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Pressurized metered-dose inhalers are the
most popular inhaled drug-delivery system.
However, it is challenging to formulate NPs for
pMDIs as they are typically unstable due to the
potential for sedimentation, crystal growth and
polymorphism. In addition, pMDIs emit dosages at high velocity, which makes deposition in
the oropharynx more likely [17,18] . The aforementioned characteristics make pMDIs less suitable
for delivery of inhalable NPs.
Dry-powder inhalers were introduced to
overcome some of the drawbacks associated
with pMDIs [19,20] . DPIs offer higher formulation stability and can provide deep-lung
deposition [21,22] . A step forward in the pulmonary delivery of DPIs was the introduction by
Edwards et al. of large porous particles of small
mass density and large geometric diameter. Due
to their physical characteristics, LLPs were able to
escape the lung’s natural clearance mechanisms
and achieve deep-lung drug release [23] .
The delivery of NPs from DPIs combines the
advantages of nano-scale formulation and the
localized effect of NPs in the lungs, especially
in the treatment of tuberculosis (TB) [24] , cystic
fibrosis [25,26] and lung cancer [27] . The pulmonary delivery of NPs showed clear advantages
over the use of microparticles and other inhalable formulations, such as enhanced activity [28] ,
increased cellular uptake [29–31] , elevated immunological response [32,33] , longer lung retention
[34] , modified pharmacokinetics, an extended
release profile [25,35,36] , improved tolerability and
reduced toxicity [27] .
However, the direct inhalation of NPs from
DPIs is not feasible. Due to their submicron
diameter, they are mostly exhaled after inhalation, with minimal deep-lung deposition [37] .
Other studies showed that NPs tend to strongly
agglomerate when formed as dry powder;
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The potential use of nanoparticles (NPs) as a
colloidal delivery system for pharmaceutical
applications has received considerable interest in the past three decades [1] . In part, this
interest emerged due to the ability of NPs to
circumvent undesired physiocochemical properties of the active ingredient (AI; e.g., poor water
solubility) [2] , to protect the AI from early degradation (e.g., enzymatic proteolysis) [3] and to
enhance cellular uptake [4] . However, the use of
NPs in cancer treatment is still by far the most
promising application [5] . This is supported by
the ability of NPs to accumulate in cancerous
tissues passively by an ‘enhanced permeability
and retention’ (EPR) effect [6] and/or actively
by using different targeting probes [7] .
Multiple routes of administration can be used
for the delivery of NPs, including intravenously,
transdermal, ocular, nasal and pulmonary [8–10] .
The route of administration chosen should
be appropriate to the disease or disorder being
targeted and the intended results. Pulmonary
delivery is becoming an important route of drug
administration for the treatment of intra- and
extra pulmonary diseases. This is supported by the
lungs’ unique characteristics such as large surface
area, thin epithelial layer, high vascularization and
avoidance of first-pass metabolism [11] .
Three approaches to inhaled drug delivery
are: nebulizers (solutions inhalers), pressurized
metered-dose inhalers (pMDIs) and dry-powder inhalers (DPIs); each category has unique
strengths and weaknesses [12] . Nebulizers have
been used to deliver inhalable NPs of different
types [13–16] , but they require bulky compressors or a source of compressed air, so are mainly
restricted to hospitals and ambulatory care settings; children, the elderly and people with inadequate physical or mental ability to use MDIs
and DPIs may use nebulizers.
10.4155/TDE.11.100 © 2011 Future Science Ltd
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Redispersibility:

Hollow nanoaggregates:

particles. The dried particles are then separated
from the gas by means of a cyclone. To obtain
hollow nanoaggregates, the drying time of the
sprayed droplets should be sufficiently shorter
than the characteristic time for redistribution of
NPs by diffusion within the drying droplet [38] .
Tsapis et al. proposed two critical times in the
drying process to produce such particles. The
first is the time required for a droplet to dry and
the second is the time required for the NPs to
diffuse from the edge to the center of the droplet. The ratio of these two characteristic times
(the first over the second) defines a Péclet number (Pe). NP aggregations in the form of hollow
microparticles will be produced when the spraydrying settings result in a large enough Pe (Pe
>> 1). Three main variables were controlled in
order to maximize the Pe and to form hollow
particles: inlet temperature, droplet atomization
efficiency and feed rate. High inlet temperature
(110°C) could be accompanied by lower droplet atomization efficiency and a higher feed rate
(70 ml/min), whereas lower inlet temperature
(95°C) required higher atomization efficiency
and a lower feed rate (40 ml/min). Kawakami
et al. proposed a more efficient drying process
and, consequently, a shorter droplet-drying time
by adding the surfactant sodium dodecyl sulfate
(SDS) to the sprayed mixture [42] . Trojan particles produced by Tsapis et al. were spherical
in shape and had a mass density around unity
and an MMAD, approximately 3 µm, which
is suitable for deep pulmonary delivery. The
shell wall of the Trojan particle was made of
several layers of NP aggregations. In spite of the
appealing characteristics of Trojan particles produced by Tsapis et al., their ability to release and
redisperse NPs in vivo remains uncertain. The
in vitro redispersibility test was performed by
vortexing the dry powder of Trojan particles in
a mixture of ethanol:water (70:30 by volume).
This may be inappropriate as it does not represent the actual redispersion mechanism in lung
fluid, where dispersion is caused by spontaneous
particle wetting. The presence of a water-soluble excipient (mannitol) that forms ‘excipient
bridges’ interconnecting the NPs was found by
Kho et al. to be required to enable spontaneous redispersion [43] . Hadinoto et al. showed
that the morphology and degree of hollowness
of nanoaggregates prepared by spray drying
depend on the chemical nature of the NPs, but
not on their size [44] . Polyacrylate, silica and
polystyrene NPs of similar size and concentration produced different hollow particles under
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Nanocomposites:

moreover, the dry powder is difficult to handle
and has low ability to release NPs similar in
characteristics to the original NPs (low redispersibility) [38–41] . The phagocytic clearance
of inhaled NPs may also hinder the maximum
efficacy of NP treatment. On the other hand,
targeting macrophages might be preferable in
lung diseases such as TB. Some studies showed
that NPs can modify cytokine profiles released
from macrophages in a way that helps to reject
cancer [11] .
Different pharmaceutical approaches have
been developed to overcome the difficulties of
formulating NPs in DPIs for pulmonary delivery. These pharmaceutical interventions mainly
sought to increase the mass median aerodynamic
diameter (MMAD) of the inhalable powder to
between 1–5 µm, optimize the fine particle
fraction (FPF) and enhance the redispersibility
of NPs after pulmonary delivery. This review
discusses several pharmaceutical interventions
to achieve deep-lung deposition of inhalable
NPs and enhance NP redispersibility after
pulmonary delivery.
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Large porous NP aggregates are inhalablepowder dosage forms comprised mainly of NPs
and designed for pulmonary delivery. NPs in
the form of LPNPs are held together by physical means, such as van der Waals forces (as in
hollow nanoaggregates), or by using binders
such as polymers, phospholipids, or sugars (as
in nanocomposites).
Tsapis et al. first described hollow nanoaggregates as Trojan particles in 2002 [38] . Hollow
nanoaggregates are hybrid LPNPs made of hollow NP aggregations that combine the delivery
potential of NP systems with the ease of flow of
large porous microspheres.

Trojan particles are nanoaggregates prepared by
spray drying an NP dispersion to form hollow
microparticles in which the crust or shell are
made of layers of NP aggregations. In general,
the spray-drying technique atomizes the NP
dispersion mixture and other excipients to a
spray form that is put immediately into thermal
contact with a hot gas, resulting in the rapid
evaporation of the droplets to form dried solid
2
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different study [49] . The study compared leucine,
mannitol and lactose, and a mixture of these
materials, and determined the NP:excipient
concentration ratio required to produce hollow nanoaggregates with the best morphology
and redispersibility characteristics. Mannitol
alone produced particles with large, hollow and
spherical morphologies, but with poor redispersibility. Lactose alone showed highly redispersible
particles at the expense of morphology. The best
results were achieved with a multiple-excipient
formulation of leucine and lactose at a 1:6
concentration ratio. The hydrophobic leucine
was included in the formulation to serve as a
water repellent to reduce the moisture uptake
of the highly hygroscopic spray-dried lactose,
to reduce particle cohesiveness and to improve
particle morphology.

