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Abstract: Nanoparticle-based therapeutics have been used in pulmonary formulations to enhance
delivery of poorly water-soluble drugs, protect drugs against degradation and achieve modified
release and drug targeting. This review focuses on the use of spray drying as a solidification technique
to produce microparticles containing nanoparticles (i.e., nanoparticle (NP) agglomerates) with suitable
properties as dry powders for inhalation. The review covers the general aspects of pulmonary drug
delivery with emphasis on nanoparticle-based dry powders for inhalation and the principles of
spray drying as a method for the conversion of nanosuspensions to microparticles. The production
and therapeutic applications of the following types of NP agglomerates are presented: nanoporous
microparticles, nanocrystalline agglomerates, lipid-based and polymeric formulations. The use of
alternative spray-drying techniques, namely nano spray drying, and supercritical CO2-assisted spray
drying is also discussed as a way to produce inhalable NP agglomerates.

Keywords: drug nanoparticles; dry powder inhalers; nanoparticle agglomerates; pulmonary drug
delivery; spray drying

1. Introduction

Pulmonary Drug Delivery Using Dry Powder Inhalers

Drug delivery to the lungs is an effective way of targeting inhaled therapeutic aerosols for the
treatment of respiratory diseases such as asthma, chronic obstructive pulmonary disorder (COPD),
cystic fibrosis, lung cancer and pulmonary arterial hypertension. The large surface area (~100 m2)
available for absorption, their lower metabolic activity compared to the liver and the gastrointestinal
tract, the abundance of capillaries and the thin air-blood barrier, make the lungs an ideal portal of entry
for the systemic drug delivery of small molecules, but also biopharmaceuticals including peptides
(e.g., insulin), proteins, small interfering Ribose Nucleic Acid (RNA, siRNA) and vaccines (e.g., avian
influenza vaccine) [1].

Except for medical gases and administration by intratracheal instillation, a drug must be presented
as an aerosol (i.e., a colloidal dispersion of liquid droplets or solid particles in gases with sufficient
kinetic stability as a suspension) in order to be delivered to the lungs.

Particle size is the main determinant in the deposition of inhaled aerosols within the lungs. The
particle size distribution of an aerosol is usually expressed by its mass median aerodynamic diameter
(MMAD). The location of the deposition of the particles within the respiratory tract is analogous to
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their size. Particles of high MMAD inhaled at high velocity are deposited in the airway bifurcation
by impaction, while smaller particles are deposited deeper in the lungs (i.e., in the small airway) by
sedimentation and impaction. Periods of breath-holding can enhance the deposition by the latter
two mechanisms as they allow more time for particles with low settling velocity to deposit [2]. It
is often stated that due to their low settling velocity, submicron particles are exhaled. However,
counter balancing the greater risk of breathing out, submicron particles have the capacity to be
distributed throughout the lungs and reach the distal airways [3]. It has been reported that optimum
alveolar deposition can be achieved for two distinct particle sizes; ~3 µm and smaller than 50 nm by
sedimentation and diffusion respectively [4].

Delivery of a dry powder formulation to the lungs for local or systemic drug effect is achieved by
using specific devices known as dry powder inhalers (DPIs). They are the fastest-growing segment of
the asthma and COPD devices market [5] and the foreseeable phasing down of hydrofluoroalkane
propellants due to climatic changes is expected to further boost their development.

DPIs can be classified into three main categories; the breath-actuated single unit-dose devices, the
breath-actuated multi-dose and the active devices. Examples of devices belonging to each category are
presented in Figure 1.

Processes 2020, 8, x FOR PEER REVIEW 2 of 28 

 

their size. Particles of high MMAD inhaled at high velocity are deposited in the airway bifurcation 
by impaction, while smaller particles are deposited deeper in the lungs (i.e., in the small airway) by 
sedimentation and impaction. Periods of breath-holding can enhance the deposition by the latter two 
mechanisms as they allow more time for particles with low settling velocity to deposit [2]. It is often 
stated that due to their low settling velocity, submicron particles are exhaled. However, counter 
balancing the greater risk of breathing out, submicron particles have the capacity to be distributed 
throughout the lungs and reach the distal airways [3]. It has been reported that optimum alveolar 
deposition can be achieved for two distinct particle sizes; ~3 μm and smaller than 50 nm by 
sedimentation and diffusion respectively [4]. 

Delivery of a dry powder formulation to the lungs for local or systemic drug effect is achieved 
by using specific devices known as dry powder inhalers (DPIs). They are the fastest-growing segment 
of the asthma and COPD devices market [5] and the foreseeable phasing down of hydrofluoroalkane 
propellants due to climatic changes is expected to further boost their development. 

DPIs can be classified into three main categories; the breath-actuated single unit-dose devices, 
the breath-actuated multi-dose and the active devices. Examples of devices belonging to each 
category are presented in Figure 1. 

 
Figure 1. Types of dry powder inhalers (DPIs). Reproduced, with permission, from reference [6]. 

Several reviews have been published focusing on the deposition of particles in the lungs, the 
development of DPIs and the formulation strategies used for dry powders for inhalation. Selected 
reviews published in the last 15 years covering these areas are presented in Table 1. 
  

Figure 1. Types of dry powder inhalers (DPIs). Reproduced, with permission, from reference [6].

Several reviews have been published focusing on the deposition of particles in the lungs, the
development of DPIs and the formulation strategies used for dry powders for inhalation. Selected
reviews published in the last 15 years covering these areas are presented in Table 1.
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Table 1. Selected reviews on pulmonary particle deposition, development and formulations for DPIs
published the last 15 years.

Author(s) Reference Topics Covered

Pulmonary particle deposition

Darquenne (2012) [7]

- Mechanisms affecting the transport and deposition of
aerosols in the lungs

- Link between the therapeutic effects of inhaled drugs
and their deposition patterns

Kourmatzis et al. (2018) [8]

- Experimental characterisation of extrathoracic
airway geometry

- In vitro measurements of airway flow
- Characterisation of inhaler and drug particles

Martin et al. (2018) [9]
- Link between deposition and pharmacokinetic models

for predicting lung and systemic exposure to inhaled
drugs over time

He et al. (2019) [10]

- Physiological structure and biological functions of the
barriers in various regions of the lungs

- Pathogenesis and functional changes of the barrier in
obstructive lung disease

- Rational particle design for overcoming lung barriers

Development of DPIs

Islam and Gladki (2008) [11]
- Factors for consideration in the design of DPIs
- Innovation in the formulation and devices for DPIs

Islam and Clearly (2012) [12]

- Fundamental mechanisms of drug delivery form DPIs
- Performance of existing and under development devices
- DPIs for systemic delivery
- Key factors on the development of DPIs

Hoppentocht et al.
(2014) [13]

- Misconceptions about optimal DPI use (e.g., pressure
drop, device resistance)

- Computational fluid dynamics
- Particle engineering strategies

de Boer et al. (2017) [14]

- DPI design and pulmonary drug deposition
and distribution

- Development of DPIs for vaccines and drugs to
act systemically

Buttini et al. (2018) [15]
- Applications of Quality by Design within the

research field

Levy et al. (2019) [16]
- Working principles of DPIs and their key characteristics

to enable prescribing the correct DPI for each patient
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Table 1. Cont.

