therefore interfering with LNPs clearance from the
blood circulation and cell uptake [157].

Although PEG-lipids are usually present at a minimum percentage of
the total molar ratio in LNPs, they are essential constituents of the car-
riers. These molecules modify the surface of LNPs by forming a hydro-
philic steric layer that is sufficient to prevent particle aggregation. The
final formulation presents small particle sizes and monodispersity [154].
Besides the impact on the overall LNP stability over preparation and
storage, PEG-lipids also modulate the particles’ circulation time in vivo.
This feature is mainly due to the stealth properties of PEG-lipids that
prevent the binding of complement proteins that would trigger phago-
cytosis [158]. This class of lipids has also evidenced benefits in suc-
cessfully overcoming the mucus barrier when administered to the lungs
[159]. On the other hand, many reports in the literature have associated
multiple administrations of PEG-based formulations with immune re-
sponses through the activation of the ABC phenomenon. However, these
findings have been related to high payload and repetitive doses and,
thus, have not yet demonstrated major impairments in the clinic
[158,160].

In the context of pulmonary administration, LNPs have demonstrated
their potential in overcoming multiple lung barriers and achieving their
target. Zimmermann et al. [161] highlighted the potential of LNPs in
ensuring an effective biological response when manufactured for pul-
monary administration. They successfully spray-dried siRNA-LNPs that
maintained similar physicochemical properties compared with the fresh
particles and siRNA integrity. Moreover, the dry powder demonstrated
an equivalent performance regarding the gene silencing effect both in
vitro and in human lung tissue. A different strategy to ensure the pul-
monary delivery of LNPs was reported by Lokugamage et al. [162].
Optimized mRNA-LNPs were nebulized in mice and efficiently trans-
fected pulmonary cells, following a PEG-lipid dose-dependent pattern.

Lipid-based nanoparticles show promise for delivering biologics to
the lungs via inhalation. However, there is a lack of studies focusing on
encapsulating biologics into LNPs for pulmonary delivery compared to
those investigating small molecules or nucleic acids [163]. This
discrepancy may be due to variations in physicochemical properties
among biologics, such as hydrodynamic size, geometry, surface charge,
and molecular weight [164]. Additionally, preparing inhaled biologic
therapeutics using LNPs poses risks of vehicle destabilization and cargo
degradation. Therefore, a thorough optimization of LNPs loading bi-
ologics is necessary for each application.

Some authors successfully designed biologics-LNPs for pulmonary
delivery. In a study by Hajos et al.[165], vasoactive intestinal peptide
(VIP) was encapsulated into liposomes for nebulization. VIP, known for
its bronchodilator and vasodilator effects and the presence of receptors
in the airways, has shown efficacy in idiopathic pulmonary artery hy-
pertension. The authors successfully nebulized VIP-liposomes using the
Micro Drop Master Jet inhaler, demonstrating sustained VIP release on
excised pulmonary arteries from rats. Moreover, VIP-loaded liposomes
exhibited prolonged vasorelaxation effects compared to free VIP[165].

In a different approach, the biologics lumacaftor and ivacaftor were
encapsulated into nanostructured lipid carriers to evaluate their po-
tential in correcting specific mutations on the cystic fibrosis trans-
membrane conductance regulator (CFTR) ion channel. The formulation
was nebulized to mice, resulting in the successful restoration of CFTR
activity and expression. Additionally, the presence of fibrotic tissue in
the lungs of treated animals was reduced [166].
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In conclusion, LNPs hold promise in revolutionizing the therapeutics
of respiratory diseases through pulmonary administration. Their unique
composition and capabilities in cargo delivery and endosomal escape
make them attractive candidates for further exploration and develop-
ment in the field.

4.2.2.2. Approved lipids for inhalation. Pharmaceutical research is
continuously growing towards the development of novel drug delivery
systems that can minimize the patient burden to the greatest extent.
Lipid-based excipients (LBEs) play a critical role in this regard and there
is an increasing interest in using them in advanced pharmaceutical
development. The most famous example is the application of LBEs in the
development of mRNA-based vaccines [156]. This group of excipients is
functional materials that can provide targeted attributes to the phar-
maceutical product. They are biocompatible, low toxic and generally
recognized as safe. However, their application in the pharmaceutical
industry still encounters difficulties that are associated with the char-
acteristic phase transitions of lipids. Phase transitions such as poly-
morphism, longitudinal re-arrangements, phase separation, and crystal
growth impact the development of manufacturing processes, product
performance and stability thereof [167,168]. Although the general
safety profile of LBEs is remarkably advantageous, the required data on
the path of pulmonary clearance and the in vivo lung safety of each
specific lipid-based formulation are the main challenges regarding
approved LBEs for pulmonary delivery. Moreover, the complexity of the
phase transitions of LBEs is discouraging for their use [167-169]. As yet,
only four LBEs are approved by the U.S. Food and Drug Administration
(FDA) for application in pulmonary delivery: cholesterol, oleic acid, and
the phospholipids, dipalmitoylphosphatidylcholine (DPPC) and dis-
tearoylphosphatidylcholine (DSPC) [170]. DPPC and DSPC constitute
the principal components of endogenous lung surfactants. Unlike non-
polar LBEs, such as acylglycerols, which constitute the majority of
approved excipients for oral delivery, phospholipids are polar LBEs.
They are composed of a glycerol molecule esterified with two fatty acids
and one phosphate group, the latter leading to their polar nature. The
use of DPPC and DSPC for inhalation has been strongly established
through the marketed products Arikayce® [171,172], an amikacin
liposomal suspension, and two dry powder inhalation (DPI) products;
TOBI®Podhaler® [173], and Inbrija® [169,174]. TOBI®Podhaler® is a
tobramycin DPI for suppressive therapy of chronic pulmonary infections
due to Pseudomonas aeruginosa in cystic fibrosis patients. Inbrija® is a
levodopa DPI product for the intermittent treatment of OFF episodes in
patients with Parkinson’s disease (PD). The other application of phos-
pholipids is in the preparation of co-suspensions formulated as pMDI.
Examples are Breztri Aerosphere® and Bvespi Aerosphere®, a dual and
triple composition, respectively, as fixed-dose combination (FDC)
products for the treatment of COPD [175].