The only in vivo study of hollow nanoaggregates
after pulmonary delivery was performed by Sung
et al. [34] . This study investigated the pharmacokinetics of rifampicin, loaded in polylacticco-glycolic acid (PLGA) Trojan particles in
guinea pigs after pulmonary delivery. The results
showed a prolonged rifampicin presence in the
lungs with detectable drug levels up to 8 h after
pulmonary delivery. The pulmonary delivery of
the free rifampicin in porous particles resulted in
much lower drug levels in lung tissues, providing evidence for the advantage of using inhalable NPs over microparticles. After 8 h, hollow
nanoaggregates containing 80% NPs by weight
were associated with higher rifampicin concentrations in lung tissues than nanoaggregates
containing 40% NPs, due to delayed release of
rifampicin from the NPs. Plasma concentrations
of rifampicin after pulmonary administration of
hollow nanoaggregates (40 and 80%) to guinea
pigs were higher at all times than after the standard oral administration of equivalent doses
(2.5 mg/kg) of rifampicin suspension.
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the same spray-drying condition. This can be
explained by the differing types of stabilizing
forces imposed by the differing chemical natures
of the NPs. In addition to the inlet temperature
and feed rate, Cheow et al. studied the effect
of feed concentration, feed pH and the ratio of
the gas-atomizing flow rate to the feed rate on
the morphology of silica hollow nanoaggregates
[45] . This study showed that there is a minimum
feed concentration below which Trojan particles
cannot be formed (0.18%, w/w for silica NPs).
The optimal spray-drying formulation parameters from which hollow spherical nanoaggregates with a narrow bimodal distribution were
produced were identified by Cheow et al. as:
inlet temperature 120°C, pH 9, feed concentration 0.8% (w/w), feed rate 0.18 × 10 -3m3/h and
gas atomizing flow rate 0.332 m3/h. It has been
shown that the degree of hollowness ( ), which
is defined as the ratio of the effective density e
to the true density true of the nanoaggregates,
can be increased by using phospholipids during the spray-drying process [46] . The degree of
hollowness of hollow nanoaggregates made of
polyacrylate NPs with size close to 160 nm was
increased from 0.1 to 0.4 as the phospholipid
concentration increased from 0 to 60% w/w.
In another study, Kho et al. showed that the
redispersibility of the hollow nanoaggregates
was related to the degree of hollowness [47] . In
this study, the degree of hollowness was controlled by the NP:mannitol ratio. Two parameters were proposed by Kho et al. to evaluate
the redispersibility: (1) the ratio of NP diameter retrieved from the nanoaggregates (Sf ) to
original NP diameter (Si), where a Sf:Si ratio
1 suggests that the nanoaggregates are fully
redispersible into the primary NPs; and (2) the
turbidity level of an NP dispersion produced by
hollow nanoaggregates upon exposure to moisture, with higher turbidity levels indicating bigger NPs and poor dispersibility. Nanoaggregates
with a higher shell thickness:particle radius ratio
exhibited weaker redispersibility due to poor
particle wetting. Hollow nanoaggregates with
the highest redispersibility were obtained from
spray drying at 0.72% (w/w) NP concentration
and a silica:mannitol ratio of 1:4. The thickness
of the hollow nanoaggregate shell was found to
be influenced more by process parameters acting at the colloidal level (e.g., pH) than by the
spray-drying operation settings [48] . The effect
of different excipients on the morphology and
redispersibility of hollow nanoaggregates of
silica NPs was assessed by the same group in a
future science group

Nanocomposites are made by binding NP
agglomerations with other excipients to form
particles appropriate for pulmonary delivery
and deep-lung deposition. The main difference
between nanocomposites and Trojan particles
is that nanocomposites are not hollow particles,
yet they possess the required aerodynamic characteristics for pulmonary delivery due to their
porous texture. Nanocomposites can be made
out of polymeric NPs or NPs of the AI.
www.future-science.com
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Tomoda et al. studied the effect of inlet temperature and the weight ratio of NP to excipients
on nanocomposites made of PLGA NPs with
a sugar (lactose or trehalose) binder [50] . The
results showed that the optimal inlet temperature depends mainly on the size range of the primary NPs. Bigger (400 nm) PLGA NPs showed
a higher ability to tolerate elevated inlet temperatures, whereas smaller (200 nm) NPs formed
nanocomposites that were not redispersible when
the inlet temperature was 80°C and above. For
the 400 nm NPs, the best nanocomposites were
obtained with trehalose, an inlet temperature of
90°C and a 45% NP:excipient weight ratio. For
the 200 nm NPs, the best results were obtained
with trehalose and a 70°C inlet temperature,
regardless of the NP:excipient weight ratio.
Another study found that lower inlet temperatures yielded PLGA nanocomposites with larger
sizes but better redispersibility, and that the optimal inlet temperature was dependent not only
on the size of NPs, but also on the type of binder
used in the nanocomposites (80°C for trehalose
and 90°C for lactose) [51] .
The maximum tolerable inlet temperature
during spray-drying processes has been shown
to be related to the glass transition temperature (Tg ) of the polymer [52] . In this regard,
Yamamoto et al. showed that PLGA with a
molecular weight (MW) of 20,000 or lower
exhibited minimum heat tolerance, as the
nanocomposites obtained at inlet temperatures
higher than 45°C showed no ability to redisperse
to release original NPs. However, NPs made of a
higher molecular weight polymer (120,000) were
able to form redispersible nanocomposites at a
higher inlet temperature (70°C). The composition of the AIs may also require the use of low
inlet temperatures. Jensen et al. studied the spray
drying of siRNA-containing PLGA NPs using
a very low inlet temperature (45°C) in order to
avoid the decomposition of siRNA. This study
showed that when using a low inlet temperature,
the best nanocomposites were obtained using a
high concentration of mannitol (30 mg/ml) and
a low NP:excipient ratio (20%) [53] .
Muttil et al. reported nanocomposites of
PLGA NPs containing CRM-197, a diphtheria antigen [33] and PLGA–polyethylene glycol
(PEG) NPs containing recombinant hepatitis
B surface antigen [32] used as inhaled vaccinations. Nanocomposites prepared by Muttil et al.
were obtained by spray drying a mixture of NPs