Author(s) Reference Topics Covered

Formulations for DPIs

Pilcer and Amighi (2010) [17]
- Use of excipients, their effectiveness and toxicity for

pulmonary administration

Al-Hallak et al. (2011) [18]

- Strategies to formulate nanoparticles (NPs) as DPIs with
enhanced deposition in the deep lungs and
enhanced redispersibility

- In vivo results of using inhalable NPs as DPIs for
therapeutic and diagnostic applications in animal
models are also discussed

Healy et al. (2014) [19]
- Approaches to powder formulation and inhaler design

for carrier-free DPIs

Gradon and Sosnowski
(2014) [20]

- Particle morphology influencing inhalation therapy
- Production methods of functional particles

Brunaugh and Smyth
(2018) [21]

- Formulation techniques (e.g., hollow particles, particle
surface modification) used to overcome the barriers
associated with the pulmonary delivery of high doses

Hadiwinoto et al. (2018) [22]

- Particle engineering techniques (e.g., direct control
crystallisation, spray drying, spray freeze drying,
micronisation) used for the manufacture of drugs
for DPIs

2. Formulations for DPIs Based on Nanoparticle Engineering

Drug particles should exhibit an aerodynamic diameter (MMAD) smaller than 10 µm. MMAD
about 2–6 µm is required for topical delivery and ~1–3 µm for targeting deposition to the small airways.
Such fine drug particles exhibit a high surface free energy imparting high cohesiveness and adhesivity
to the powder. They also suffer from poor flowability and aerosolisation performance as they are
retained in the device when used alone.

The most common approach for a DPI formulation is to blend fine drug particles with an inert
carrier (most usually lactose) consisting of coarser particles. During blending the fine drug particles
adhere to the surfaces of the carrier particles forming adhesive mixtures [23,24]. The dispersion of drug
particles from the adhesive mixtures upon inhalation is a three-step process including (i) fluidisation
of the powder in the airstream, (ii) detachment of primary and agglomerated drug particles and (iii)
break-up of agglomerates into primary particles [25].

Over the last three decades, particle engineering for pulmonary drug delivery of carrier-free
particles has evolved. Besides avoiding problems associated with the presence of carrier (e.g., blend
uniformity), these particles also make possible the delivery of high drug payloads to the lungs, which
is particularly useful for the administration of antibiotics [19]. However, it should be stated that due to
the absence of a carrier these formulations may result in more aggregation and thus may suffer from
reduced emitted doses.

The most widely known type of carrier-free particles are the spheroids (i.e., soft agglomerates
of micronised particles). They are used with the Turbohaler® (AstraZeneca) which breaks them into
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individual particles upon inhalation. The spheroids have a diameter of about 0.5 mm and thus exhibit
enhanced flowability compared to micronised particles and do not suffer from electrostatic charging
during handling and operation.

2.1. Nanoparticles in Pulmonary Drug Delivery

As per the US FDA, materials are classified as being in the nanoscale if they have at least one
dimension in the size range of 1–100 nm. The upper limit of 100 nm is considered constraining and
according to a more expanded and inclusive definition, particles below 1000 nm in all each dimension
(i.e., sub-micron particles) can be designated as nanoparticles (NPs) [26]. The latter definition is
applicable in the pharmaceutical field, since important material and powder properties such as
aggregation, dissolution and solubility begin to alter once the size of the particles is reduced to
the sub-micron level, due to the increased cohesiveness [27], surface area to volume ratio [28] and
curvature [29].

The use of NPs has gained momentum in drug delivery with research on NP-based drug delivery
systems expanding in recent years. NP-based formulations are considered one of the most prevalent
strategies to address low solubility in drug development and thus increase bioavailability of poorly
water-soluble drugs. Due to their reduced particle size, NPs have an increased surface area available for
solvation and exhibit increased dissolution rate for solid drugs. NPs may also exhibit higher solubility
compared to microparticles due to enhanced particle curvature and introduction of defects in the
crystal lattice. A detailed overview of the effect of particle size reduction on dissolution rates, saturation
solubility and in vivo performance of drug NPs has been provided by Williams et al. (2013) [30]. Also,
by suspending the drug as NPs, a higher dose can be achieved compared to a solution where the
dose is limited by the solubility of the drug. Different types of nanotherapeutics have been applied in
drug delivery, such as: nanocomplexes, nanoemulsions, polymeric micelles, liposomes, virosomes,
polymeric nanoparticles and nanocrystals (Figure 2).
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The advantages of NPs stated previously can be extended to the pulmonary route of administration.
According to Iyer et al. (2015), NP-based therapeutics can assist in the following aspects of pulmonary
drug delivery: (i) Achieve therapeutic effects in the lungs at lower doses compared to oral delivery, (ii)
enhance delivery of poorly water-soluble drugs, (iii) protect drugs against degradation, (iv) achieve
targeted and controlled drug delivery, (v) protect therapeutic agents against mucociliary clearance and
vi) enhance NP internalisation [32].

Regarding drug absorption and local bioavailability following delivery to the lungs, they will
depend upon the fraction of deposited drug that dissolves in the lungs. Drugs with low dissolution
rate may be removed from the lung via mucociliary clearance before absorption resulting in reduced
local bioavailability. NP-based formulations have been found to promote faster absorption following
inhalation of poorly water-soluble drugs that have dissolution-limited absorption (e.g., beclometasone
dipropionate, budesonide, itraconazole) [33].

2.2. Nanoparticle-Based Dry Powders for Inhalation

Formation of NPs usually takes place in a liquid medium as a nanosuspension (colloidal system).
Liquid nanosuspensions are associated with physical instability including sedimentation, creaming,
crystal growth (also known as Ostwald ripening), aggregation and solid state transformation [34]. Due
to these issues, it is difficult to ensure that the particle size of the nanosuspension will not change upon
storage. On the other hand, solid dosage forms exhibit enhanced physical and chemical stability.

As stated in the beginning of this review, optimal lung deposition can be achieved with two
distinct particle sizes; 1–5 µm and smaller than 50 nm [4]. This is because when NPs greater than 50
nm are delivered to the lungs there is high probability of exhalation prior to deposition [35]. Moreover,
NPs tend to strongly aggregate upon aerosolisation under the normal airflow rates in passive DPIs and
their cohesive nature makes their handling extremely difficult [36]. To overcome these limitations, the
controlled agglomeration of NPs to micron-sized clusters has been proposed as “an approach to harmonise
the advantages of nanoparticles with the aerodynamics of small microparticles so as to achieve an improved
bioavailability and aerosolisation behaviour of the drug” [37]. Thus, solidification of nanosuspensions to
inhalable NP agglomerates of 1–5 µm can be used as strategy for the effective administration of NPs to
the lungs using DPIs.

As reported by Muralidharan et al. (2015), conversion of NPs to inhalation powders comes with
the following challenges: (i) maintain the particle size in the dry state, (ii) prevent aggregation of NPs
in the inhaler, (iii) achieve efficient redispersion of the NP agglomerates in the lung fluid and (iv)
preserve the biological activity of the therapeutic agent (especially biotherapeutics) throughout the
processing steps [38]. Entrapping the NPs in a matrix of excipients (e.g., water-soluble sugar-based
compounds) can be used as an approach to form micron-sized particles of NPs embedded in matrix
formers. These micron-sized composite particles act as an intermediate delivery system during storage
and administration until they reach the pulmonary mucus lining where the highly soluble matrix
formers dissolve, releasing the NPs.