Arikayce®, the only approved liposomal product for inhalation, is
composed of the antibiotic amikacin entrapped into liposomes for the
treatment of Mycobacterium avium complex lung disease. It is adminis-
tered via nebulization. The development of liposomal products for
nebulization is complex, especially in terms of the physical stability of
liposomes and entrapped API during aerosolization. This poses a sig-
nificant challenge in reaching the market. The industry has responded to
this by subjecting liposomal suspensions to a drying process (e.g. spray-
drying or freeze-drying) to prepare dry powders. Liposomes formulated
as dry powders tend to form a multilamellar state that is thermody-
namically more stable which in turn increases their aerosolization and
long-term stability [176]. However, no product of such kind has reached
the market yet. Formulation of dry liposomes requires extensive process
control and the use of additives (e.g. carbohydrates) to ensure the
retention of API in the liposomes during drying and during in vivo
rehydration. As a result, dry powder liposomal formulations typically
have API loadings up to 20 %w/w [177].

TOBI®Podhaler® and Inbrija® DPI are composed of solid lipid-
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microparticles instead of dry liposomes. This helps to improve the API
loadings and potential loss of API encapsulation during manufacturing.
In both products, phospholipids are used as surface enrichment agents
during particle formation via spray-drying. Administration of TOBI®-
Podhaler® and Inbrija® is provided through proprietary capsule-based
inhalers. TOBI®Podhaler® consists of small porous lipid-
microparticles with sponge-like morphology containing Tobramycin
for the treatment of bacterial infections in cystic fibrosis patients and is
administered as carrier-free DPI. This product was developed under the
sound platform Pulmosphere ™. This technology involves preparation of
a feedstock for spray-drying composed of a sub-micron oil in water
emulsion. The oil phase consists of Perfluorooctyl bromide (PFOB),
whereas the aqueous phase contains principally DSPC and CaCl,. The
API can be incorporated either dissolved or dispersed. During spray-
drying, DSPC enriches in the interfaces, followed by evaporation of
PFOB leaving pores within the particle which creates the characteristic
morphology of Pulmospheres. Inbrija®, also administered as carrier-free
DPI, contains Levodopa. Inbrija® consists of large porous lipid-
microparticles composed mainly of DPPC. These large particles have
shown to circumvent phagocytosis while still being sufficiently depos-
ited in the airways. Manufacturing is carried out through spray-drying of
either solutions or suspensions under the ARCUS® technology
[178-180]. Breztri® and Bevespi® are based on Aerosphere™ as an
aerosol-based co-suspension delivery technology, in which drug crystals
are co-suspended with porous phospholipid particles and administered
as aerosol [175,181]. Pulmosphere™ and ARCUS® platforms, alongside
with other cutting-edge carrier-free DPI technologies, have revolution-
ized the market of inhalation products. They have shown to significantly
improve the aerodynamic performance of conventional DPIs while
providing opportunities for local and systemic pulmonary delivery via
particle engineering.

4.2.2.3. Polymers. Polymeric nanoparticles have mucoadhesive prop-
erties that enhance transepithelial transport [182,183] and impede
mucociliary clearance [184] to promote bioavailability. Polymers can be
prepared chemically in laboratories or extracted from natural sources
such as plants, seaweeds, terrestrial/ marine animals, and fishes [185].
Oceanic animals are widely exploited for the extraction of bioactive
peptides and polymers which are used in several therapeutic applica-
tions[186]. As mentioned earlier, natural polysaccharides are exten-
sively studied due to their biodegradability, lower toxicity, and ability to
blend with a varied range of drug formulations. Furthermore, nano/
microparticles prepared from natural polysaccharides such as CS, algi-
nate, hyaluronic acid, carrageenan, cellulose, and agarose have been
notably used in pulmonary ailment reduction [187-190]. Poly-
saccharides can be responsive to particular physiological stimuli,
releasing the entrapped therapeutic molecule at the target site and at a
suitable time [191,192]. Also, due to their ability to form crosslinked
networks and their water swelling capacity, the entrapped drug can be
released from the system in a controlled manner when it comes into
contact with body fluids [193].