dispersed with an l-leucine solution; the ratio of
NPs to l-leucine was kept at 25:75 for PLGA
NPs and at 10:90 for PLGA/PEG NPs. Other
experimental settings of the spray-drying procedure were: inlet temperature 95°C and 80°C,
feed rate 30 ml/min and air flow rates of 100 and
98 kg/h for PLGA and PLGA–PEG NPs, respectively. Both nanocomposite powders (PLGA and
PLGA–PEG) showed almost the same characteristics: MMAD was approximately 5 µm
and the FPF<5.8 m was approximately 50%. No
redispersibility data were reported in either study.
To avoid rapid alveolar macrophage uptake
and clearance upon pulmonary delivery, the
nanocomposites should disintegrate rapidly and release the NPs at the site of action.
Disaggregation is dependent on the solubility of
the binder used during the spray-drying process.
Therefore, Lebhardt et al. investigated the effects
of using different excipients with different water
solubilities on the redispersibility of nanocomposites [54] . Compared to lactose and mannitol,
-cyclodextrin produced PLGA nanocomposites
were readily redispersed within 5 min by gently
shaking; PLGA NPs of approximately 200 nm
were released.
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During the spray-drying process, NPs are
exposed to harsh physical conditions such as
thermal stress during droplet drying, high shear
stress in the sprayer nozzle and high adsorption
at the greatly expanded liquid–air interface of
the spray solution [40] . These conditions might
affect both the polymer matrix and the AIs of
the NPs and the redispersibility of the nanocomposites. Instead of solvent evaporation (as
in spray drying), atomized droplets created by
spraying are instantly frozen in liquid nitrogen.
The particles are lyophilized to remove the solvent and create porous spherical particles suitable for inhalation. Alternatively, a cold gas can
be used to both freeze and dry the particles [55] .
Cheow et al. reported a spray-freeze drying
method to prepare nanocomposites of thermally
sensitive polycaprolactone (PCL) NPs, as the low
melting point of PCL limits the use of spray drying due to the high temperature required [56] .
The results showed that nanocomposites produced by spray-freeze drying exhibited higher
aqueous redispersibility than nanocomposites of
the same formulation obtained by spray drying.
Two different excipients were used to stabilize
the nanocomposites during the spray-freeze
drying process; mannitol and polyvinyl alcohol
future science group
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Controlled flocculation has been used to prepare
nanocomposites of different AI: budesonide [57] ,
ciprof loxacin [58] , paclitaxel [59] , diatrizoic
acid [60] and nifidipine [61] . NPs were prepared by
antisolvent precipitation (budesonide, diatrizoic
acid, paclitaxel and nifidipine) or sonication of
colloidal solution (ciprofloxacin). The main
flocculating agents used to induce NP agglomeration were l-leucine solution (1%, w/v) and
solid sodium chloride crystals. The amount of
l-leucine added was adjusted to an AI:leucine
ratio of 1:1. The l-leucine solution was added
slowly to the NP suspension during homogenization and then the flocculated NP suspension was
lyophilized to a dry powder. The MMAD for
budesonide nanocomposites prepared under the
aforementioned experimental settings was 2.1 ±
1.8 µm, which is suitable for deep -lung deposition [57] . The dissolution rates of nanocomposites
in all the studies were faster than unprocessed
drug and slower than pure NPs.
Aillon et al. reported a wet-milling procedure
to prepare nanoclusters of N1177 (a diatrizoic
acid derivative), to be used by pulmonary delivery as a contrast agent for thoracic computed
tomography (CT) [62] . Drug suspension samples
were collected at different intervals of the milling procedure. The results showed that particles
decreased in size within the first 30 min, followed by an increase in size over the next 2 h.
During this process, discrete NPs were not
observed in the suspension, rather, they appeared
to be agglomerated into low density clusters. No
excipients other than the grinding media were
used during this procedure. The milling procedure was followed by lyophilization to convert
the nanocluster suspension into a dry powder
for inhalation. The reported MMAD of the
final nanoclusters was 4.2 ± 0.1 µm and the
FPF<5.7 m was 75 ± 1, characteristics suitable for
deep-lung deposition.