Various particle engineering techniques such as spray drying, freeze drying, spray-freeze drying
and aerosol flow reactor have been used to produce NP agglomerates (Figure 3) [39,40]). The next
sections of this review focus on the use of spray drying for the formation of NP-based powders
for inhalation.
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3. Particle Engineering Using Spray Drying

Spray drying is a well-established technique with a long history of use in a variety of fields (e.g.,
foods and chemicals). The use of spray drying for the pharmaceutical industry dates to the early
20th century when it was used for the drying of blood. Since then, it has been employed for various
pharmaceutical applications including formation of amorphous solid dispersions, encapsulation of
drugs and essential oils in excipient matrices, and spray drying of biopharmaceuticals (e.g., proteins,
vaccines, Deoxyribonucleic Acid (DNA), antibodies) [41,42].

Spray drying is widely applied to produce pharmaceutical powders with particle size ranging
from the nanometre to the micrometre scale (Figure 4). It has been extensively used for the production
of inhalation particles as it allows manipulation and control of properties such as particle size
distribution, shape, density, flowability, moisture content, crystallinity and dispersibility of the
powders [43]. Additionally, spray drying can be used both as a particle-engineering and as a
crystal-engineering platform.

Spray drying is a single-step manufacturing process where a liquid feed is converted to a dried
particulate form. The main principles behind the process are the atomisation of liquid feed into fine
droplets and the evaporation of the solvent by means of a hot drying gas. The process follows four
steps: liquid feedstock preparation, atomisation of the feed into a spray through a nozzle and contact
with the hot drying gas, particle formation by evaporative mass transfer of the liquid from the droplet
into the drying gas and lastly, separation of the dried product from the gas [44].



Processes 2020, 8, 788 8 of 27
Processes 2020, 8, x FOR PEER REVIEW 8 of 28 

 

 

Figure 4. Schematic representation of spray dryer instrumentation. Reproduced, with permission, 
from reference [45]. 

3.1. Liquid Feedstock Preparation 

The liquid feed should be of suitable viscosity to be pumpable. It can be a solution, suspension 
or emulsion made up from the active substance(s), excipient(s), a solvent or a mixture of solvents. 
The qualitative and quantitative composition of the feedstock is selected considering the target 
product characteristics and the solubility of the active substance. In the case of emulsions and 
suspensions, the stability of the liquid feed plays an important role as it is associated with the 
homogeneity of the spray-dried product but also may lead to dryer operational issues (e.g., nozzle 
blockage). 

For efficient spray drying of colloidal systems, the size of the dispersed phase should be smaller 
than the nozzle orifice to avoid clogging. Increase of solids concentration in the liquid feed has been 
reported to lead to formation of larger particles and increased effective particle density (including 
both open and closed pores) [46]. For example, Cheow et al. (2010), reported that spray drying silica 
NPs at low pH (<7) and low feed concentration (<1% w/w) generally resulted in particles with small 
geometric and aerodynamic diameters (~3 μm) with monodisperse size distribution while spray 
drying of higher feed concentrations led to increased particle size and multimodal size distribution 
[47]. 

3.2. Atomisation 

In this step, the liquid feed is broken up into a collection of droplets with the use of a nozzle. 
Different types of atomizers are available in spray dryers for development (two-fluid or pneumatic, 
hydraulic pressure, rotary disk atomizer and ultrasonic nozzles) but also commercial pharmaceutical 
applications. The two-fluid nozzles are commonly used in the pharmaceutical industry for the 
preparation of respirable particles. This is due to their suitability for smaller scale plants and the 
formation of smaller size droplets compared to other types of atomizers. During the process, 
atomisation occurs by rapid expansion of the supplied gas, mixed with the liquid feed either inside 
the nozzle body (internal mixing), or at its tip (external mixing). The velocity of the gas is much higher 
than that of the liquid at the orifice and provides the work required to create the large surface area of 
the spray. A detailed study on spray drying and atomisation using a two-fluid nozzle for the 
production of inhalable particles has been provided by Kemp et al. (2013) [48]. 

Figure 4. Schematic representation of spray dryer instrumentation. Reproduced, with permission,
from reference [45].

3.1. Liquid Feedstock Preparation

The liquid feed should be of suitable viscosity to be pumpable. It can be a solution, suspension or
emulsion made up from the active substance(s), excipient(s), a solvent or a mixture of solvents. The
qualitative and quantitative composition of the feedstock is selected considering the target product
characteristics and the solubility of the active substance. In the case of emulsions and suspensions,
the stability of the liquid feed plays an important role as it is associated with the homogeneity of the
spray-dried product but also may lead to dryer operational issues (e.g., nozzle blockage).

For efficient spray drying of colloidal systems, the size of the dispersed phase should be smaller
than the nozzle orifice to avoid clogging. Increase of solids concentration in the liquid feed has been
reported to lead to formation of larger particles and increased effective particle density (including both
open and closed pores) [46]. For example, Cheow et al. (2010), reported that spray drying silica NPs at
low pH (<7) and low feed concentration (<1% w/w) generally resulted in particles with small geometric
and aerodynamic diameters (~3 µm) with monodisperse size distribution while spray drying of higher
feed concentrations led to increased particle size and multimodal size distribution [47].

3.2. Atomisation

In this step, the liquid feed is broken up into a collection of droplets with the use of a nozzle.
Different types of atomizers are available in spray dryers for development (two-fluid or pneumatic,
hydraulic pressure, rotary disk atomizer and ultrasonic nozzles) but also commercial pharmaceutical
applications. The two-fluid nozzles are commonly used in the pharmaceutical industry for the
preparation of respirable particles. This is due to their suitability for smaller scale plants and the
formation of smaller size droplets compared to other types of atomizers. During the process, atomisation
occurs by rapid expansion of the supplied gas, mixed with the liquid feed either inside the nozzle
body (internal mixing), or at its tip (external mixing). The velocity of the gas is much higher than
that of the liquid at the orifice and provides the work required to create the large surface area of the
spray. A detailed study on spray drying and atomisation using a two-fluid nozzle for the production
of inhalable particles has been provided by Kemp et al. (2013) [48].
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3.3. Drying

The drying of the droplets is the step of solvent removal, which is described as a coupled heat
and mass transfer phenomenon, with the difference between the vapour pressure of the solvent in the
droplet and its partial pressure in the gas phase being the driving force. The drying kinetics of droplets
containing suspended particles, such as NPs, can be divided into two stages. The first known as
constant-rate period comprises the solvent evaporation from the droplet surface resulting in a constant
rate of diameter decrease. The second stage, known as falling-rate period starts at the critical moisture
content, when the solvent from the droplet interior cannot keep the entire surface saturated and thus a
shell is formed by deposition of particles at the liquid-air interface. During this stage, evaporation
continues through the pores of the shell until the point of equilibrium moisture content is reached,
signifying the end of drying (Figure 5) [49,50].
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Figure 5. Drying kinetics of droplet temperature. The time interval between 0 and 1 corresponds to
droplet initial heating, period 1–2 to droplet evaporation period, period 2–3 to second drying stage and
period 3–4 to particle heating up to equilibrium with the surrounding drying agent (D0: initial diameter,
Dp: particle diameter, Di: internal diameter). Reproduced, with permission from reference [49].

