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Abstract

Chronic respiratory diseases impose a substantial health burden globally with increasing prevalence and mor-
tality rates, especially in affluent nations. Recent studies underscore the escalating contribution to premature
morbidity and mortality, highlighting the critical need for effective interventions. Inflammatory lung dis-
eases, such as asthma, chronic obstructive pulmonary disease (COPD), acute respiratory distress syndrome
(ARDS), and idiopathic pulmonary fibrosis (IPF), have significant roles in this burden that are characterized
by heightened inflammation affecting the airways or lung parenchyma, leading to obstructive or restrictive
lung diseases. These conditions often exhibit acute and chronic components, which complicate disease clas-
sification and management. Current treatments for lung illnesses predominantly rely on systemic drug deliv-
ery, which may result in poor efficacy and adverse effects on other organs. Inhalation lung delivery presents
a promising alternative, offering advantages, such as targeted drug deposition, reduced systemic side effects,
and rapid onset of action. Despite these benefits, inhalation drug delivery systems are still in the develop-
mental stage, particularly for targeted local delivery. Dry powder inhalers (DPIs) have emerged as a popular
choice due to ease of use, high-dose delivery capability, and breath-activated mechanisms. This review delves
into the intriguing world of pulmonary drug delivery, with a spotlight on DPIs. From the fascinating design
principles to the potential for precision medicine, DPIs offer a glimpse into the future of respiratory care. By
unravelling the mysteries of DPI formulation and performance assessment, this review aimed to propel the
field forward, ushering in a new era of personalized and efficacious inhalation therapies for inflammatory
lung diseases and beyond. Furthermore, this article delved into the identification of prevalent technologies
within the DPI domain while also probing the prospective avenues of emerging development. Such insights
aim to assist researchers in making informed decisions regarding relevant research and development pursuits.
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Introduction

The 2017 Global Burden of Disease study
reports arise in chronic respiratory diseases
that affects 545 million people (7.4% of the
global population), highlighting the signif-
icant impact on health [1]. Inflammatory
lung diseases, such as asthma, chronic
obstructive pulmonary disease (COPD),
acute respiratory distress syndrome
(ARDS), idiopathic pulmonary fibrosis
(IPF), significantly contribute to the global
disease burden. Recent studies predict an
increase in respiratory diseases, mainly due
to chronic conditions characterized by high
inflammatory cell counts [2]. Dry pow-
der inhaler (DPI) formulations have been
studied in clinical trials for treating ARDS
associated with COVID-19. Notably, a
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phase II clinical trial investigated the use
of inhaled budesonide delivered via a DPI
in patients with COVID-19 who were at an
increased risk of developing ARDS. This
approach highlights the potential of inha-
lation therapies in managing respiratory
complications related to the virus [3-5]. In
recent studies, Lu et al. [6] developed a DPI
formulation for salvianolic acid B (Sal B)
aimed at treating IPF. Lu et al. [6] findings
demonstrated that the Sal B-DPI exhibits
promising results, including enhanced lung
tissue distribution and effective pharma-
cokinetics, thereby suggesting the potential
of Sal B-DPI as a viable non-invasive treat-
ment option for IPF [6].

Inflammation in these diseases can affect
the airways (trachea, bronchi, and bron-
chioles) and/or lung parenchyma (alveoli).
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This situation can lead to obstructive lung disease, character-
ized by increased airflow resistance or restrictive lung disease,
in which stiffened lungs lose compliance and gas exchange
units [2]. Inflammatory lung diseases can be acute, emerging
abruptly due to infections, environmental triggers, or chronic
involving persistent and progressive lung impairment, lead-
ing to tissue restructuring or fibrosis [7]. Acute diseases often
manifest within chronic illnesses, such as acute exacerba-
tions during airway remodelling in severe asthma. There is
significant overlap and heterogeneity between diseases like
asthma and COPD, with diverse subtypes and phenotypes
[8]. Therefore, focusing on shared pathologic mechanisms
within the lung, especially pathologic mechanisms at the core
of disease pathogenesis, is more effective than concentrat-
ing on individual diseases [8, 9]. Lung illnesses are treated
with various methods, including bronchodilators, corticoster-
oids, anti-inflammatories, antibiotics, proteins, peptides, and
genetic elements. Oxygen therapy is also used to enhance
blood oxygen levels in cases of hypoxemia [10]. Most chem-
ical treatments are administered orally or intravenously, often
resulting in poor efficacy and potential side effects on other
organs. These treatments typically provide only symptomatic
relief rather than a complete cure [11].

The lungs present an attractive route for drug deliv-
ery due to the extensive surface area and rich vasculari-
zation, facilitating effective therapeutic deposition and
systemic absorption. Inhalation delivery bypasses gastro-
intestinal degradation and first-pass hepatic metabolism,
which enhances bioavailability. Despite these benefits, the
adoption of systemic inhalation delivery remains limited.
Conversely, systemic administration for lung diseases often
results in low efficacy and significant adverse effects on
other organs. Therefore, direct inhalation delivery of thera-
peutics to the lungs optimizes treatment efficacy and mini-
mizes off-target effects [12].

In recent years inhalation drug delivery has become a
favoured approach for treating lung disorders, although sig-
nificant advances are still needed. Chronic lung disorders
require long-term therapy, often leading to adverse effects
from systemic drug administration [13]. While inhalation
delivery provides rapid effects, predicting and standardizing
inhalation delivery remains challenging [14].

While several inhalation drug delivery devices are already
in clinical use, developing efficient systems for targeted inha-
lation delivery is ongoing. Inhalation delivery offers benefits,
such as fewer systemic side effects, effective treatment of
respiratory tract issues, and bypassing hepatic metabolism,
allowing for lower dosages and reduced patient discomfort.
However, lung defence mechanisms, like muco-ciliary clear-
ance and phagocytosis, can hinder medication transport [15].