et al. The results of the study showed that the
percentage of nanocomposites deposited in
bronchioles and alveoli was approximately
80%. These nanocomposites showed extended
glycemic control after pulmonary delivery (up
to 12 h) compared with insulin solution after
intratracheal (up to 6 h) and intravenous (iv.;
up to 4 h) administration [52] .
Tomoda et al. studied the body distribution of
TAS-103 (an anticancer agent) after pulmonary
delivery in the form of nanocomposites [63] . This
study showed that the TAS-103 concentration
in the lungs after pulmonary delivery was 13
times higher than after iv. injection of the same
dose. The efficacy (as a lung cancer treatment)
of TAS-103 loaded in inhalable nanocomposites
was not reported.
Muttil et al. evaluated the immune response
for nanocomposites of PLGA NPs containing
diphtheria antigen [33] and PLGA–PEG NPs containing recombinant hepatitis B surface antigen
after pulmonary delivery [32] . Relative IgG in the
blood at different time points and IgA titers in
the bronchio–alveolar lavage fluid at the end of
the study were evaluated and compared with an
intramuscular (im.) administration. Both studies reported an increase in IgA in the lungs but
lower serum IgG levels when compared with im.
vaccination. Even though the IgG level induced
by inhalable nanocomposites was lower than the
humoral response induced by im. administration,
the IgG level induced by pulmonary vaccination
was sufficient to provide protection in both cases.
The authors claimed that higher mucosal IgA
levels provide higher protection from infectious
agents entering through the mucosal route.
The efficacy of using N1177 nanoclusters
as a contrast agent for thoracic CT in rats was
evaluated by Aillon et al. [64] . Analysis of the CT
images revealed a 118-Hounsfield units (HU)
difference between the images taken prior to
dosing (-620 HU) and 1 h postinhalation (-502
HU). This excellent contrast enhancement was
well above the 30 HU minimum needed for
contrast. A histology study showed no acute
lung toxicity in tissue collected from rats 2 h
postinhalation.
Mizoe et al. studied the pharmacokinetics
of pranlukast nanocomposites after intratracheal administration in rats [65] . Pranlukast is
a leukotriene antagonist used for the treatment
of bronchial asthma with low bioavailability
after oral administration. The results showed
that the area under the curve (AUC) per dose
following pulmonary administration of the

ro

(PVA), with variable NP: excipient ratios (4:1,
3:2 and 3:7). Increasing the mannitol concentration in the feeding solution from 0 to 70%
enhanced the redispersibility from 30% to 85%.
The best redispersible nanocomposites were
obtained with high PVA concentrations (60%
to 70%) in the feed solution.

The distribution of insulin-loaded PLGA
nanocomposites in the lungs after intratracheal
administration in rats was studied by Yamamoto
future science group

www.future-science.com

5

Microparticle carriers:

nanocomposites was approximately 100-fold
higher than the AUC per dose for oral administration of pranlukast powder at a dose of 2.5 mg/
kg. The extended absorption pattern (6 h after
pulmonary delivery) suggested that pranlukast
NPs were retained on the pulmonary mucous
and slowly dissolved, resulting in prolonged
absorption.

ro

This pulmonary delivery system aims to overcome difficulties presented by the unsuitable
diameter of NPs for pulmonary delivery. In
this approach, deep-lung deposition is achieved
by loading NPs in microparticle carriers that
possess optimal dispersability and deposition
properties.