Particle formation by spray drying can be described by two dimensionless parameters; the Peclet
number (Pe) and the initial saturation of excipients. Pe represents the rate of liquid evaporation
from the drying droplet relative to the diffusion rate of dispersed phase to the centre of the droplet,
(Equation (1)) [51].

Pe = R2/τdD (1)

R is the droplet radius, D the solute or NP diffusion coefficient and τd the drying time of the
droplet. High Pe number signifies accumulation of dispersed phase at the surface and shrinkage.
From Equation (1), it appears that drying factors such as drying temperature and type of solvent that
affect evaporation and drying time, as well as particle size and solubility of dispersed phase that affect
diffusivity are expected to control Pe. For low Pe numbers (i.e., Pe � 1) diffusion of the particles
is faster or of the same order compared to the radial velocity of the receding droplet surface. This
means that the particles will remain evenly distributed in the droplet during evaporation, resulting in
spherical particle agglomerates. For high Pe numbers (i.e., Pe� 1), the particles have insufficient time
to diffuse and therefore accumulate in the liquid-air interface. As evaporation continues through the
crust, hollow or doughnut shape particles are formed (Figure 6) [43,52]. Viscoelastic material behaviour
leads to the formation of a flexible surface skin in the late stages of drying, causing localised collapse
and surface cavities [53]. The morphology of the spray-dried particles was found to depend on the size
and concentration of the suspended particles as well as the initial droplet volume. Osman et al. (2017)
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reported that suspensions containing NPs exhibit low Pe due to higher diffusion rate and upon
drying they form a spherical shell with irregular surfaces resulting in spherical aggregates/grains [50].
Conversely, suspensions containing microparticles with high Pe number, upon drying, tend to form a
surface crust that collapses at the late drying stages resulting in particles with half apricot-like shape.
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3.4. Separation

The separation of the dried particles from the drying gas is the final step of the process. Although
the primary separation of the dried particles from the drying gas takes place at the base of the drying
chamber, use of cyclones is the most commonly applied separation technique for the recovery of the
finer particles from the drying gas. In the cyclone, centrifugal forces are applied to particles, which
are collected in a bottom vessel. Standard cyclones have a low efficiency for collecting spray-dried
particles smaller than 2 µm. The cyclone’s poor efficiency in collecting fine particles together with loss
of material in other parts of the spray dryer (e.g., by adhesion to the walls of the drying chamber) leads
to low production yield. This can be particularly disadvantageous for the spray drying of high-valued
biopharmaceuticals as it increases the production cost [54].

The design and relative dimensions of the cyclone influence product recovery. The use of
“improved” cyclones has been found to enhance collection efficiency (Figure 7). Use of an “improved”,
narrow cyclone was found to increase the production yield of spray-dried amorphous trehalose [55].
Production of inhalable particles by spray drying using the Buchi B-290 equipped with the standard
cyclone resulted in product recovery of around 13% while when the same material was spray dried
using the high-efficiency cyclone typical product yields of 50–70% were achieved [56].Processes 2020, 8, x FOR PEER REVIEW 11 of 28 
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This review will present the production and therapeutic applications of various types of NP-based
dry powder formulations produced by conventional and alternative spray drying techniques.

4. Studies on Inhalable Nanoparticle-Based Drug Formulations Produced by Spray Drying

4.1. Nanoporous Microparticles (NPMPs)

Porous particles for inhalation offer a particle engineering solution to improve deposition to the
lung. Large porous particles with low mass density and large size, such that the particles’ aerodynamic
diameter fits into the range of 1 to 3 µm, were found to exhibit improved aerosolisation performance
compared to non-porous particles, which was attributed to their lower tendency for aggregation [57].

Nanoporous microparticles (NPMPs) were introduced by Healy et al. (2008), who reported on
the use of spray drying for the production of excipient-free porous microparticles [58]. The process
involves spray drying the solute (excipient, drug or both) from a mixed/solvent antisolvent system.
Ammonium carbonate has been used as a pore former for the formation of inhalable NPMPs [59].
Detailed discussion on the proposed mechanism behind the formation of the NPMPs has been provided
by Healy et al. (2014) and Paluch et al. (2012) [19,60].

Ní Ógáin et al. (2011) studied the use of spray drying for the production of raffinose and trehalose
NPMPs for inhalation [61]. NPMPs spray dried from an 80:20 (v/v) methanol and n-butyl acetate mixed
solvent resulted in amorphous NPMPs with sufficiently high glass transitions temperatures (i.e., Tg
∼124 ◦C and 120 ◦C for trehalose and raffinose, respectively). Thus, these NPMPs were considered to
exhibit good physical stability at room temperature and good potential to act as protein carriers and
stabilisers. A 1:4 sugar to protein weight ratio resulted in successful incorporation of the model protein,
lysozyme into the NPMPs. Hence, these systems can be potentially used as carriers for peptide or
protein drug delivery via the pulmonary route. In a follow up study, Ní Ógáin et al. (2012) highlighted
the importance of the composition of the mixed solvent on the production of protein/peptide NPMPs
and extended the application of the method to water-soluble proteins such as trypsin [62]. Inclusion of
water was deemed necessary for the production of NPMPs of trypsin with excipients such as trehalose,
raffinose and hydroxypropyl-β-cyclodextrin. Trypsin in the NPMPs was found to retain its biological
activity in all cases. This was attributed to the fact that the protein is exposed to lower thermal stress
when spray dried from organic rather than aqueous systems. The NPMPs achieved fine particle
fractions (FPFs) around 45% and were found stable upon storage under conditions of low relative
humidity at either 4 ◦C or 25 ◦C