For nanoparticle fabrication from polysaccharides, both bottom-up
and top-down methods are applied. Polyelectrolyte polysaccharides
that carry surface charges can be made into nanoparticles by ionic
gelation (bottom-up method), while for non-polyelectrolyte poly-
saccharides that do not have any charged groups, top-down methods
(including chemical degradation and mechanical approach) are usually
applied to break down the bulk structure into nanoscale [194]. As the
only positively charged polysaccharide, CS is often applied to prepare CS
nanoparticles via electrostatic interactions with polyanions (sodium
tripolyphosphate [195], for example), while negatively charged poly-
saccharides, like alginate, pectin, gum arabic, xanthan gum, etc., can
electrostatically complex with polycations (calcium and ferrous, for
instance). On the other hand, non-polyelectrolyte polysaccharides, such
as cellulose and starch, have highly crystalline structure and thus their
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Table 3
Overview of inhaled biologics for respiratory and systemic diseases: clinical stages, indications, and delivery devices.
Biological Indication Mode of action Clinical stage Device Identifier
Dornase Alfa (Pulmozyme) Cystic fibrosis Recombinant human DNase I enzyme that Approved Nebulizer -
cleaves extracellular DNA to reduce mucus
viscosity in cystic fibrosis.
Insulin (Afrezza) Diabetes mellitus (Type 1 and A rapid-acting human insulin powder Approved Dry powder inhaler -
Type 2) administered through the lungs for blood
sugar control.
SARS-CoV-2-neutralizing Neutralizing Neutralizes SARS-CoV-2 Phase 1 and Phase ~ Device not NCT04631705
monoclonal antibody Different SARS-CoV-2 variants antibody 2 mentioned
(DZIF-10c)
IBIO123 Post-exposure prophylaxis of Neutralising SARS-CoV-2 by targeting Phase 2- Inhalation via an NCT05639166
COVID-19 several epitopes and triggering antibody- completed Aerogen Ultra mesh
mediated effector mechanisms nebulizer
COVID-19 Specific T Cell Treatment of early stage novel Possibly a cytokine-mediated Phase 1 Metered dose NCT04389385
derived exosomes (CSTC- coronavirus (NCV) pneumonia. inflammatory cell death signaling inhaler
Ex0)
Alpha 1-Antitrypsin Alpha-1-Antitrypsin deficiency Prevents excess neutrophil elastase Phase 3 — Nebulizer NCT04204252
(Kamada-AAT) accumulation and proteolysis of elastin in ongoing
the alveoli, reducing the risk of
emphysema
Ecleralimab (inhaled Asthma Binds soluble thymic stromal Phase 2 — Device not NCT04410523
monoclonal antibody lymphopoietin, blocking receptor ongoing mentioned
fragment) activation and inhibiting inflammatory
signaling
Aerosolized Adenovirus Prime-boost Immunization Encodes the SARS-CoV-2 spike protein Phase 1 and Phase  Device not NCT05043259
Type-5 Vector-based 2 mentioned
COVID-19 Vaccine (Ad5-
nCoV)
Aerosol Sargramostim Treatment of melanoma that has  Stimulate the immune system by Phase 1-ongoing Nebulizer NCT05717140
metastasized to the lung prompting the bone marrow to produce
more white blood cells
AZD 1402 Asthma Anti IL-4 Anticalin Phase 1 and 2 Dry powder NCT03921268
(terminated) nebulizer NCT04643158
SNGO1 COVID-19 Interferon betalA Phases 2 and 3 Nebulizer NCT04732949
Asthma NCT04385095
COPD NCT1126177
NCT03570359
ALX0171 Respiratory Syncytival Virus Anti RSV Nanobody Phases 1 and 2 Nebulizer NCT02979431
(RSV) infection and others
VR942 Uncontrolled asthma Anti IL-13 antibody fragment Phase 1 Dry powder NCT02473939
Alteplase Plastic fibrosis Tissue-type plasminogen activator Phase 2 Not reported NCT02315898
BI767551 COVID-19 SARS-CoV2 neutralizing antibody Phase 2 and 3 Nebulizer NCT04822701
(discontinued) NCT04894474
CSL787 Noncystic-fibrosis Immunoglobulin Phase 1 Nebulizer NCT04643587
bronchiectasisis
AP-PA02 Noncystic-fibrosis Bacteriophage Phase 1 and 2 Nebulizer NCT05616221
bronchiectasisis and cystic NCT04596319
fibrosis with P. aeruginosa
infection
APNO1 COVID-19 Recombinant angiotensin converting Phase 1 Nebulizer NCT05065645

enzyme 2

nanoparticles are commonly prepared by top-down methods, such as
chemical hydrolysis (under acidic or enzymatic conditions) to disrupt
amorphous domains from semicrystalline granules and generate nano-
crystals [196]. Another traditional approach is the mechanical treat-
ment (more commonly applied to cellulose), such as high-pressure
homogenization or grinding, to induce the disintegration of bulk struc-
ture[197]. To facilitate the break-down of their crystals, the production
of starch and cellular nanoparticles is normally associated with various
pre-treatments (pre-cutting for cellulose, gelatinization for starch,
heating and/or freeze-drying, etc.), which are especially needed for the
high-energy consuming mechanical process. For other polysaccharides
with a relatively weak crystalline structure, such as dextran, nano-
particles may be prepared by emulsion/solvent evaporation method,
while a high-energy process (sonication or high-pressure) is needed to
further reduce the particle size down to the nanoscale, otherwise, mi-
crospheres are obtained. Given the high water solubility of these poly-
saccharides, chemical crosslinking is necessary to maintain their
nanostructure to avoid complete dissolution in water after evaporation
of organic solvent[194].