DPIs are widely used due to numerous advantages: (i) no
need for cold chain storage or powder reconstitution; (ii)
superior physicochemical stability; (iii) effective pulmo-
nary deposition through patient respiration; and (iv) easy
incorporation of high drug masses [16]. The ease of use and
capacity of DPIs for high-dose delivery increase adoption.
Additionally, DPIs typically feature breath activation, which
eliminates the need for coordinating inhalation with device
actuation. This review covers the classification of pulmo-
nary drug delivery systems, focusing on the advantages,

requirements, current status, and formulation strategies of
DPIs, along with various evaluation techniques.

Pulmonary drug delivery
systems

Nebulizers

Nebulizers, in use since the mid-nineteenth century, produce
aerosols by dissolving or suspending drugs in a suitable sol-
vent. Nebulizers excel at generating fine mists of small drop-
lets, which are effectively absorbed by the lungs. Nebulizers
utilize air jets or ultrasonic devices to atomize aqueous-based
medicinal solutions and are commonly used in hospitals and
ambulatory care for newborns, the elderly, and critically ill
patients. Some formulations may contain preservatives to
prevent microbial growth [17, 18].

Nebulizers offer several advantages. Nebulizers allow for
the use of a greater amount of medicine, accommodate mul-
tiple medications in one system, require less patient coor-
dination, and have simple formulation handling. However,
nebulizers also have drawbacks. Nebulizers are costly and
cumbersome to transport, there is variation in the perfor-
mance of different nebulizers, and nebulizers typically
require an external power source [19].

Pressurized metered dose inhaler
(pMDI)

In 1956,the pMDI was approved as the first modern inhaler
device. When a pMDI is triggered, medicine is combined
with a propellant in a canister, then released in exact regu-
lated amounts. Components of pMDI are shown in Figure 1
[8, 10, 11].

pMDIs are favoured for simplicity of use, compact con-
venience, reliability, precise metering performance, and
cost-effectiveness [20]. However, pMDIs also have several
drawbacks. The rapid rate of dose delivery increases the
likelihood of early deposition in the oropharynx, resulting
in reduced drug retention in the airways, which limits effec-
tiveness primarily to upper airway disorders with only 10%—
15% of the medication reaching the lungs. pMDIs require
careful synchronization of inhalation and actuation, and in
the case of suspensions, failure to shake the device can com-
plicate dose accuracy. Additionally, pMDIs often contain
propellants, like chlorofluorocarbons (CFCs), that harm the
ozone layer and can only be used with drugs stable in a pro-
pellant environment [21].

Dry powder inhaler (DPI)

A DPI is a device that delivers medication to the airways
using dry powder. DPIs are commonly used for managing
pulmonary conditions, such as asthma, bronchitis, emphy-
sema, and COPD, and have also been used for diabetes
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Figure 1

management [22]. DPIs offer an alternative to pMDIs. There
are two primary types of DPIs (active and passive). Most
DPIs are passive breath-activated devices that rely on inha-
lation to operate. The patient inhales deeply to access the
medication, eliminating the need to coordinate breathing
with activation. Pre-metered DPIs, which can be single or
multidose, have the dosage pre-measured during the produc-
tion process. These DPIs use systems, such as blisters or cap-
sules, where the medication is stored in a reservoir and each
dose is pre-measured upon activation [8, 20, 21].

The dry powder dais has equipment that produce aerosol
directly from pharmaceutical blends or powder with active
ingredients in sizes ranging from 1-5 microns. The ingredients
utilised in dry powder inhaler transport active pharmaceutical
ingredients (APIs). Lactose monohydrate is a common trans-
porter. The need for alternatives to pMDI to limit pollution
from ozone-depleting and greenhouse gases hydrofluoroal-
kanes and chlorofluorocarbons, which are used as propellants,
prompted the development of DPIs. The mechanism of disper-
sion of APIs through DPIs is shown in Figure 2.

Advantages and essential
requirements of DPIs
DPIs offer several advantages over pMDIs, which address

key needs in respiratory therapy. These benefits stem from
the technical requirements and unique design of DPIs,

Pressurised metered dose inhaler (adapted from [12]). This work is licensed under a CC BY 4.0.

which ensure stability, precise dosing, and enhanced patient

convenience.

1. Effective Particle Size for Lung Delivery: One major
advantage of DPIs is the ability to deliver drug particles
in an optimal size range (1-10 pum), which is essential for
lung deposition and therapeutic efficacy. Techniques, like
micronization, selective precipitation, and spray drying,
help produce particles of the right size for effective inha-
lation [14].

2. Content Uniformity and Consistency: DPIs are
designed to provide consistent drug doses. In single-dose
DPIs, each capsule or blister must contain the same drug
quantity, while multi-dose DPIs are engineered to release
uniform doses with each use, regardless of respiratory
patterns. This property ensures reliable medication deliv-
ery across different inhalation rates, which is crucial
given the variability in breathing patterns [11].

3. Stability Against Environmental Factors: DPIs have a
solid formulation that inherently offers greater stability
than liquid formulations found in pMDIs. The dry powder
design minimizes the risk of degradation caused by tem-
perature or moisture, preserving drug potency, even under
varying environmental conditions. To prevent unwanted
particle growth, which could affect drug dispersion, lac-
tose carriers are used to protect particle size distribution
and DPIs are often stored in specialized packaging for
added stability [11].

4. Ease of Use with Breath Activation: Unlike pMDIs,
which require coordinated inhalation and device
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Figure 2 Schematics of dry powder inhaler (DPI) dispersion mechanisms (adapted from [13]). This work is licensed under a CC BY 4.0.

actuation, DPIs are breath-activated, meaning the med-
ication is automatically released upon inhalation. This
ease of use makes DPIs especially beneficial for patients
with limited coordination or dexterity, improving adher-
ence and ensuring proper medication intake [23, 24].