Amaro et al. (2011) investigated the effect of operating parameters of a Büchi Mini Spray
Dryer B-290 on the characteristics of trehalose and raffinose powders intended for use as carriers of
biomolecules for inhalation [63]. These sugars were spray dried from 80:20 (v/v) methanol:n-butyl
acetate solutions. Experimental conditions were optimized by applying experimental design. The most
significant factor affecting production yield, particle size and specific surface area was the gas flow.
Production yield was affected by both the gas flow and the pump speed while the amount of residual
solvent was affected by the inlet temperature. Raffinose NPMPs exhibited higher FPFs in in vitro
aerosolisation testing using the Andersen cascade impactor (ACI) compared to the trehalose NPMPs.
This was attributed to the larger surface area of the raffinose NPMPs compared to the trehalose
NPMPs. Thus, it was concluded that raffinose NPMPs are the formulation of choice for a dry powder
inhalation. The suitability of raffinose as a non-reducing sugar for the production of NPMPs containing
biomolecules was also demonstrated in a later study focusing on the aerodynamic and pharmacokinetic
characteristics of NPMPs for the pulmonary delivery of the therapeutic peptide, salmon calcitonin [64].
The NPMPs exhibited a bioavailability between 10.1 and 14.9% and a similar pharmacokinetic profile
to that of salmon calcitonin in solution. These findings indicate the advantages of these dry powder
formulations as non-invasive delivery systems offering ease of administration of salmon calcitonin and
potentially other peptides/proteins.
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Apart from biomolecules, the concept of NPMPs has been applied for the production of inhalable
dry powders of small molecular weight drugs. Nolan et al. (2011) examined the feasibility of producing
NPMPs of the hydrophilic drug sodium cromoglicate which is used in the treatment of asthma by
adapting a spray-drying process initially used for hydrophobic drugs (Figure 8) [65]. The ACI and
the twin-stage impinger (TSI) were used to determine the physicochemical properties and in vitro
deposition of the spray-dried particles and compare them with the marketed product Intal® (Sanofi)
which contains the active substance in micronised form. The produced NPMPs displayed enhanced
in vitro drug deposition compared to the marketed product, following aersolisation through the ACI
using the Spinhaler® device. For both the NPMPs and the marketed product, particle morphology was
altered upon storage at 25 ◦C/60% RH and the in vitro deposition performance deteriorated. However,
the morphology and aerosolisation performance of the NPMPs was found to be retained upon storage
under dry conditions (i.e., in the presence of dessicant).
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Figure 8. Scanning electron microscopy images of spray-dried sodium cromoglicate nanoporous
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Gad et al. (2012) investigated the impact of ammonium carbonate as a pore former on the
characteristics of the anti-tubercular agent, p-aminosalicylic acid and its ammonium salt, spray dried
from ethanol/water solvent systems [66]. The morphological, aerodynamic and physicochemical
properties of the nano-structured microparticles were examined and evaluated along with their solid
state. The spray-dried particles showed potential for pulmonary delivery as they demonstrated
higher emitted dose in in vitro deposition studies using the TSI compared to the micronised drug.
Under appropriate processing conditions, ammonium carbonate interacted with p-aminosalicylic acid
resulting in the formation of a novel solid state form.

To overcome problems such as viscous mucus which are often encountered in patients with
respiratory diseases but also to increase budesonide diffusion within lung fluid, Tewes et al. (2013)
developed a combinatory NPMPs system of budesonide with the mucolytic drug ambroxol
hydrochloride, to be inhaled as a dry powder [67]. The combinatory particles were formulated
by co-spray drying and were characterised by various physicochemical methods. NPMPs formulated
in the presence of ammonium carbonate had superior aerodynamic properties due to the neutralisation
of ambroxol hydrochloride and the subsequent formation of ambroxol base. In this way, ambroxol
base could behave similarly to budesonide and prompt nanoprecipitation when spray dried from
an ethanol/water mixture. Based on the excellent aerosolisation performance and the improved
permeability of budesonide across mucus when tested in vitro, it was concluded that the combinatory
NPMPs containing a mucolytic agent could be used as a strategy to increase diffusion of drugs including
antibiotics to the lungs for the treatment of diseases where abnormally viscous mucus develops (e.g.,
cystic fibrosis).
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The results of the aforementioned studies indicate that formation of NPMPs can be used as a
particle-engineering strategy for production of inhalable dry powders of both biomolecules and small
molecular weight drugs using spray drying and non-reducing sugars as excipients and ammonium
carbonate as pore former.

4.2. Nanocrystalline Agglomerates

Controlled agglomeration of nanoparticles to micrometre-sized composites combines the
advantages of NPs with the aerodynamics of microparticles. This section will mainly focus on
the solidification of drug nanocrystals by spray drying to form inhalable micron-sized structures
composed of nanoparticles usually referred to as nanocrystalline agglomerates.

Production of nanosuspensions by either top-down (e.g., wet milling, high-pressure
homogenisation) or bottom-up methods (e.g., solvent/antisolvent precipitation) followed by spray
drying as the solidification step has been applied for the production of inhalable nanocrystalline
agglomerates of various drugs [39]. Specifically, this combined particle-engineering approach has been
used for the production of inhalable nanocrystalline agglomerates of drugs such as cyclosporine A [68],
itraconazole [69], meloxicam [70], indometacin [71], theophylline [72], ibuprofen [73], resveratrol [74],
tadalafil [75] and budesonide [76]. Nanocrystalline agglomerates containing drug combinations have
also been reported for tobramycin/clarithromycin [77] and budesonide/theophylline [78].

By using high-pressure homogenisation followed by spray drying, Pilcer et al. (2013) developed
easily dispersible, porous nanocrystalline agglomerates of tobramycin surrounded by a matrix of
amorphous clarithromycin [77]. The dissolution profiles showed that both drugs tend to dissolve
without any difficulties in the lung. The fine particle fractions (FPFs) determined using the next
generation impactor (NGI) were found to increase from 35% and 31% for the physical blend of
tobramycin and clarithromycin, respectively, to 63% and 62% for the nanocrystalline agglomerates.
Local drug deposition profiles were similar for the two antibiotics, allowing them to reach the
target simultaneously. The combined nanocrystalline agglomerates could be considered as attractive
formulations for the local therapy of lung infections, as high drug loads can be targeted to the site of
infection minimising the side effects associated with the systemic administration of antibiotics.

Inclusion of excipients such as mannitol (matrix former) and leucine (surface-active aerosolisation
enhancer) to the nanosuspensions prior to the spray-drying step has been reported as a way to
improve the redispersibility of the nanocrystalline agglomerates and enhance their aerosolisation
performance [68,71]. Specifically, in the study of Malamatari et al. (2015), nanocrystals of indometacin
were prepared and assembled to NP-agglomerates with and without matrix formers (mannitol
and l-leucine) by coupling wet milling and spray drying (Figure 9) [71]. The nanocrystalline
agglomerates exhibited enhanced dissolution compared to physical mixtures of drug and stabilisers,
while incorporation of matrix formers enabled redispersibility upon hydration, increased drug
dissolution and improved significantly their in vitro aerosolisation. In a follow up study using the low
melting point and ductile drug ibuprofen, Malamatari et al. (2017) applied experimental design to
gain insight into the formation of inhalable nanocrystalline agglomerates using wet milling followed
by spray drying [73]. Leucine to drug ratio, mannitol to drug ratio and the type of stabiliser were
found to be significant factors on the overall yield of the process. Mannitol to drug ratio was found to
be a critical parameter influencing redispersibility while both mannitol to drug ratio and leucine to
drug ratio were found to influence the aerosolisation performance of nanocrystalline agglomerates.
The results on the role of mannitol on the dispersibility of the NP agglomerates are corroborated by the
study of Torge et al. (2017) where the use of a water-soluble excipient such as mannitol was found to
be necessary to enable the release of poly(lactic-co-glycolic acid) NPs from microparticles when tested
in a simplified in vitro model simulating conditions similar to the lungs [53].
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with permission, from reference [71].

Teymouri Rad et al. (2019) prepared inhalable tadalafil nanocrystalline agglomerates as a dry
powder formulation by spray drying for increasing bioavailability and treatment efficacy of pulmonary
arterial hypertension [75]. D-optimal experimental design was used to optimise formulation parameters,
namely nanocrystal to sugar ratio, L-isoleucine to sugar ratio and sugar type. The physicochemical
characteristics of the powders were investigated and the pharmacokinetic parameters after intratracheal
insufflation to Wistar rats were evaluated from plasma and lung tissue findings, and were compared
with a control group receiving a marketed product of tadalafil by oral administration. The results of the
study showed that pulmonary administration of tadalafil formulated as nanocrystalline agglomerates
achieved rapid onset of action, higher local drug concentration and longer drug retention in the
lungs compared to the conventional oral administration. It was concluded that inhalable tadalafil
nanocrystalline agglomerates could be introduced as an alternative to oral tadalafil in the treatment of
pulmonary arterial hypertension.