polyethyleneimine (PEI), was mixed with PLGA
during NP preparation to enable (plasmid DNA)
pDNA (which is negatively charged) encapsulation. PLGA–PEI NPs loaded with pDNA were
spray dried with mannitol to produce microparticles. The spray dryer was operated with a minimum inlet temperature (60°C) and a minimum
feed rate (5 ml/min) to protect the pDNA from
degradation during the spray-drying process. An
in vivo gene expression study showed that pDNA
remained intact during the spray-drying process.
In order to design an extended-release pulmonary delivery system, Li et al. investigated
the effect of adding chitosan to mannitol to
form microparticles loaded with honokiol NPs
[70] . In vitro release of honokiol from mannitol–
chitosan microparticles showed longer delayed
release as the chitosan content of microparticles
increased from 20 to 30%.
The preparation of simultaneously manufactured nano-in-micro (SIMANIM) particles
was reported by Kaye et al. [71] . As the name
implies, NPs and microparticle carriers are
formed simultaneously. This is achieved by spray
drying a double emulsion (water–oil–water) of
the AI (IgG), the polymer solution (PLGA)
and the solution of the bulking material (lactose). Using this method, Kaye et al. were able
to use a high inlet temperature (100°C) with
no evidence of IgG degradation. Ohashi et al.
compared using the traditional two-fluid nozzle
and the new four-fluid nozzle to prepare PLGA
NP-containing mannitol microparticles [72] . The
four-fluid nozzle has two fluid and two gas feed
lines. This nozzle design allows the use of different solvents during the spray-drying process and
reduces the time of contact between incompatible materials. No significant differences were
observed between microparticles prepared by the
two-fluid or four-fluid nozzle method.
El-sherbiny et al. reported a novel approach
to obtain respirable/swellable microspheres for
controlled-release pulmonary drug delivery [73] .
These microparticle carriers have respirable aerodynamic sizes when dry but large geometric sizes
when swollen after deposition in the moist lung.
A large geometric diameter enables particles
to evade macrophage uptake during delivery.
Briefly, the chemically modified chitosan NPs
were loaded in a sodium alginate microparticle
carrier by spray drying. The obtained dry powder was soaked in 10 ml of 0.1 M CaCl2 solution
as an ionotropical crosslinker and the mixture
was freeze dried to obtain inhalable dry powder. Upon exposure to humidity, dry alginate
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Sham et al. reported a spray-drying technique
of loading different types of NPs, gelatin and
poly(isobutylcyanoacrylate) (PIBCA) into lactose microparticles [66] . The MMAD of the
resultant microparticles was 3.0 ± 0.2 µm and
the FPF<5.6 m was 40%, characteristics suitable
for deep-lung deposition. An NP size increase
of approximately 30% was noticed after the
spray-drying process. The size of the NPs in the
droplet, droplet size, droplet viscosity, drying
temperature, gas flow rate and the addition of
surfactant all crucially affect the morphology
of microparticle carriers produced by spray drying [67] . Grenha et al. investigated the effects of
distinct formulation variables (aerosol excipient/NP theoretical ratio, concentration of the
spray-drying suspension) on the microspheres’
aerodynamic and morphologic properties [68] .
This study showed that the incorporation of
NPs into a solid structure improved the mannitol microsphere morphology. Microspheres
showed more defined limits and spherical shape
as the mannitol–NP ratio decreased from 100/0
to 80/20. Any increase in the NP concentration
beyond this ratio did not improve the morphology. In terms of the structure of the microparticles, it was shown that mannitol is distributed
throughout the microsphere and NPs are homogeneously mixed with mannitol. Moreover, both
components were present on the microsphere
surface, with mannitol being present to a higher
extent than NPs [69] . Takashima et al. investigated the use of cationic PLGA NPs instead of
plain PLGA NPs for gene delivery by pulmonary administration [28] . The cationic polymer,
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This technique is a different approach to prepare
microparticle carriers using a mixture of NPs
and a bulking material. Azarmi et al. reported
a method to prepare PIBCA NPs loaded in
effervescent microparticle carriers; these carriers are discussed later in more detail [74] . Sprayfreeze drying was employed with a four-fluid
nozzle [75] .
The main advantages of spray-freeze drying
over spray drying are prevention of NP aggregation at an evaporation front during particle
formation and avoidance of elevated temperatures which improves the stability of both the
polymer and AI [76] . Similar to spray drying,
the freeze-drying process could destabilize NPs.
During the freezing of a sample, there is a phase
separation into ice and cryoconcentrate that contains NPs, which promotes NP aggregation [77] .
Therefore, use of a cryoprotectant such as dextran is usual during lyophilization to avoid NP
aggregation. Different parameters of the spraydrying process (e.g., type of polymer and pH of
the aqueous dispersion) and their effects on the
quality of the NP dry powder were previously
studied and reviewed [78] .