5. Environmentally Friendly Design: The propellant-free
design of DPIs reduces environmental impact. pMDIs
often rely on CFCs or hydrofluoroalkanes, which con-
tribute to ozone depletion and greenhouse gas emissions.
DPIs eliminate these propellants, making the DPIs a more
sustainable choice for respiratory treatments [24, 25].

6. High-dose Delivery Capability: DPIs can deliver high
doses with each inhalation, making DPIs suitable for
acute exacerbations and chronic management of res-
piratory diseases. This high-dose delivery ensures that
patients receive the required therapeutic dose in a single
use, which improves treatment outcomes.

7. Customization and Flexibility in Drug Formulation:
DPIs allow for flexible drug combinations, including
the incorporation of multiple active ingredients in a sin-
gle device or targeting specific lung areas. This custom-
ization capability aligns with the need for personalized
treatment approaches, enhancing device versatility and
clinical applicability.

The Bevespi Aerosphere® is an example of a DPI that meets
these requirements and has these advantages. The Bevespi
Aerosphere® combines glycopyrrolate and formoterol
fumarate using PulmoSphere® technology. This DPI has
shown effective deposition in all lung regions with minimal
exhaled fractions, demonstrating its capability for consist-
ent, high-quality drug delivery [26].

Formulation strategies for DPIs

DPI effectiveness is mostly determined by the powder flow
principle, which is primarily influenced by solid interpar-
ticle forces and results in a cohesive bulk powder agglom-
eration. Interparticle forces include the capillary force

electrostatic force, capillary force, and van der Waals force.
When all the particles are close enough to each other (0.2—
1.0 nm) and fine enough, the van der Waals force becomes
known (<20 um). Geometrical structure, surface roughness,
and particle deformation all impact the van der Waals force.
The potential difference between particles with distinct job
tasks may create electrostatic force when in contact. The
powder sticks together because of the Coulomb attraction.
Condensation of fluid in the gaps between particles in close
proximity causes capillary force, which results in creation
of liquid bridges between the particles. Electrostatic force,
which decreases as the moisture levels rise, is sacrificed by
high capillary force [27].

Various types of DPI formulation techniques to overcome
these complications are described below.

Carrier free

APIs can involve a single chemical, a multi-compound, or
encapsulated particles in a carrier-free environment. Only a
handful of the production processes accessible include crys-
tallisation and supercritical fluid, spray drying, and milling.
Because APIs do not create amorphous material escape,
optimum particle shape, limited particle size distribution,
reduced surface energy, crystallisation and milling appear
to be insufficient for the formulation of pulmonary drugs.
The aerodynamic particle size of the inhalational medication
must be <5 um [16, 27-29].

Drug carrier

Dispensing 1 g to 1 mg dosages of medication through tiny
DPI blisters is difficult. In addition, the ideal particles are
between I and 5 pm, which makes straining powder by inha-
lation difficult. As a result, to improve the flow property as
well as the volume of each dose, drug molecules are com-
bined with larger particles. Between 50 and 100 pm is the
size range of these carrier particles. Indeed, it is easier to
distribute smaller dosages when the dose volume is larger.
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The downside of this approach is that carriers tend to settle
into the oral cavity, where various dose particles stick to the
carriers, resulting in poor drug concentrations in the lungs.
Drugs with low particle separation from carrier particle sur-
face result in low delivery ability [16, 27-29].

Drug additive

The fluidization quality of fine pharmaceutical powders
could be enhanced by adding fine particles. Because Van
der Waals forces of attraction are mostly dependent on parti-
cle-particle space, increasing separation distance lowers the
adherent force and enhances the fluidization and flow prop-
erties of microscopic particles. Some of the additives used
include aerosol 200 (12 nm), alumina (29 nm), and submi-
cron silica (0.5-3 weight percent) [16, 27-29].

Drug carrier additive

To increase medicine distribution, it is possible that a new
particle type will be introduced to the mix. These additives
might be small particles that function as physical spacers,
with tiny particles having the same composition as the car-
rier or high-energy locations, such as fissures in carrier
surface. This type of technology is demonstrated by incor-
porating fine lactose into a lactose carrier system. Improved
separation of medicine particles from carrier particles has
been achieved by increasing the proportion of lactose fine
particles [16, 27-29].

Manufacturing of DPIs

3 steps are involved in the formulation of DPIs.

API production

In the case of DPIs, particle size is a critical requirement
of APIs. The particle size must be <5 microns. However,
the particle size usually ranges from 0.5-5 um. Examples
of the processes for lowering size include supercritical fluid
extraction, milling, and spray drying. Many kinds of mills
are utilized to reduce the size of pharmaceuticals but only a
few mills, such as high-peripheral-speed mills like the ball
and pin mills, jet mills, and fluid-energy mills, are appro-
priate for DPIs to reduce the size range to 0.5-5 pm. High-
velocity particle-particle impacts in a jet mill reduce particle
size. Particles that have not been milled are carried into the
milling space. The solid particles are accelerated to sonic
velocities by high-pressure nitrogen delivered from nozzles.
Collisions and crashes occur as the particles collide. As the
particles fly around the mill, larger particles are driven into
the outside perimeter of that region due to stronger centrif-
ugal forces. The little particles exit the mill via the middle
discharge stream [17, 18].

Preparation of APIs without or with
carriers

The purpose of carriers in DPIs is to increase aerosol perfor-
mance of cohesive medications and fine lactose by improv-
ing powder flow characteristics. The drug and carrier(s) are
then transferred to appropriate forms and mixed. Inadequate
mixing might result in inconsistent dosages. The amount
of time required to blend cannot always compensate for
poor mixing. Blend consistency is affected by optimization
restrictions, such as rotation speed, fill level, capacity, and
blender selection. Depending on the tensions that exist in
between particles, powders might have varying blending
characteristics. Less concentration (drug-to-carrier ratio)
mixes require pre-blending geometric dilutions [19]. The
resulting high-energy active area on the surface of the coarse
carrier particles cause the drug particles to adhere firmly to
the coarse carrier particles (particle size <20 um). The active
sites of coarse carrier particles are saturated by fine carrier
particle enlargement (10 um), which are then connected to
micronized medicine. As a result, the drug sticks to passive
sites or sites with low energy and aid in the disaggregation
of the micronized drug during inhalation, resulting in an
improved respirable fraction [11, 19, 30].