Modifications to the coupled process have extended the application of nanocrystalline agglomerates
to water-soluble drugs but also drug combinations. Specifically, Malamatari et al. (2016) by using
theophylline, as a water-soluble drug, demonstrated successful adaptation of wet co-milling with
mannitol in an organic solvent followed by spray drying as a method for producing respirable particles
of water-soluble drugs or drugs that are prone to crystal transformation (i.e., hydrates) [72]. Moreover,
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Leng et al. (2018) investigated the advantages and disadvantages of two-fluid and three-fluid spray
drying nozzles on the formulation of inhalable nanocrystalline agglomerates [79]. Agglomerates
obtained by spray drying a nanosuspension of budesonide containing mannitol using a two-fluid nozzle
were superior to the amorphous solid dispersion dry powders obtained by spray drying budesonide
and mannitol from solution using a three-fluid spray nozzle regarding production yield, homogeneity
of drug content and aerodynamic performance. In a follow up study, a comparison between a two-fluid
and three-fluid nozzle was also performed regarding formation of inhalable combination particles
of budesonide and theophylline [78]. The powder prepared by spray drying suspension using the
two-fluid nozzle gave the best formulation in terms of physical stability, crystallinity, dissolution and
co-deposition profile compared to powders prepared from solutions or suspensions of both drugs
using the three-fluid nozzle.

The aforementioned studies demonstrate the wide applicability of spray drying in the formation
of nanocrystalline agglomerates of various drugs in the formulation of various therapeutic agents
for pulmonary delivery aimed at local or systemic action. The versatility of their application lies
in the ability to finetune several processes (e.g., type of nozzle) and formulation parameters (e.g.,
stabiliser or matrix former) and in this way making the coupled process suitable for drugs with different
physicochemical characteristics.

4.3. Proliposomes, Solid Lipid Nanoparticles and Nanocrystal Liposomal Powders

The use of lipid-based delivery systems for pulmonary drug delivery to the lungs may enhance
drug retention in the lungs leading to improved therapeutic efficacy but also safety through
reduction of extra-pulmonary side effects [80]. Lipid-based pulmonary drug delivery systems
include microemulsions, nanoemulsions, solid lipid nanoparticles, liposomes and micelles. A review
on lipid-based pulmonary delivery systems has been provided by Ngan and Asmawi (2018) [81].

Liposomes are a family of vesicular structures based on lipid bilayers surrounding aqueous
compartments [82]. Conventional liposomes composed of phospholipids and/or cholesterol have
the unique ability to entrap both lipophilic (into the bilayer membrane) and hydrophilic compounds
(in the aqueous interior). Despite their advantages, liposomes in aqueous systems suffer from
physical instability upon storage (e.g., hydrolysis, oxidation, sedimentation and aggregation). Instead,
proliposomes are dry free-flowing powders which can hydrate immediately and form liposomes
through contact with water or biological fluids [83]. Proliposomes overcome the instability issues of
liposomes and can act as liposome precursors which upon hydration generate liposomes.

Rojanarat et al. (2011) developed proliposome powders of the anti-tubercular drug, isoniazid,
as dry powders for inhalation [84]. The proliposomes were prepared by preparing a lipid solution
of L-α soybean phosphatidylcholine and cholesterol in ethanol. After dissolution of isoniazid in this
solution and dispersion of microparticulate mannitol, the formed suspension was sonicated and then
spray dried. The encapsulated efficiency of isoniazid in the proliposomes ranged between 18–30%
while upon reconstitution with distilled water, liposome vesicles with sizes in the nano range were
formed. The in vitro aerosolisation performance of the proliposomes was evaluated using the ACI
and FPFs of 15–35% were observed. The isoniazid proliposomes were shown to be non-toxic to
respiratory-associated cells and were also found to exhibit enhanced anti-mycobacterial activity against
Mycobacterium bovis-infected alveolar macrophages compared to free isoniazid.

Patil-Gadhe et al. (2014) applied Quality by Design (QbD) to study the in vitro and in vivo
performance of rifapentine proliposomes for pulmonary inhalation for the treatment of tuberculosis [85].
The rifapentine proliposomes were prepared in a single step by applying spray drying and the
independent variables (i.e., drug to hydrogenated soya phosphatidylcholine ratio and type of
charged lipid) were optimised using experimental design. The optimised formulation contained drug:
hydrogenated soya phosphatidylcholine ratio of 1:2 and stearyl amine as the charged lipid. In vitro
aerosolisation using the Westech 8 stage cascade impactor showed that the optimised formulation
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exhibited a MMAD of 1.56 ± 0.16 µm and FPF of 92.5 ± 1.5%. Drug release was sustained and followed
Higuchi diffusion kinetics.

Ye et al. (2018) developed a combination proliposome formulation containing both hydrophilic
tobramycin and hydrophobic clarithromycin via a core-carrier approach, for the treatment of respiratory
infections caused by Pseudomonas aeruginosa [86]. The combinatory proliposomes were produced by
spray drying a suspension comprising spray-dried mannitol (0.45% w/v) and spray-dried tobramycin
(0.05% w/v) particles suspended in an ethanolic lipid solution of clarithromycin (0.05% w/v), soybean
phosphatidylcholine and cholesterol (Figure 10). The lipid layer coated on the surface of the dry
proliposome particles provided moisture protection and sustained drug release properties when
compared to the pure drugs. The optimized proliposome formulation was stable after three months
at 25 ◦C/60% RH and showed a synergistic antimicrobial activity against planktonic Pseudomonas
aeruginosa cultures and biofilms. It was concluded that the core-carrier method coupled with spray
drying provided a novel strategy for the preparation of combinatory antibiotic proliposomes.
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Figure 10. Proliposome production and co-loaded mechanism: (a) ethanolic lipid solution; (b) CLA
ethanolic lipid solution; (c) CLA ethanolic lipid suspension with combination core carrier; (d) single-step
spray drying; (e) proliposome; (f) reconstituted liposome. CLA: clarithromycin, SD-TOB: spray-dried
tobramycin, SD-MAN: spray-dried mannitol, SPC: soya phosphatidylcholine. Reproduced, with
permission, from reference [86].