The purpose of the pharmaceutical formulations discussed above is to carry NPs and
deposit them deep in the lung. Thereafter, NPs
are supposed to be released and readily redispersed without a significant increase in size.
Spray drying or spray-freeze drying results in
variable amounts of NP aggregation and, thus,
a delay in the redispersibility process and an
increase in NP size. Therefore, excipients such
as a fast dissolving matrix (spray-dried lactose
and mannitol and cyclodextrins) [40,54] , watersoluble polymers (polyvinyl alcohol and PEG
6000) [80] or different surfactants (pulmonary
surfactant components and polysorbate-80)
were used to enhance redispersibility [43] . Some
excipients (e.g., polysorbate-80) that demonstrated in vitro efficacy might be associated with
in vivo toxicity [81] .
An approach developed by Ely et al. [80]
depends on adding an effervescent pair in the
formulation during the spray-drying process.
Upon spray drying, microcarrier particles
that contain NPs will possess effervescent
properties that allow them to actively release
NPs once they are in contact with any source
of water or humidity, such as the physiological fluids in the lungs. The effervescent components used were citric acid and anhydrous
sodium carbonate; citric acid was added to a
poly(isobutylcyanoacrylate) (PIBCA) NP dispersion to form mixture (A) and ammonium
hydroxide (ammonia) solution with anhydrous
sodium carbonate was added to a solution of
spray-dried lactose monohydrate to form mixture (B). Mixtures (A) and (B) were mixed
immediately before the spray-drying process.
The role of ammonia solution was to inhibit the
effervescent reaction prior to the spray-drying
process; it was removed during the spray-drying
process as it has a low boiling point ( 38°C).
Scanning electron microscope and confocal
microscopy images showed microcarrier particles with diameters under 5 µm, spherical
in shape, with NPs distributed continuously
throughout the matrix. The average MMAD
for effervescent carrier particles smaller than
5.6 µm was 2.17 ± 0.42 µm; the FPF<5.6 m was
approximately 46.47 ± 15% and the geometric standard deviation (GSD) was 2.00 ± 0.06.
Upon exposure to humidity, the dry powder
actively released NPs through gas bubbles with
an average diameter of 30 µm, produced by the
effervescent reaction as shown in
. The
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microparticles showed an increase in diameter
from approximately 4 to 84 µm. Release of the
encapsulated drug was shown to depend mainly
on enzymatic degradation.

A

Arnold et al. reported a unique method of
creating porous microparticle carriers using
porogenic oils [79] . In this method, PLGA microparticles were prepared by creating a mixture of PLGA solution and ciprofloxacin NP
suspension. Porogenic oil (canola or silicone)
was then added and the mixture was sprayed
using a small-gauge needle or circular orifice
while an ultrasonic transducer controlled by a
frequency generator disrupted the stream into
uniform droplets. The oil was then extracted
with heptane to produce large porous particles
loaded with cipro NPs. While canola oil led to
particles formed with a porous, web-like internal
structure, hollow particles resulted from the use
of silicone oil. In general, this method produced
large ( 10–15 µm), low-density (1.11 to 0.95 g/
cm3) microparticle carriers of PLGA, depending on the oil used. The main drawback of this
method was the low (maximum approximately
9%) loading efficiency of cipro NPs into the
PLGA microparticle carrier.
future science group
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(4.80 ± 2.12 µm) and redispersibility properties
(157 ± 12 and 162 ± 16 before and after sprayfreeze drying, respectively).

B

A

ro

Figure 1. Confocal microscopy of (A) an efferevescent carrier particle with
nanoparticles continuously distributed through out the carrier particle
and (B) effevescent particles exposed to humidity showing nanoparticle
distributed throughout the gas buubles with average diameter of 30 µm.
Modified with permission from [80]. © Elsevier Publishers.

of

Humidity

Li et al. studied the pharmacokinetics and
pharmacodynamics of thymopentin-loaded
solid–lipid NPs (SLN) in the form of inhalable
microparticles in rats [82] . The inhalable SLN
microparticles exhibited slower absorption, in
which the serum concentration increased gradually to 52 ng/ml over 2 h followed by sustained
drug release. Moreover, the Cmax, AUC and mean
resident time significantly increased after the
administration of inhalable SLN microparticles
compared with a group that was administered
intravenously. Along with improved pharmacokinetics, inhalable SLN microparticles possessed
enhanced thymopentin efficacy as an immunomodulator. Thymopentin delivered in the form
of inhalable SLN microparticles showed significantly higher effects on modulating superoxide
dismutase activity to normal and normalizing
the CD4 +/CD8 + in immunodepressed rats compared with the iv. group.
In a mouse model, Takashima et al. performed
an in vivo transfection study to compare the
efficacy of PLGA/PEI NPs loaded in mannitol
microparticle carriers and PLGA/PEI microparticles as luciferase pDNA carriers [28] . The results
showed that mice treated with NPs loaded in
a microparticle carrier had significantly higher
lung luciferase activity than mice treated with