Incorporation of the formulation
into the device

The combination is packed in reservoirs, multi-dose blisters,
and capsules for use with an inhaler machine. Filling is auto-
matic and controlled by metering system features [30].

Polymeric DPIs

Polymers are commonly utilized in the production of DPIs
to allow continuous release of the dosage and prevention
from enzymatic degradation of active chemicals [20]. First-
line polymeric DPIs were created to alter the features of
quick drug release in water-soluble formulations. Because
of the low toxicity, biocompatible polymers, like polylac-
tic-co-glycolic acid (PLGA) and polyvinyl alcohol (PVA),
are frequently utilised as controlled agents for drug release
[21, 31, 32]. Other polymers used in the production of pol-
ymeric DPIs include polylactide (PLA), poly-caprolactone
(PCL), hydroxyl propyl methyl cellulose (HPMC), chitosan,
gelatine, hyaluronic acid (HA), and locust bean gum [33].
Long-term lung exposure to a higher polymer concentration,
which is required to achieve the appropriate dose proportion
in the target area, might cause fibrosis and/or respiratory
inflammation [34, 35].

Natural polymers, rather than manmade polymers, are
increasingly being used to address this problem [36, 37].
Furthermore, nanoparticle-based powder drug formulations
are more stable than liposomal formulations and prevent
the active ingredient against mucociliary evacuation and
phagocytosis, which are both airway defensive processes
[37]. Nevertheless, there is still a concern about the toxicity
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of inhalable nanoparticles. Andrade et al. [38, 39] devel-
oped and tested polymeric micelles containing insulin
that self-assemble as DPIs using thin-film hydration and
freeze-drying processes. In vitro aerosolization and sedi-
mentation characteristics were estimated using the instru-
ment Andersen cascade impactor of these particles at a
flow rate of 28.3 L/min and a 4 L air pass state. Using a
Rotahaler®, it was shown that median mass aerodynamic
diameter (MMAD) was <5.1 um and the fine particle frac-
tion (FPF) was >44% [38]. Rezazadeh et al. used spray
drying to make paclitaxel-containing polymeric micelles
as DPIs. Local application likely alleviated systemic side
effects in the investigation.

Polymeric micelles were made with tocopheryl succinate
and polyethylene glycol. The Andersen cascade impactor
with Spinhaler® equipment was utilized to examine the aer-
odynamic assets of the resulting DPIs with a MMAD, FPF,
and emitted dosage of 4 pum, 60.11 + 0.23%, and 89.84%,
respectively [40]. Inhalers made of polymeric dry powder
can be made in a variety of methods. Farhangi et al. [41]
used a spray drying technique to create ciprofloxacin-loaded
polymeric nano-micelles utilising chitosan-lipid conjugates.
The formulations exhibited a much stronger antibacterial
action when compared to free ciprofloxacin. The FPF of
the preparation and mean volume diameter were 60% and
1.7 pum, respectively [41].

Lipid-based DPIs

Liposomes

Liposomes are vesicles that can be utilised to deliver med-
ications. Due to a lack of stability, use of liposomes is
restricted. Liposomes, commonly described as lipospheres
or pro-liposomes, are solid liposomes that were established
to solve this problem. Pro-liposomes are granular materials
consisting of dry powder and phospholipid precursors that
can be hydrated to create liposomes before or after drug
administration [42, 43]. Liposomes, which are made from
phospholipids found in pulmonary surfactant, are biologi-
cally compatible, biodegradable, and non-toxic materials.
Both hydrophilic and lipophilic medicines can be carried
in liposomes. Furthermore, these liposomes can adminis-
ter cytotoxic, anti-asthmatic, anti-microbial, and anti-viral
active ingredients effectively and systemically. Excipients
used to make pro-liposomes have been demonstrated to
impact not just the aerosolization capability but also the drug
release profile [44, 45].

Li et al. [46] used an injectable technique to make lipo-
somal and rographolide DPIs to cure bacterial pneumo-
nia and achieved a 23.03% FPF and 4.87-um MMAD.
Chennakesavulu et al. [47] developed liposomal DPIs con-
taining colchicine and budesonide to cure IPF. Liposomes
with a mean range <100 nm were developed using the thin
layer film hydration method. The liposomes were freeze-
dried with mannitol before analysis using an Andersen
cascade impactor to create a dry powder composition.

The MMAD and FPF were 45-50% <5 pum, respectively.
Different liposomal compositions with different aerody-
namic properties may be generated [47].

Solid-lipid nanoparticles (NPs)

Traditional colloidal systems, such as emulsions and lipos-
omes, can be replaced by solid lipid nanoparticles (SLNs).
SLNs may be mass-produced in huge numbers and loaded
with a wide range of active chemicals (prednisolone, diaze-
pam, and camptothecin) [48]. Rosiere et al. [49] developed
chitosan derivative-coated SLNs with paclitaxel targeting
lung cancer cells. Spray drying procedures and nano-precipi-
tation were used to make these NPs. A size 3 hydroxy propyl
methylcellulose (HPMC) capsule filled with 20 mg of pow-
der (100 L/min for 2.4 sec) and a multi-stage fluid impinger
(Axahaler®) to investigate in vitro aerosolization qualities.
Furthermore, when compared to a commercially available
paclitaxel formulation (taxol) FPF, the human ovarian HeLa
cell line was used in an in vitro cell viability study with a
34% increase in anti-cancer efficacy [49]. Bakhtiary et al.
developed DPIs to cure non-small cell lung cancer using
erlotinib-loaded SLNs. Spray drying was utilised to make
DPIs with and without mannitol after producing 100 nm
SLNs. The next generation impact or aerodynamic parame-
ters were examined. The emanated dosage, geometric stand-
ard deviation, MMAD, and FPF were 87.16 £ 0.16%, 24.25
+0.72%, 2.582 + 06 um, and 5.528 + 0.47 um, respectively,
without mannitol DPIs [46]. The geometric standard devi-
ation, emitted dose, FPF, MMAD, and geometric standard
deviation for mannitol DPIs were 94.91 + 0.15%, 30.98 +
0.87%, 3.931 £ 0.31 um, and 4.339 + 0.07um, respectively.
Based on the the results, excipients used in the manufactur-
ing stage, such as carriers and cryoprotectants, can amend
the aerodynamic characteristics of DPIs [50].