Solid lipid nanoparticles (SLNs) consist of a monolayer phospholipid shell and a solid hydrophobic
core. Lipophilic drugs can be entrapped within the lipid matrix either by dispersing or dissolving the
materials in the molten lipid. A review on SLNs for pulmonary drug delivery has been provided by
Weber et al. (2014) [87]. Gaspar et al. (2016) prepared inhalable SLNs containing the anti-tubercular
drug, rifabutin [88]. Rifabutin-loaded glyceryl dibehenate and glyceryl tristearate SLNs were loaded
on microspheres of appropriate size through spray drying, using suitable excipients (i.e., mannitol
and trehalose). In vitro deposition using the TSI confirmed that the microspheres can reach the deep
lung. Upon microsphere dissolution in aqueous media, SLNs were readily reformed, retaining their
physicochemical characteristics. The anti-mycobacterial activity of the SLNs was evaluated in a murine
model of infection with a Mycobacterium tuberculosis strain H37Rv and was found to be enhanced
compared to non-treated animals. Cell viability studies using Calu-3 and A549 cell lines showed
low cytotoxicity for the SLNs indicating their potential for the pulmonary delivery of anti-tubercular
agents. The anti-asthmatic salbutamol sulfate presents oral bioavailability problems due to its first
pass hepatic metabolism, shorter half-life, and systemic toxicity at high doses. Honmane et al. (2019)
developed nanoliposomal salbutamol sulfate dry powder for inhalation [89]. Liposomes were prepared
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using the thin-film hydration method and experimental design was applied to optimise formulation
parameters, namely the vesicle size and the drug entrapment. The optimised liposomal dispersion had
a size of 167.2 nm and was spray dried to produce inhalable dry powders. The optimised liposomal
formulation achieved prolonged in vitro drug release (>90% up to 14 h) following Higuchi’s controlled
release model.

Liposomal encapsulated drug nanocrystals have been proposed as a formulation approach to
overcome some of the challenges in the production of nanocrystals (e.g., size control in bottom-up
processing and surface amorphisation in top-down processing) and also modulate the release rate of
active ingredient [90]. Liposomal encapsulated drug nanocrystals are a complex formulation produced
by a simple freeze-thaw step resulting in the formation of a single drug nanocrystal residing within
the interior of a liposome. Khatib et al. (2019) evaluated the feasibility of developing inhalable
dry powders of liposomal encapsulated ciprofloxacin nanocrystals for controlled drug release of the
antibiotic (Figure 11) [91]. Dry powders of the liposomal encapsulated nanocrystals were produced
by loading the drug in unilamellar liposomes which were then processed by a freeze-thaw step and
solidified by spray drying. In vitro aerosolisation of the spray-dried powders carried out using the NGI
demonstrated high FPFs around 70%. After reconstitution of the powders in saline buffer, the presence
of ciprofloxacin nanocrystals was confirmed by cryogenic transmission electron microscopy. From the
examined formulations with varying sucrose to lipid ratios, the 2:1 weight ratio demonstrated prolonged
release of ciprofloxacin. It was concluded that liposomal encapsulated ciprofloxacin nanocrystals
are suitable for inhalation aerosol delivery and controlled drug release that can be administered as a
once-daily formulation.
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nanocrystals containing sucrose as cryoprotectant. Taken from Khatib et al. (2019) [91].

Based on the results of the aforementioned studies, proliposomes, SLNs and nanocrystal liposomal
systems have shown that lipidic spray-dried powder formulations can be developed for the pulmonary
delivery of drugs with various physicochemical characteristics and pharmacological action including
anti-tubercular agents and antibiotics. The main advantage of these formulations is their ability to
combine the stability of the solid formulations with the potential of controlled release associated with
lipid-based delivery.

4.4. Polymeric Nanoparticles

Polymeric NPs are defined as solid colloidal submicron particles which are made up of polymers
of natural, synthetic or semi-synthetic origin. They can act as vehicles for small molecular weight drugs
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and biomolecules. Depending on the method of preparation, NPs can be encapsulated in polymer-based
carriers, loaded on the surface of the polymer or can be dispersed in the polymeric matrix. The most
commonly used polymers for the formation of polymeric NPs are: poly(lactic-co-glycolic acid) (PLGA),
polyethylene glycol (PEG), alginate, gelatin and chitosan. A review on the recent developments of
polymeric NPs as drug delivery system is provided by Sur et al. (2018) while Lebhardt et al. (2010)
discuss the polymers with reduced toxic potential and biodegradable nature that have been used for
drug delivery to the lungs [92,93].

Ohashi et al. (2009) prepared dry powders consisting of polymeric NPs of the anti-tubercular
drug, rifampicin [94]. Rifampicin and PLGA were dissolved in acetone/methanol while an aqueous
solution of mannitol was also formed. The two solutions were spray dried through different liquid
passages of the four-fluid nozzle and rifampicin/PLGA NP-containing mannitol microspheres were
formed (Figure 12). Using the ACI, the microspheres showed a good in vitro aerosol performance,
achieving FPF around 30%. The in vivo uptake by the alveolar macrophages in the lung of rats was
found to be higher for the rifampicin/PLGA mannitol microspheres compared to the microspheres
without mannitol.
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Figure 12. (a) Schematic of a four-fluid nozzle and (b) scanning electron microscopy images of RFP/PLGA
microspheres, (RFP/PLGA) NPs embedded in mannitol and RFP/PLGA NPs upon redispersion of the
NP agglomerates in water. RFP: rifampicin, PLGA: poly(lactic-co-glycolic acid) and MAN: mannitol.
Reproduced, with permission, from reference [94].

To overcome obstacles such as the poor solubility, instability, erratic bioavailability and
side effects of the immunosuppressant, tacrolimus, for the treatment of pulmonary arterial
hypertension, Wang et al. (2016) developed nanocomposite microparticles as dry powders for
inhalation [95]. Tacrolimus was encapsulated in acetalated dextran via emulsion solvent evaporation
and tacrolimus-loaded polymeric NPs of approximately 200 nm were formed. Using spray drying
of the NPs in the presence of mannitol, NP agglomerates with an average geometric diameter of
around 2 µm and raisin-like shape were formed. In vitro aerosolisation testing demonstrated a FPF of
81.0% and a MMAD of 3.57 ± 0.57 µm, allowing them to deposit in the deep regions of the respiratory
tract. A549 human adenocarcinoma alveolar epithelial cells were used as an in vitro model for the
evaluating the effect of the NP agglomerates on their viability. No significant effect on the viability of
the A549 cells was observed, indicating the non-cytotoxic effect of the NP agglomerates. Based on the
results of this study as well as follow-up studies from the same research group, it was concluded that
acetalated dextran-based NP agglomerates exhibit promising potential in application of therapeutics
for pulmonary drug delivery [96,97].

Rezazadeh et al. (2018) synthesised mixed polymeric micelles based on tocopherol succinatepolyethylene
glycol 1000 and 5000 Da and loaded them with the chemotherapeutic agent, paclitaxel [98]. The optimised
micelles were spray dried with lactose to produce dry powders for inhalation. The drug release rate from
different formulations was slow as only 30% was released within the first 72 h. The cytotoxic activity of the
drug nanomicelles was found to be higher compared to the free drug when tested against the A549 cell line.
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In-vitro deposition testing using the ACI indicated that spray drying of the drug nanomicelles with lactose
resulted in 60% FPF. The developed microparticles containing paclitaxel nanomicelles were considered as a
potential formulation for the treatment of lung cancer.

NP agglomerates composed of nanomicelles produced by spray drying were developed by
Farhangi et al. (2019) aiming to increase the residence time in the lungs and enhance the antimicrobial
effects of ciprofloxacin [99]. Upon optimisation using desing of experiments, NP agglomerates
with median diameter of 1.7 µm and FPF of 60% where produced when mannitol was used as the
matrix former and L-phenylalanine as anti-adhesion agent. The antimicrobial effects of ciprofloxacin
against microorganisms, namely Pseudomonas aeruginosa, Klebsiella pneumoniae and Streptococcus
pneumoniae were increased significantly. Therefore, the method could be used to prepare an optimum
dry powder for inhalation consisting of polymeric nanomicelles for treatment of pulmonary infections.