11

Since polysaccharides are highly hydrophilic macromolecules with
very large molecular weight, high viscosity, and a mix of crystalline and
amorphous regions in their structure, it is difficult to fabricate fine
nanoparticles with monodispersity. If one aims to design ultra-small and
uniform nanoparticles, polysaccharides may not work very well. How-
ever, there are a variety of chemical reactions that can modify the
structure of polysaccharides, by either reducing their molecular weight
or their increasing hydrophobicity. After appropriate modifications,
polysaccharides could become functionalized for easy preparation of
nanoparticles with high quality. Chemical modifications usually require
toxic chemicals or catalysts, which may affect the their final applications
[194]. To sum up, charged polysaccharides can be formed into nano-
particles by the ionic gelation method (bottom-up approach) and for
neutral polysaccharides, the mechanical and chemical degradation (top-
down approach) method is suitable to form nanoscale formulations
[194].

CS is generally obtained from biopolymer chitin and is widely used in
medicinal applications due to its high bioavailability, mucoadhesive-
ness, and low toxicity [186,198]. Apart from this, CS oligosaccharides
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have also found great applications due to their water-soluble nature. For
the delivery of drugs to the lungs, CS is one of the extensively used
polymers due to its high mucoadhesive property and cationic nature
which enables the nanoparticle to bind to the mucosa. Moreover, CS
itself shows certain bactericidal and anti-tubular properties due to the
electrostatic  interactions and destruction of the bacterial
lipopolysaccharide-based membrane which provides an additional
advantage over conventional pulmonary drugs. Similarly, other bioac-
tive properties depicted by CS lead to extensive use in pulmonary disease
control[133]. CS nanoparticles are produced using different methods
including cross-linking ionic gelation, emulsion, and precipitation
which have already been reviewed by Rampino et al, [199]. Ionic
gelation is one of the most commonly used methods in the preparation of
CS nanoparticles due to the low toxicity of the prepared nanoparticles
and the high drug encapsulation efficiency [200]. In this method, CS
nanoparticles are produced using electrostatic interactions with poly-
anions such as sodium tripolyphosphate (TPP). However, a high batch-
to-batch variability due to the lack of control over electrostatic
complexation and the slow production rate are the drawbacks of this
method. In a recent study conducted by Greco et al, microfluidics as an
efficient mixing technique has proven to be a promising technology to
produce CS nanoparticles with narrow size distribution for the delivery
of biological macromolecules [5,201]. CS-TPP nanoparticles have been
widely studied in the delivery of siRNA. Their ability in entrapment of
the siRNA and protection of siRNA to the RNases is reported by several
studies [202-204]. siRNA-encapsulated CS nanoparticles were patented
by Kjems et al. in 2011 [205] exhibiting enhanced biological activity
and therapeutic efficacy against infectious diseases, suitable for nebu-
lization. Likewise, Santra et al [206] patented a method for generating
CS nanoparticles as aerosols, enabling targeted delivery of proteins,
peptides, and therapeutic drugs.

In a study conducted by Luo et al., the application of the guanidi-
nylated CS carrying siRNA for gene-silencing therapy was explored.
They showed the potential of the aerosol approach for future application
in delivery of the therapeutic nanocomplexes to the lung [207]. In
another study conducted by Shah et al., solid microparticles were ach-
ieved through using lactose as the primary carrier of the liquid nano-
emulsion based on CS and subjecting the blend to a spray drying process
[208].

Trimethyl chitosan (TMC) is one of the most investigated derivatives
of CS. It is a biocompatible and biodegradable derivative of CS with
three methyl groups on nitrogen which provides positive charges and
water-solubility in a wide pH range when the degree of quaternization is
higher than 40 % [209,210]. The permanent positive charges ensure
unique features such as mucoadhesion [149], reversible opening of tight
junctions between epithelial cells[211], and antimicrobial effect via
interaction with bacterial cell walls[212]. However, the results of a
recent study, investigating the phase behavior of a pulmonary surfactant
mimetic in the presence of TMC, anticipated that the neutralization of
TMC cationic charges by the pulmonary surfactant will lead to the de-
activation of its permeationenhancer capacity[213]. Further studies
are needed to evaluate the permeation-enhancing effect of TMC.

Besides natural polymers, synthetic polymers have also been inves-
tigated to prepare secondary structures. In a study conducted by Gon-
salves et al, the researchers utilized poly(lactic-co-glycolic acid) (PLGA)

Table 4
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nanoparticles coated with a biomimetic lung surfactant, Infasurf®. The
PLGA served as the core material for encapsulating drugs, while the
surfactant coating helped improve compatibility with lung tissue and
reduced uptake by alveolar macrophages, thus enhancing retention in
the lungs. The formulation allowed for localized and sustained drug
delivery, demonstrating potential for treating lung conditions such as
cancer [214]. In a recent study conducted by Adams et al., amphiphilic
poly(Spermine Acrylamides) was utilized to form micellar structures
that efficiently encapsulated and protected siRNA. This material pro-
vided enhanced siRNA stability, facilitated cellular uptake, and
improved gene silencing efficiency in the lungs [215].