Solid-lipid microparticles (SLMs)

SLMs are a type of DPI preparation that enables medicine
release control. SLMs are identical to o/w emulsions because
oils are used that are solid at room temperature. A surfactant
stabilises the microparticles and traps the hydrophobic active
component inside the oil droplet. The drug is dissolved in
melted oil, then blended with the aqueous phase and homog-
enised to make droplets as small as possible. The device is
cooled to create SLMs after reaching the right droplet size
[51]. Scalia et al. used the phase inversion technique to make
quercetin-containing microscopic particles utilising an o/w
emulsification technique. The lipid component was tris-
tearin and the emulsifier used was phosphatidylcholine. The
FPF value was determined to be 20.5 + 3.3% with the next-
generation impactor, despite the formulation having an aer-
odynamic diameter <5 um [52]. This finding emphasises the
need of taking radiated dosage into account when calculating
the FPF parameter. SLMs containing rifampicin were pro-
duced by Maretti et al. to direct alveolar macrophages in cur-
ing tuberculosis. The tapped density, bulk density, porosity,
and apparent density 0.161 +0.020 g/cm?, 070 +0.002 g/cm?,
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80.44 + 0.05%, and 1.058 + 0.010 g/cm?, respectively. The
predicted aerodynamic diameter of SLMs was 0.51 = 0.08
pm, even though the mean particle size diameter was 1.15
+ 0.25 um [53]. The volume diameter appears to be larger
than the aerodynamic diameter as the porosity of particles is
enhanced and the density is decreased.

Nanostructured lipid carriers

A solid lipid core with a surfactant to keep it stable makes
up nanostructured lipid carriers. This method may distribute
both lipophilic and hydrophilic medicines. High-drug load-
ing capacity, controlled drug release ability, biodegradabil-
ity, and biocompatibility are some of the advantages of this
system in addition to long-term stability and the potential
to scale-up [54]. Patil-Gadhe et al. used melt-emulsifica-
tion, ultra sonication, and lyophilization techniques to make
rosuvastatin-loaded nanostructured lipid transporters with
or without L-leucin as DPIs. A Westech 8-stage, non-viable
cascade impactor was utilised to evaluate the aerosolization
properties at fluid velocities of 30 and 60 L/min. The aero-
dynamic properties were shown to improve in the presence
of leucine. The MMAD and geometric standard deviation
(GSD) decreased as the flow rate increased from 30-to-60
L/min, whereas the FPF increased. In vitro aerosolization
studies yielded a MMAD <3 pm and a FPF >90% FPF at a
flow rate of 60 L/min. The inhalation rate had the ability to
affect the aerodynamic properties independently of the for-
mulations [55].

Lipid-polymer NPs

Lipid—polymer NP systems enhance bioavailability by com-
bining the features of nano-systems, polymers, and lipos-
omes. A lipid layer is applied to the polymer NP core to
produce these lipid-polymer NP systems. The lipid-to-poly-
mer ratio is critical because the lipid-to-polymer ratio directly
influences the active substance encapsulation efficiency and
release qualities. The polymer used is poly (lactic-co-gly-
colic acid) and the lipid source contains lecithin, which is
often used in lipid—polymer NP-based DPIs. To accomplish
effective aerosolization, NPs <1 pum are converted to micros-
cale configurations during breathing [56-58].

Micro-particulate DPIs

Microparticles are microsphere or microcapsule complexes
made from hydrophilic and lipophilic medicines with parti-
cle sizes ranging from 1-999 pm. The aerodynamic dimen-
sions should be in the range of 1-5 um for microparticles
formulated as DPIs. The active ingredients in solids, solu-
tions, suspensions, and emulsions can be encapsulated
within the particles. By altering the process parameters,
microparticles of the necessary size, shape, and porosity may
be manufactured. Microparticles delivered via the lungs to
alveolar macrophages in diseases, such as tuberculosis, are

additionally successful in providing high quantities of active
substance to cells. Alveolar macrophages should be avoided
in the treatment of various disorders to enhance the bioavail-
ability and alveolar half-life of the active drug by inhibiting
pulmonary clearance. To prepare micro-particulate DPIs for
the specified purpose, microparticles without carriers and
large porous microparticles can be used.

Carrier-free microparticles

Excipients are used in inhaler formulations to increase the
micronized medication flow and aerosolization characteris-
tics. However, there are only few excipients that are permit-
ted for inhalation and adding a high amount of excipient to
a preparation reduces the amount of active drug in the for-
mulation, limiting DPI formulations to pg levels. Because
introducing a transport to a powder formulation increases the
formulation volume, carriers are rarely used with medications
given in large doses, such as antibiotics. As a result, research
has been conducted to develop compositions which do not
need use of a transporter to increase micronized medicine
flow. Because the compositions contain minute quantities of
the medication, commercial formulations, like as Bricanyl®
(terbutaline) and Pulmicort® (budesonide) DPIs, have been
developed without using carriers [59]. Yazdi et al. created
carrier-less ibuprofen DPIs using an air-jet milling process.
A next generation impactor (HPMC capsule comprising
10, 25, or 50 mg of drug) was used to examine aerosoliza-
tion features. The emitted dosage, FPF, and MMAD were
69-73%, 72-80%, and 2.6-2.9 um, respectively [60]. This
finding demonstrates that DPIs can be made utilising simple,
one-step processes that are suited for scale-up and industrial
production. Similarly, using the spray drying process, Cayli
et al. synthesised levofloxacin hemihydrate and ciproflox-
acin hydrochloride as carrier-free DPI microparticles with
or without dornase alpha or N-acetylcysteine. Although all
formulations had MMAD values between 2 and 3 pum, the
levofloxacin hemihydrate and N-acetylcysteine combination
DPIs [61] had the highest FPF (85%). This finding shows
that DPIs are formulations that can be used in combination
with other drugs.