A

ut

ho

rP

size of the NPs was not affected by the spraydrying technique, as NPs released from the
effervescent dry powder were similar in size to
NPs observed before spray-freeze drying.
In order to avoid the disadvantages of spray
drying, Azarmi et al. used the same technique
but replaced spray drying with spray-freeze drying and tested the tolerability of the effervescent
powder in vivo using animal models [74] . For this
purpose, blank NPs were loaded in effervescent
microparticles of lactose monohydrate using
spray-freeze drying as shown in
. The
microcarrier particles showed optimum MMAD

Nitrogen gas

Doxorubicin
nanoparticles
and citric acid

Peristaltic
pump

Mixture of lactose,
NH4OH and
N2CO3

particles deposit in the alveolar region.
The carrier dissolves and nanoparticles
are released actively by the effervescent
reaction
Carrier powder

Freeze drying

Liquid nitrogen
Carrier particles
1–5 µm

Figure 2. Spray-freeze drying process for effervescent inhlalable nanoparticle powder.
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Figure 3. Percent animal survival versus time. Animals were treated either
with effervescent inhalable doxorubicin nanoparticle powder (Inh Eff NPs),
inhalable doxorubicin nanoparticle powder (Inh NPs), doxorubicin-loaded
nanoparticles iv. (Dox NP iv.) and doxorubicin solution (Dox Sol IV) or non-treated
control group (no treatment) (12).
Modified with permission from [27] © Elsevier Publishers.

rP

microparticles loaded with free pDNA, indicating that particle size affects gene expression
efficiency in vivo.
Azarmi et al. evaluated the tolerability of
inhalable NPs loaded in effervescent microparticles in a mouse model [74] . The treated mice
were observed for body weight and changes in
morbidity scores. The results showed that effervescent carrier powder was very well tolerated as
no significant changes in the morbidity scores
were observed over a four-week period. The
potential use of effervescent inhalable NPs to
treat lung cancer was also assessed in vivo by Roa
et al. [27] . Balb/C nude mice were injected with
non-small cell lung cancer. One week after cancer cell inoculation, the mice were treated with
1 mg of doxorubicin (DOX)-loaded NPs carried in effervescent and noneffervescent carrier
microparticles made of lactose (12). The efficacy
of the two formulations of inhalable NPs was
compared with different conventional treatments
(iv. injection of DOX solution and DOX NPs).
Inhalable NPs, in general, showed an increase in
efficacy and a decrease in toxicity compared with
inhalable DOX dry powder and conventional
tail-vein injections of DOX solution. Animals
treated with effervescent inhalable NPs showed
a higher survival time than ones receiving the
same dose of the noneffervescent formulation
(mean time of survival of 116.3 and 83.6 days,
respectively) as shown in
This could be
explained by the ability of the effervescent microparticle carriers to release NPs actively which
results in higher lung distribution and avoidance of macrophage uptake. Inhalable NPs in
the form of effervescent carrier powder showed
significantly lower cardiac toxicity in comparison
with same dose of injected or inhaled DOX.
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ho

NPs. The enhanced NP redispersibility provided
in effervescent technology helps overcome difficulties resulting from NP aggregation during
spray drying and spray-freeze drying. Inhalable
NPs in the form of dry powder has been tested
in vivo using different animal models. The
results of these studies indicate that inhalation
is a noninvasive approach for pulmonary drug
delivery. Promising future applications include
evaluating the pulmonary delivery of anticancer agents (in the form of DPIs) for lung cancer
treatment and treatment of lung disorders that
require cell targeting and localized mechanisms
of action in humans.

The local pulmonary delivery of NPs to the
lungs has potential for use in multiple lung
disorders and diseases. The local pulmonary
delivery of dry-powder formulations of NPs to
the lungs has potential for use in multiple lung
disorders and diseases. Different pharmaceutical
approaches were tested to convert NPs to a dry
powder suitable for deep-lung deposition. It has
been shown that different experimental settings
affect NP–NP and NP–excipient interactions
to form particles of different characteristics.
Similarly, different approaches were implemented to enhanced particle redispersability;
among them, effervescent inhalable NP powder
is currently the only active release mechanism for
future science group
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Executive summary
This article reviews pharmaceutical interventions utilized to formulate nanoparticles (NPs) in dry powder for pulmonary delivery.
The pharmaceutical interventions were divided into two categories:
Enhancing deep-lung deposition.
Enhancing NPs redispersibility.
Dry-powder inhalers were categorized depending on the microstructure of the final powder into hollow nanoaggregates,
nanocomposites and microparticle carriers.
Each category was discussed in detail in regard to formulation aspects (drying technique, pH, feed rate, temperature, nature of
nanoparticle, the effect of different excipients).
In addition to optimizing deep-lung deposition, approaches to enhance NPs redispersibility were discussed and compared with focus on
using an effervescent technique.
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