Table 2 provides a list of commonly used excipients for the devel-
opment of carrier free formulations, while Table 3 highlights recent
examples of inhalable biologics, providing detailed information on their
therapeutic indications and clinical stages of development.

5. Dry powder manufacturing

The development of inhalable drug formulations involves a variety of
preparation technologies, each with its unique advantages, challenges,
and clinical relevance (Table 4). Spray drying, a process that transforms
a liquid feed into a dry powder by atomization into a hot drying me-
dium, is a widely used and clinically approved method. Freeze drying or
lyophilization, another clinically approved technique, involves the
dehydration of a frozen product by sublimation and secondary drying. It
is particularly suitable for temperature-sensitive drugs and offers long-
term stability. On the other hand, some techniques are still under
investigation for their potential in preparing inhalable drugs. Spray-
freeze drying, a hybrid technique combining the principles of spray
drying and freeze drying, can produce highly porous particles with a low
density, enhancing aerosol performance. Critical point drying, primarily
used in microscopy, involves the use of a fluid above its critical tem-
perature and pressure to avoid surface tension effects. In this chapter, we
will delve into each of these techniques, exploring their processes, ad-
vantages, challenges, and considerations. We will also discuss their
clinical relevance and potential for future applications in the field of
inhalable drug formulation.

5.1. Spray drying

5.1.1. Introduction to spray drying

Spray drying is a versatile technique used in various industries,
including food processing and pharmaceuticals. In the realm of phar-
maceuticals, spray drying is particularly valuable for the production of
inhalable drug formulations. This method excels at rapidly producing
powders with customized physical properties, ideal for pulmonary de-
livery. Its primary benefit lies in its ability to precisely control particle
size, shape, and other key features. For inhalable drugs, such precision is
critical for effective drug deposition in the respiratory tract [222].
Moreover, the ability to readily generate particles in the desired shape
and size eliminates the need for post-processing, such as milling. The
clinical relevance of spray drying is underscored by several inhalable
products formulated through this method. Products like Tobi Podhaler®
(tobramycin inhalation powder) and Afrezza® (inhaled insulin) have
not only successfully completed clinical trials but have also gained

High-level comparison of drying techniques for the production of inhalable drugs. Typically used drying techniques including freeze drying, spray drying, spray freeze
drying and critical point drying are compared in terms of throughput, thermal stress on the product, obtained particle size and process costs.

Spray-freeze drying Critical point drying

Freeze drying Spray drying
Throughput Batch (low)
Thermal stress Low Short & high
Particle size Post processing Inhalable
Process costs 8X 1X

Continuous & scalable

Batch (low) Batch (low)

Low Low
Inhalable Inhalable
— 12X

12
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regulatory approval for market release [173,223]. This chapter delves
into principles and technical aspects of spray drying. It also highlights
the role of excipients, which are crucial for handling biologics. We
conclude with a focus on biologics, discussing unique considerations and
offering insights into the future of spray-dried biologics.

5.1.2. Functioning principle of spray drying

The fundamental principle of spray drying is based on the atomiza-
tion of a liquid feed into a hot drying medium, typically air. This at-
omization process breaks the liquid feed into fine droplets. As these
droplets come into contact with the hot air, the solvent rapidly evapo-
rates, resulting in the formation of dry particles. Each stage of this
process plays a pivotal role in determining the final product’s quality
and characteristics [224,225].

Atomization: The liquid feed, which contains the drug and any ex-
cipients, is atomized into fine droplets using a nozzle or rotary atomizer.
The choice of atomization method can significantly influence the size
and distribution of the droplets. This stage is crucial as the droplet size
directly dictates the size of the final particles, which later affects the
drug’s deposition in the respiratory tract and its dissolution rate
[226,227].

Drying: As the droplets move through the drying chamber, they are
exposed to hot air, which leads to rapid solvent evaporation. The tem-
perature and flow rate of the drying medium, along with the droplet size,
determine the drying rate. Proper optimization of these parameters is
essential to ensure complete drying while preserving the stability of the
drug. This stage is especially critical for temperature-sensitive drugs, as
even slight deviations can compromise their efficacy and stability
[228,229]. Additionally, the selection of process parameters plays a
crucial role in particle engineering, i.e., manipulation of the particle’s
size, shape, density, morphology, surface properties, flowability, and
stability.

Particle Recovery: The dried particles are then separated from the
drying medium using cyclones or filters. Efficient separation is crucial as
it determines the yield and purity of the final product. Problems at this
stage may further lead to product contamination, affecting the overall
quality and safety of the inhalable formulation [226,230].

5.1.3. Technical aspects of spray drying for pharmaceutical applications

Spray drying, while conceptually straightforward, demands meticu-
lous attention to its technical intricacies. Different types of spray dryers
cater to varied needs. Single-stage spray dryers, the most basic form,
consist of a singular drying chamber where atomization, drying, and
particle recovery transpire in a sequential manner. They are apt for
compounds that are stable in the presence of heat. However, for
temperature-sensitive biologics, multi-stage spray dryers might be more
fitting. These incorporate multiple drying chambers or stages, which
allow the feed to undergo partial drying in the initial stages and further
drying in subsequent ones. This tiered approach can offer better control
over the drying process; however, it comes at the cost of increased
process complexity [231]. Another variant, the fluidized bed spray
dryer, combines the principles of spray drying with fluidized bed drying.
Here, particles that are partially dried in the spray drying phase undergo
further drying and conditioning in a fluidized bed[232].