The results of the aforementioned studies show that the great variety of available polymers
together with different methods of preparation when combined with spray drying as a solidification
step can lead to respirable NP agglomerates with improved efficacy and controlled drug release.

5. Application of Alternative Spray-Drying Techniques

5.1. Nano Spray Drying

As stated previously (refer to Section 3.4), due to their limited collection efficiency for particles
below 2 µm, conventional spray dryers are not suited to produce NPs. An alternative spray dryer
model, the Nano Spray Dryer B-90 was introduced in 2009 by Buchi (Buchi Labortechnik AG) to
facilitate the production of NPs (Figure 13). The technological novelty of this dryer lies on three key
features: (i) the vibrating mesh spray technology, (ii) the gentle laminar drying flow, and (iii) the
electrostatic particle collector. These improvements result in enhanced sample recovery (up to 90%)
compared to conventional spray driers [100]. A detailed review on the principles of operation of the
Nano Spray Dryer and its application for the encapsulation of pharmaceuticals has been provided by
Arpagaus et al. (2018) [101].Processes 2020, 8, x FOR PEER REVIEW 20 of 28 
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Nano spray drying is an efficient method for the formation of NPs, especially when the smaller
mesh aperture size (4.0 µm) is used and the feed solution is highly diluted (~0.1% w/w) [102]. The use
of nano spray drying has been reported for the production of NP-based dry powders for inhalation.
Bürki et al. (2011) used β-galactosidase as a model protein and studied the preparation of respirable
protein powders containing trehalose (stabiliser) using the Nano Spray Dryer B-90 [103]. The effects of
inlet temperature, spray cap size and ethanol concentration in the spray solution on the performance
of the process and the quality attributes of the particles were evaluated. Inlet temperature influenced
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the enzyme activity, but the effect was dependent on the spray cap size. Higher product recovery was
achieved with lower inlet temperatures, higher ethanol content and smaller cap sizes. The protein
exhibited higher storage stability when spray dried without ethanol and when a larger spray cap size
was used.

Schoubben et al. (2014) produced inhalable powders of the anti-tubercular agent, capreomycin
sulphate using the Nano Spray Dryer B-90 [104]. Experimental design was used to optimise the process,
namely the membrane pore size, the inlet temperature and the solution concentration. Optimised
capreomycin particles formulated with lactose exhibited ~27% respirable fraction when tested using the
TSI. These results were found to be promising and spray-dried formulations of capreomycin sulphate
have been enrolled in clinical trials for the treatment of multi-drug resistant tuberculosis. Regarding
particle engineering for pulmonary drug delivery, the positive effect of L-leucine on the aerosolisation
performance of dry powders has also been demonstrated by various studies using nano spray drying
for their production [105,106].

5.2. Supercritical CO2-Assisted Spray Drying

Supercritical fluids (SCFs) are fluids which exist at temperature and pressure conditions above
their critical point. SCFs present gas-liquid transport properties. Supercritical carbon dioxide (sc-CO2)
is the most widely used SCF in pharmaceutical engineering as with a critical temperature 31.15 ◦C
and pressure of 7.4 MPa, it is the only compound that can be used as a “green solvent” [107]. Other
advantages include its non-toxic nature, low cost and recyclability.

Supercritical-assisted atomization, also referred to as supercritical CO2-assisted spray drying
(SASD) has been used for the production of dry powder formulation with pharmaceutical applications.
SASD is a single-step spray-based process, where sc-CO2 and the solution containing the active
ingredients are pumped simultaneously into a static mixture that promotes a near-equilibrium mixing.
The mixture is sprayed through the nozzle into the precipitator at atmospheric pressure, where the
flow of heated compressed air assists rapid liquid solvent evaporation from the particles which are
finally separated and collected in the cyclone (Figure 14). A review on engineering of dry powder
formulations using SASD is provided by Aguiar-Ricardo (2017) [108].
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(5) precipitator, (6) manometer and (7) high efficiency cyclone. Reproduced, with permission, from
reference [109].
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For a targeted and effective delivery of therapeutic biomolecules to the deep lungs, Silva et al.
(2017) incorporated functionalized gold NPs into respirable microparticles [110]. The gold NPs were
functionalized with biocompatible fluorescent coatings and conjugated with a peptide for targeted
lung cancer delivery. The functionalized gold NPs were then embedded into a chitosan matrix by
SASD, resulting in nanos-in-micros dry powder formulations. The rapid process of SASD was found
to eliminate the possibility of thermal degradation making this technology suitable for conjugation
of therapeutic molecules. The engineered formulations exhibited FPFs ranging from 30 to 40%
when tested using the ACI. They also exhibited optimal biodegradation and release profiles, which
enabled a sustained and controlled release of the embedded NPs with enhanced cellular uptake.
The approach of nanos-in-micros using SASD was also applied for encapsulation of strawberry-like
gold-coated magnetite nanocomposites and ibuprofen in chitosan matrix [111]. The dry powders
exhibited satisfactory morphology and aerodynamic performance with FPF 48–55% when tested using
the ACI. Ibuprofen showed a rapid release at pH 6.8, the pH of lung cancer. It was concluded that
these proof-of-concept studies support the development of dry powders of gold nanocomposites by
SASD as potential theragnostic agents to be administered to the lungs.

Restani et al. (2015) formulated POxylated polyurea dendrimer-based NPs as dry powders for
inhalation [112]. The nanoparticles were loaded with the anticancer drugs paclitaxel and doxorubicin
and micronised with chitosan by using SASD. The produced dry powder formulations exhibited
FPF around 30% when tested using the ACI. In vitro studies showed that engineered formulations
exhibited a higher chemotherapeutic effect than the free paclitaxel formulations in adenocarcinoma
cell, suggesting their potential for inhalation chemotherapy.

6. Conclusions

Controlled agglomeration of NPs to micron-sized clusters is a formulation strategy which combines
the advantages of nanotherapeutics with the aerodynamics of microparticles which are required for
efficient pulmonary drug delivery. Spray drying is a universal technique for the conversion of
colloidal suspensions containing NPs to microparticles. The great variety of NP-based drug delivery
systems (e.g., nanocrystals, lipid-based NPs, polymeric NPs, inorganic NPs), formulation and process
parameters (e.g., excipients and inlet temperature) along with the advances in the technology of the
spray-drying equipment (e.g., multiple-fluid nozzles, nano spray drying, supercritical CO2-assisted
spray drying) allow the formation of inhalable NP agglomerates of drugs and biomolecules. Based
on the results of the studies reported in this review, NP agglomerates as dry powder for inhalation
hold the potential for enhanced dissolution of poorly water-soluble drugs, targeted delivery to the
respiratory tract, modified release as well as improved efficacy and safety.

Even though each type of NP agglomerates has each own unique strengths and areas of application,
it is of the opinion of the authors that the nanocrystalline agglomerates are the formulation platform
with the highest probability to be translated to a marketed medicinal product. This is because
the particles produced are crystalline and the excipients used as matrix formers (i.e., mannitol and
L-leucine) have already been authorised for this route of administration. Future studies should focus on
scaling-up the production of NP agglomerates and their downstream processing (i.e., filling capsules
or blisters).
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