Large porous microparticles

Particles having a low density have smaller aerodynamic
dimensions than the volume diameters. Because of the low
density, large particles are often used, as in manufacturing of
DPIs. Furthermore, the large volume diameters are associ-
ated with excellent flow properties, while low density results
in good aerosolization. Using doxorubicin-loaded highly
porous large PLGA microparticles, Kim et al. developed a
sustained-release inhalation device. Although the MMAD
was 3.6 = 0.4 um, the volume diameter was 14.1 £ 2.1 pm.
Furthermore, the aerodynamic diameter was smaller than the
volume diameter, as predicted [62]. DPI formulations can
also be used for long-term release according to one study.
However, with long-acting formulations, it is vital to con-
sider the lung clearance process.

A. R. Tamboli et al.: 10.15212/bioi-2024-0062

d

MOIAD




BIOI 2024

NP-based DPIs

The pulmonary route is used to give NP-based DPIs [63].
NPs with a modest particle size are not well-adapted for lung
accretion and are expelled. Spray freeze-drying or spray-
drying [56, 64, 65] NPs with leucine, PVA, or mannitol
[66, 67] and co-administering carrier particles with lactose
[68] may help solve this problem. NPs increase the solubility
of liquid medicines and decrease the mucociliary clearance,
so respirable NP preparations are favoured [20]. NPs may also
be administered to specific target sites, such as malignancies,
in addition to these qualities [63, 69]. Other DPI production
technologies, such as nanocomposites, deliberately target
respirable NPs, inorganic nanocarriers, nanoaggregates, and
nanocrystals are available. NPs made of polymeric and lipid-
based materials are also available. However, the deposition
of lipid based-material are mostly influenced by the aerody-
namic diameter of inhaled droplets (Figure 3).

Inorganic nanocarriers

Because of the advantageous physicochemical features,
inorganic carriers are used for producing DPIs. Due to the
biocompatibility and biodegradability of amorphous silica,

Optimal aggrega(e AD:0.5-5um

P

silica NPs are often utilised to make DPIs. Furthermore,
organic-based delivery of drugs techniques is less persistent
than silica NPs. Silica particles may change shape and the
surfaces can be painted [69]. Cheow et al. used an exper-
imental design method to improve spray drying procedure
parameters and make cylindrical clumps of biocompatible
silica NPs. Small geometric and aerodynamic sizes were
attained using the spray drying process at pH and feed con-
centrations. Cheow et al. were able to acquire particles to
achieve consistent particle size and dose distribution while
boosting aerosolization. A geometric diameter was cho-
sen that was larger than the aerodynamic diameter [70].
This finding showed that hollow particles may be made by
fine-tuning the parameters of the spray-drying technique,
which is widely used in DPI manufacturing. The density is
lowered, while also improving the aerodynamic properties.

Nanocrystals

The Nanocrystal® milling process (Elan Pharmaceutical
Technologies, city, state, USA) lowers particle size to <400
nm. Wet milling can be used with the ball mill technology.
Because the synthesis takes place in an aqueous medium, the
amorphous areas of the particles recrystallize. Wet milling,

Aggregate AD > S pym

e _
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Figure 3 Schematic summary of AD-dependent deposition and distribution mechanisms of inhaled lipid nanoparticle aggregates in the

airways (adapted from [65]). This work is licensed under a CC BY 4.0.
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as opposed to dry milling, develops more homogeneous
crystal structure and more stable moisture-resistant particles.
PVP and lecithin are used as excipients to offer the active
component physical stability and prevent NP aggregation.
The nanocrystalline technique has two major drawbacks
(the process period may be extended and unclear extended
toxicity in the respiratory system) [71]. To develop a DPI
formulation, Hu et al. created curcumin nanocrystals. Hu
et al. used a mixing of spray drying and wet milling tech-
niques to achieve this DPI formulation. Using a next gen-
eration impactor, the effects of varying milling periods on
aerosolization qualities were also examined. FPF increases
from 62.4%-t0-72.3% when the milling time increases from
10 min-to-40 min, indicating that the volume of medication
predicted to pass to the lung increases [72]. Production con-
ditions have a significant impact on the aerosolization quali-
ties of DPI formulations.

Nanocomposites and
hanoaggregates

Nanocomposites are materials made up of NPs and a carrier
material, like sugar or a polymer. Physical factors, such as
van der Waals forces [73], hold large porous or hollow NP
together to create nanoaggregates. Mucociliary clearance,
macrophage-mediated phagocytosis, and enzymatic degra-
dation are all efficiently blocked by DPI nanocomposites
and nanoaggregates without producing exhalation issues
[74]. Kaur et al. were able to attain an aerodynamic diameter
of <4 um using a spray drying approach to make DPIs from
isoniazid and rifampicin nanoaggregates for both isoniazid
and rifampicin-containing DPIs [75]. Using the same manu-
facturing technique proved that numerous active compounds
may be synthesised as DPI formulations.