The choice of nozzle is pivotal in determining the characteristics of
the atomized droplets across all variants of the spray drying process.
Pressure nozzles operate by propelling the liquid feed through an orifice
under high pressure. Their ability to handle high-viscosity feeds and
their resistance to clogging make them suitable for certain biologic
formulations. In contrast, rotary atomizers use a spinning disk to
disperse the liquid feed into droplets, with the droplet size being
adjustable by tweaking the disk’s rotational speed [233].

The operating conditions, encompassing aspects like inlet and outlet
temperatures, feed flow rate, and drying medium flow rate, play a
decisive role in the spray drying process. These parameters need to be
carefully optimized to strike a balance between efficient drying and drug
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5.1.4. Spray drying of Biologics: Challenges and innovations

Biologics, with their intricate structures and sensitivity, present
unique formulation challenges for spray drying [224]. Unlike traditional
small molecules, biologics require a more nuanced approach to ensure
their stability and efficacy during the spray drying process [222,234].
These large, complex molecules—ranging from proteins and peptides to
monoclonal antibodies and RNA-based therapies—are highly suscepti-
ble to degradation due to physical stress and environmental factors such
as heat, moisture, and shear forces inherent to the spray drying process.

Proteins and peptides are particularly sensitive to the high temper-
atures and rapid drying rates associated with spray drying. These con-
ditions can lead to protein aggregation, which compromises the
biological activity and stability of the final product. The physical stresses
during the drying process can also induce conformational changes in the
protein structure, leading to denaturation and a loss of therapeutic
function. Furthermore, the shear forces during atomization can break
fragile protein molecules or cause them to unfold, further reducing ef-
ficacy and potentially increasing immunogenicity. Monoclonal anti-
bodies share many of the same vulnerabilities as proteins, but their
larger size and more complex structure make them even more prone to
aggregation and denaturation. For inhalable formulations of mono-
clonal antibodies, achieving the right particle size is crucial: particles
must be within the 1-5 pym range for effective lung deposition, but
maintaining this size without compromising the antibody’s stability
poses a significant technical challenge. Moreover, monoclonal anti-
bodies require delicate handling to prevent damage during both the
atomization and drying phases of the process. Nucleic acid-based drugs,
such as siRNA (short double-stranded RNA) and mRNA (long single-
stranded RNA), face distinct challenges in spray drying. siRNA, due to
its relatively small size and double-stranded structure, is susceptible to
shear stress and heat during atomization, which can result in fragmen-
tation or unwinding of the strands. Maintaining the integrity of siRNA
during both the spray drying and storage phases is a significant chal-
lenge, often requiring the use of encapsulating agents or nanoparticles.
Long single-stranded mRNA molecules are even more prone to degra-
dation from both thermal and mechanical stress. Their larger size and
single-stranded nature make them highly sensitive to environmental
conditions, which can lead to the breakdown of the RNA strands or the
formation of secondary structures that reduce their functionality.
Formulating stable spray-dried mRNA often requires encapsulation in
lipid nanoparticles to protect the molecule from degradation and
enhance delivery to target cells.

In addition to the specific challenges associated with different bio-
logic types, several general considerations must be addressed
throughout the spray drying process to preserve biologic stability. Sol-
vent selection is one of the most critical factors. Water is the most
commonly used solvent, but it may not always provide an ideal envi-
ronment for biologics, particularly for those requiring specific solubility
or stability conditions. Some biologics may require organic solvents or
co-solvents for improved solubility or stability. However, the introduc-
tion of organic solvents presents challenges, including the potential for
denaturation, aggregation, or loss of bioactivity. Choosing the wrong
solvent can also lead to phase separation during atomization or drying,
which can compromise the product’s quality. Technical parameters such
as inlet/outlet temperature, feed rate, and atomization conditions are
equally crucial to avoiding damage to sensitive biologics. High inlet
temperatures can cause thermal degradation, while excessively low
outlet temperatures can lead to incomplete drying, resulting in particles
that are too moist and unstable during storage. Maintaining the optimal
temperature balance is essential to preserving biologic activity. The
atomization step, where the liquid formulation is broken into droplets,
introduces significant shear stress. This can cause biologics, especially
proteins and nucleic acids, to unfold or fragment. Achieving the optimal
droplet size is critical, as large droplets may result in incomplete drying,
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while overly fine droplets can lead to excessive thermal exposure and
molecular degradation. Controlling particle size is crucial for both pro-
cess efficiency and therapeutic efficacy. For inhalable formulations, the
particles must be small enough (typically 1-5 pm) to reach the deep
lung, but their size must also be controlled to prevent aggregation or
overexposure to heat during drying. Improper size distribution can lead
to inconsistent dosing or reduced efficacy of the biologic. The evapo-
ration process must also be carefully managed to avoid irreversible
damage. Rapid evaporation can induce local concentration effects,
which may cause protein unfolding or RNA degradation. Slow evapo-
ration, on the other hand, can lead to particle agglomeration or exces-
sive moisture content, impacting the long-term stability of the biologic
product. The choice of excipients is essential to protect biologics from
the stresses of spray drying. Sugars like trehalose and mannitol are
commonly used to form protective glassy matrices around proteins or
nucleic acids, helping to stabilize them against thermal and mechanical
damage. However, the excipients must be carefully selected to avoid
interactions that could destabilize the biologic.

A notable example for spray drying of biologics is the ongoing
investigation into monoclonal antibodies that target respiratory in-
fections. These antibodies, when formulated into inhalable particles via
spray drying, offer a novel treatment modality that could improve the
bioavailability and targeting of therapies for respiratory diseases such as
influenza, RSV, or even COVID-19 [235-237]. The combination of
nanotechnology with spray drying has recently shown promising results
for nucleic acid delivery to the lungs: by encapsulating siRNA or mRNA
first into lipid or polymeric nanoparticles and subsequently spray drying
them, nano-embedded microparticles were obtained that improve the
delivery efficacy [161,238,239]. Notably, this strategy has shown the
potential to stabilize siRNAs for extended periods, up to 18 months at
room temperature, which could be a game-changer for the storage and
distribution of RNA-based drugs [240].

While this combination of technologies is promising, further ad-
vancements are needed to optimize particle morphology, ensure
consistent dosing, and maintain long-term stability during storage.
Personal insights from experts with hands-on experience in both nano-
technology and biologics formulation could provide valuable guidance
in tackling these challenges. For example, deeper expertise in optimizing
lipid composition for RNA encapsulation or fine-tuning spray drying
parameters for nanoparticle formulations could significantly accelerate
progress in this field.

5.2. Freeze drying

Freeze drying, or lyophilization, is another technique frequently
employed in the production of inhalable drug formulations. This process
involves the dehydration of a frozen product by sublimation and sec-
ondary drying. The freeze-drying process starts with the preparation of a
liquid solution or suspension containing the drug and any other
formulation components. Once frozen, the product is placed under
vacuum, allowing the frozen solvent to sublimate directly from solid to
gas. The process concludes with secondary drying, where any remaining
bound water molecules are removed [241,242]. Freeze drying is
particularly advantageous for the preparation of inhalable drugs as it
allows for the production of dry powders from solutions or suspensions
without exposure to high temperatures, making it suitable for
temperature-sensitive drugs such as proteins or peptides. The resulting
dry powder is highly porous, which can enhance the dispersibility of the
particles [243-245]. Despite its benefits, freeze drying comes with its
own set of challenges. The process is time-consuming and energy-
intensive, which can lead to higher production costs. Moreover, the
formulation and process parameters need to be carefully optimized to
ensure the production of particles with the desired properties. Often,
post processing of the lyophilized product is necessary to obtain parti-
cles with suitable aerodynamic properties. The choice of excipients, the
freezing rate, the primary and secondary drying conditions, and the
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storage conditions can all significantly impact the characteristics of the
final product [246].

5.3. Spray-Freeze drying

Spray-freeze drying is a hybrid technique that combines the princi-
ples of spray drying and freeze drying. The process begins with the at-
omization of a liquid feed into a cryogenic medium, creating frozen
particles. These particles are then lyophilized to remove the solvent,
resulting in dry powder. This method can produce highly porous parti-
cles with a low density, which can enhance the aerosol performance of
the inhalable drugs [247]. Moreover, like freeze drying, spray-freeze
drying is suitable for temperature-sensitive drugs as it avoids the use
of heat. However, spray-freeze drying is a complex, multi-step process
that requires careful optimization. The choice of cryogenic medium, the
atomization method, and the lyophilization conditions can significantly
impact the characteristics of the final product [243,248]. Furthermore,
the process is time-consuming and may have substantially higher pro-
duction costs compared to other drying techniques. Despite its promise,
the complexity and higher production costs associated with this method
have limited its clinical application thus far, and it remains in the
research and development stage.

5.4. Critical point drying

Critical point drying (CPD) is a technique extensively used in mi-
croscopy and material sciences for drying delicate samples without
causing the structural distortions typically associated with surface ten-
sion during air-drying [249]. In CPD, a fluid is heated above its critical
temperature and pressure, eliminating the distinction between liquid
and gas phases. This approach allows for drying without the surface
tension effects of liquid-gas phase transition. The sample is initially
saturated with a solvent, usually COy, which is then brought to its
critical point. Upon gradual depressurization, the CO; transitions from
supercritical fluid to gas, leaving behind a dry, undistorted sample. CPD
is renowned for its ability to preserve the intricate structures of bio-
logical specimens and materials at a nanoscale level. Although CPD is
predominantly used in microscopy, its potential for creating highly
porous particles suggests possible applications in the preparation of
inhalable drugs. The ability of CPD to produce porous structures might
enhance the dispersibility of drug particles in the lungs. However,
applying CPD in pharmaceutical manufacturing, particularly for
temperature-sensitive drugs, requires careful exploration. The method’s
complexity, need for specialized equipment, and considerations for
scalability and industrial production are significant factors limiting its
current use in drug formulation. Nevertheless, the potential for CPD to
contribute to novel drug delivery methods warrants further investiga-
tion [250].

6. Perspective

Delivery of biomolecules via the pulmonary route has been gaining
interest over the past years. However, despite the increasing number of
publications, only a very small number of products have managed to
reach the clinical phase or even commercial availability. The reasons for
this are manifold and often unclear, as such data are usually not readily
available. Nevertheless, in this section, we will discuss several aspects
that might currently prevent this therapeutic approach from reaching its
full potential.