Cyclodextrin complexes

Cyclodextrins (CDs) are cyclic oligosaccharides with
hydroxyl groups that are hydrophilic on the outside and lipo-
philic on the inside. By generating an inclusion complex, the
active compounds are linked to CDs. Because of the cavity
size, complexing activity, and low cost, B-CD is one of the
most extensively utilised CDs in the pharmaceutical indus-
try [75]. CDs shield the active ingredient from enzymatic
degradation and offer a long-lasting release, which enhances
drug bioavailability and facilitates ideal release patterns [76].
Mohtar et al. used spray drying in the attendance of ethanol to
create dry powder CD complexes for respiratory injection of
fisetin, achieving an FPF of 75.83 + 3.34%, an efficient deliv-
ery (ED) of 97.31 £0.74% ED, a MMAD of 2.0-2.5 um, and
afine particle dose (FPD) of 7.06 = 0.30 mg, all of which indi-
cated successful aerodynamic behaviour. The FPF increased
2-fold when ethanol was used in the spray-drying stage and
the FPF increased 2.3-fold when leucine was added to the for-
mulation [77]. According to the study, excipients used in the
spray-drying process or preparation affect the amount of med-
icine delivered to the deep lungs. Kinnarinen et al. [78] used a

dry mixing approach to create a budesonide/-CD complex as
a DPI. Lactose was used as the carrier. An Andersen cascade
impactor was used to examine aerosolization qualities before
and after 1 month of storage in a relative humidity of 75%
at 40°C. The budesonide/-CD combination had a respirable
percentage of 35% before storage and 31% after storage [78].
Aerodynamic qualities can vary during storage, as illustrated
in Kinnarinen et al. [78] study.

Evaluation

In vitro testing of DPIs

A medicine must be able to reach the target in a reasona-
ble concentration and with a level of contamination that is
acceptable to be safe and effective. The quantity of medi-
cation given and the aerodynamic particle diameter range
being supplied should be considered for inhalation dose
forms. This element is determined by the amount of medicine
delivered to the respiratory tract within a specific size range
[79]. DPIs and median dose inhalers (MDIs) are the most
frequent moveable devices utilized to transport drugs into
the lungs. Because the operative methods of these two dis-
tribution mechanisms were so dissimilar, in vitro approaches
for describing these dosage forms were taken into account
[80]. Many pharmaceutical companies use the pMDI design
strategy, which includes the container, surfactant, actuator,
propellant, micronized drug, and metering valve. The high
vapour pressure propellant flowing from the tiny departure
hole in the valve stem delivers medicine to the patient in a
disaggregated form. As a result, the medicine administered
to the patient is mostly unaffected by the pace at which the
patient breathes [81]. All pharmaceutical dose forms are nec-
essary to guarantee that the substance supplied is safe and
effective. Furthermore, the in vitro test must be created in
such a way that the test simulates patient utility [82]. Due to
the uniqueness of specific respiratory dosage forms, further
testing is essential to advance and critically assess a guar-
anteed product quality. The correct drug is present with a
reasonable number of contaminants according to product
safety tests. A list of tests that are typically performed as
part of product safeguarding is provided under the follow-
ing: appearance; identity (chromatography and spectros-
copy); microbial limits; extractives; respirable dose/particle
size analysis; water content; patient use that is simulated
(through the usage of a gadget, parameters and parallelisms
of the patient, the flow rate, amount of air inhaled, andenvi-
ronmental considerations); drug-related impurities; reusable
versus disposable testing for reliability; and drug content per
unit dose/dose delivery).

Toxicity assessment

The biosafety of DPIs hinges on the toxicity profile. A con-
siderable proportion of formulations are recognized for
inducing local toxicity manifestations, such as lung irritation
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Table 1 Inhalable Nano-formulations under Clinical Application or Development for Respiratory Disease
Nano-formulations  API Implications Key findings Reference
Liposomes Colchicine and Idiopathic Sustained drug release at the targeted site, effectively [47]

budesonide pulmonary fibrosis reducing systemic exposure.
Solid-lipid Polyphenol and Asthma In vivo studies in a murine asthma model demonstrated  [87]
sanoparticles doxofylline significant reductions in the serum bicarbonate level
(SLNSs) and eosinophil count, along with improvements in
respiratory flow rate.
Nanostructured lipid Montelukast and  Allergic asthama Enhanced bioavailability, prolonged drug residence [88]
carriers mannitol time in the lungs. and targeting factor of 11.76
compared to montelukast aqueous solution
Lipid polymer hybrid lvermectin Lung cancer Direct lung deposition for rapid onset of action and [89]
nanoparticles increased efficacy at lower dose
Nanocrystals Curcumin COPD and asthma  Improved curcumin delivery to deep lung regions [90]
Nano-composite Rifampicin and Treatment of Successful delivery of drug to the site of infection, while  [91]
and nano-aggregate  xyclodextrin tuberculosis providing both immediate and sustained release effects
DPIs Budesonide and COPD and asthma  Improved therapeutic efficacy than plain drug [92]
arformoterol
Chronic lower
Liposomes Azithromycin respiratory tract Enhanced activity [93]

infection

and oedema. In vitro cytotoxicity investigations stand out
as the principal non-invasive method for appraising toxic-
ity profiles. Furthermore, these studies serve to ascertain the
LD50 (median lethal dose) for inhaled formulations, thereby
aiding in the anticipation of appropriate dosages for subse-
quent investigations [83].

Current advances

Significant advances in DPI drug delivery systems have ush-
ered in the development of cutting-edge platforms, includ-
ing liposomes, nanocomposites, solid lipid NPs, polymeric
micro-NPs, and microspheres. These innovative systems aim
to surpass the limitations of traditional carrier-based DPIs,
with several already in existence. The latest generation of
DPIs, termed ““active” or power-assisted DPIs, achieve drug
dispersion at low flow rates by harnessing vibrating piezo-
electric crystals powered by batteries. As the demand for
inhalation vaccines rises, there is a burgeoning focus on
crafting single-use DPI systems tailored for vaccination pur-
poses. Moreover, peptides, proteins, genes, and viruses are
increasingly integrated into inhalation powders, capitalizing
on the multifaceted advantages offered by DPIs for deliv-
ering safe and efficacious treatments across a spectrum of
diseases [84]. In response to patient needs, digitalized DPIs
are also emerging as frontrunners among DPIs [85]. Current
advances in nano-formulation-based DPIs are summarized
in Table 1.