First of all, it is to be highlighted that the development of aerosol
preparations, in general, is highly challenging. This challenge arises
from the highly complex interplay of different processes, not only
regarding the aerosol and its generation itself, but also its interaction
with the complex anatomy and physiology of the human respiratory
tract. As mentioned in the section on requirements for therapeutic
aerosols, they need to meet certain criteria regarding their physical
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properties. Most notably, they need to display a defined aerodynamic
particle size that is related to the desired target area. Consequently,
aerosol product development usually demands addressing the
complexity of combination product development. Moreover, it is
mandatory to meet other CMC requirements such as drug product sta-
bility, as well as human factor aspects involving applicability, inter-
patient variability and more. While developing chemically defined
active pharmaceutical ingredient (API) products is already very chal-
lenging, it becomes even more so when developing biomolecules. These
drug substances inherently possess high complexity due to factors such
as their molecule size, tendency to self-arrange/rearrange, and other
effects originating from associated manufacturing processes. Also, these
molecules might show unfavorable toxicology e.g. a certain immuno-
genic potential that might restrict the use of this application route.
Additionally, biomolecules are often sensitive to physical and chemical
stresses, such as shear forces during aerosolization, temperature fluc-
tuations, and exposure to moisture, all of which can lead to degradation
and loss of therapeutic efficacy. This adds another layer of complexity to
both the formulation and delivery of such therapies. To address these
challenges, scientists often rely on specialized excipients designed to
stabilize biomolecules during aerosolization. However, the choice and
use of excipients for pulmonary delivery pose additional difficulties that
can hinder the development of these therapies.

Technologies involving biologics, and therefore often secondary
particles, frequently require excipients/constituents with very specific
properties. This could either involve adding new functionality, such as
specific surface charge (e.g., in the case of polymeric particles), or pre-
venting physico-chemical instability, such as undesired phase transi-
tions in the case of lipid excipients. Yet, one major challenge is the
relatively limited number of excipients approved for pulmonary
delivery.

Introducing new excipients is not only scientifically complex but also
financially risky. Large pharmaceutical companies will typically priori-
tize quick market access for their pipeline molecules and strive to design
lean and robust development programs, as the cost and time associated
with getting a new excipient approved may not be justified unless there
is a clear pathway to market. This is largely due to the extensive toxi-
cological testing required, which can be a significant investment, espe-
cially for a compound that might not even be used in a final drug
product. This approach might lead them to opt for the use of already
approved excipients, different formulation technologies or routes of
application. Smaller companies that specialize in excipient development
face an even more daunting business case: investing heavily in regula-
tory approval for an excipient without the guarantee of its inclusion in a
drug product is often not financially viable. Since excipients are rarely
approved independently of a drug product, many small companies may
hesitate to pursue this route unless they have secured partnerships or
contracts with larger pharmaceutical firms that can absorb these costs.
As a result, many opt for safer, more established excipients that might
lack the desired functionalities but reduce regulatory and financial risks.
Thus, one of the future challenges for the field is to create an innovation
ecosystem that encourages the development of novel excipients, with
clearer regulatory frameworks and potentially shared risks between
smaller innovators, larger pharmaceutical firms, venture capital and
governmental institutions. While university-based research labs may
provide an ideal environment for their synthesis and technical testing,
they often lack the capacity to conduct extensive toxicological studies.
Consequently, the environment for developing novel excipients is more
likely to be found with excipient manufacturers themselves or smaller
companies originating from university environments that specialize in
excipient development, such as start-ups or consultancies. In the coming
years, fostering collaborations between academic institutions, smaller
excipient-focused companies, and larger pharmaceutical firms will be
key to overcoming these financial and regulatory hurdles.

Similar considerations arise when discussing the observation that, to
a certain extent, academic research associated with biomolecules is
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focused solely on the development of secondary particles. This leaves a
gap between functional micro- or nano-particles and an inhalable
formulation or combination product that demonstrates suitability for
effective delivery to the lower respiratory tract. This may be attributed
to the unique skill set required for research or development in such
systems. Proficiency in biomedical research and adjacent pharmaceu-
tical technological methodology (i.e., preparation of MPs, NPs), cell
culture, animal experiments, manufacturing methods for primary par-
ticles, aerosol physics, human physiology, biorelevant in vitro/in silico
models, and engineering are all essential. Academic research groups
often specialize in either end of this spectrum, highlighting the para-
mount importance of collaborative research. In vivo testing in a pre-
clinical setting is practically limited to rodents which naturally have
very different airway physiology from humans. Therefore, testing with
the intended (or preliminary) drug-device combination is not possible.
Substitute methods, such as instillation, insufflation, or aerosol cham-
bers, are available and allow for testing of secondary particles, but they
have certain limitations. To trace primary particle deposition in the
patient, suitable direct methods like gamma-scintigraphy are available.
However, these studies are typically associated with clinical trial set-
tings and are usually accessible only to companies with respective
development programs. Due to these limitations, in silico modelling of
airway deposition and biorelevant in vitro experiments (e.g. using
oropharyngeal models) have a high relevance in answering different
questions. Further advancements in these fields might help improve the
quality of dose estimations and provide more confidence when entering
clinical testing, thereby fostering further development.
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