Challenges

Despite these advantages, DPIs also have some limitations.
Specifically, DPIs require patients to generate sufficient
inspiratory flow to disperse the powder into small particles

for inhalation. This may be challenging for some patients,
particularly patients with severe respiratory impairment.
Additionally, DPIs may not be suitable for delivering some
types of medications, such as medications with poor flow
properties or medications that require precise dosing. Safety
risks from excipients may impede use in pulmonary drug
delivery. While high in vitro drug delivery typically indi-
cates effective in vivo lung deposition, this correlation may
be unreliable due to unrealistic throat models and individual
breath pattern variations [86].

Future prospects

Future studies could focus on developing DPIs with improved
inhalation mechanisms, such as devices that require less
forceful inhalation or devices that can adapt to patients
with varying levels of respiratory impairment. Additionally,
research into innovative breath-activated mechanisms could
further simplify the inhalation process for patients. Novel
formulation strategies can be undertaken to optimize prop-
erties of the powdered medication, including particle size,
flowability, and aerodynamic behaviour to enhance drug
delivery efficiency. Such novel formulation strategies might
involve the development of engineered particles with tai-
lored characteristics to improve lung deposition and maxi-
mize therapeutic efficacy.

To address usability challenges associated with DPIs,
future studies could focus on designing devices that are more
intuitive and user-friendly, particularly for elderly or paedi-
atric patients. Human factor research could inform the devel-
opment of DPIs with ergonomic designs, clear instructions,
and features that facilitate proper technique and dosage
administration. Additionally, incorporating patient feedback
and preferences into device design could improve overall
adherence to treatment regimens. DPIs offer the potential
for delivering multiple medications simultaneously, making
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the DPIs suitable for combination therapy in the treatment
of complex respiratory conditions. Future studies could
explore the development of DPIs capable of delivering tai-
lored combinations of medications to target specific disease
phenotypes or patient populations. Furthermore, advances
in personalized medicine could enable the customization of
DPI formulations to match individual patient profiles, opti-
mizing treatment outcomes and minimizing adverse effects.

Research on overcoming biological barriers in lungs
through innovative drug delivery strategies, such as the use
of mucoadhesive formulations or NP-based carriers would
be beneficial. Additionally, advances in imaging techniques
could facilitate the visualization and assessment of drug dep-
osition within the lungs, aiding in the optimization of DPI
performance.

Overall, the future of DPIs holds great promise for address-
ing current challenges and advancing respiratory drug deliv-
ery. By addressing issues related to the inhalation technique,
formulation optimization, patient-centred design, combina-
tion therapy, and drug delivery optimization, future studies
have the potential to significantly enhance the efficacy, usa-
bility, and personalized nature of DPIs, ultimately improving
patient outcomes in the management of respiratory diseases.

Clinical implications of DPI
development

The industrial and clinical translation of DPIs for treating
inflammatory lung disorders, such as asthma and COPD,
has made significant strides in recent years. Advances in
formulation techniques have improved the stability and bio-
availability of inhaled therapies, allowing for targeted drug
delivery to the lungs. Clinical trials have demonstrated that
DPIs enhance patient compliance due to ease of use and
breath-activated mechanisms. Future directions include the
development of personalized DPI formulations that account
for individual patient variability in disease presentation and
drug response. Additionally, incorporating smart technol-
ogies, such as inhaler monitoring systems, could provide
real-time feedback to patients and healthcare providers,
improving treatment adherence and outcomes. Research into
combination therapies that leverage the synergistic effects of
multiple drugs within a single DPI formulation may further
enhance therapeutic efficacy for managing inflammatory
lung diseases. Overall, continued innovation in DPI design
and formulation will be crucial for optimizing treatment

strategies and improving the quality of life for patients with
these chronic conditions.

Conclusion

DPIs have emerged as a popular choice due to ease of use,
high-dose delivery capability, and breath-activated mech-
anisms. Over the years, DPI development has witnessed
significant scientific advancements and innovations within
the realm of pulmonary drug delivery. This technology has
demonstrated effective utility in treating several pulmonary
disorders using single or multiple drugs in combination for-
mulations. However, persistent technical hurdles and gaps in
fundamental understanding pertaining to process formulation
and development remain to be addressed. Future prospects
for pulmonary drug delivery systems include enhancing the
efficiency and specificity of DPIs for local targeted inhala-
tion delivery. This involves further research into formulation
strategies to optimize drug delivery and overcome biological
barriers. Additionally, the development of novel evaluation
techniques for DPIs will facilitate the clinical implementa-
tion and ensure safety and efficacy. Furthermore, advances in
personalized medicine are promising for tailoring inhalation
therapies to individual patient needs, optimizing treatment
outcomes while minimizing adverse effects. With continued
research and innovation, the field of pulmonary drug deliv-
ery is poised to usher in a new era of personalized and effi-
cacious inhalation therapies for inflammatory lung diseases
and beyond, ultimately improving patient outcomes and
enhancing the quality of life.

Abbreviations

DPI, Dry powder inhaler; COPD, Chronic obstruc-
tive pulmonary disease; pMDI, Pressurised meter dose
inhaler; API, Active pharmaceutical ingredients; CFCs,
Chlorofluorocarbons; PLGA, Polylactic-co-glycolic acid;
PVA, Polyvinyl alcohol; PLA, Polylactide; PCL, Poly-
caprolactone; HPMC, Hydroxypropyl methyl cellulose; HA,
Hyaluronic acid; LBG, Locust bean gum; MMAD, Median
mass aerodynamic diameter; FPF, Fine particle fraction;
SLN, Solid-lipid nanoparticle; NPs, Nanoparticles; SLMs,
Solid-lipid micro particles; GSD, Geometric standard devi-
ation; CD, Cyclodextrin; FPD, Fine particle dose; ED,
Efficient delivery; RH, Relative humidity
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