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Abstract

Objectives In this review paper, we explore !!!the interaction between the func-

tioning mechanism of different nebulizers and the physicochemical properties of

the formulations!!! for several types of devices, namely jet, ultrasonic and vibrat-

ing-mesh nebulizers; colliding and extruded jets; electrohydrodynamic mechan-

ism; surface acoustic wave microfluidic atomization; and capillary aerosol

generation.

Key findings Nebulization is the transformation of bulk liquids into droplets.

For inhalation therapy, nebulizers are widely used to aerosolize aqueous systems,

such as solutions and suspensions. The interaction between the functioning

mechanism of different nebulizers and the physicochemical properties of the for-

mulations plays a significant role in the performance of aerosol generation

appropriate for pulmonary delivery. Certain types of nebulizers have consistently

presented temperature increase during the nebulization event. Therefore, careful

consideration should be given when evaluating thermo-labile drugs, such as pro-

tein therapeutics. We also present the general approaches for characterization of

nebulizer formulations.

Summary In conclusion, the interplay between the dosage form (i.e. aqueous

systems) and the specific type of device for aerosol generation determines the

effectiveness of drug delivery in nebulization therapies, thus requiring extensive

understanding and characterization.

Introduction

The evolution of nebulization technologies

Commercially available technologies to transform a liquid

dosage form into an aerosol for medical inhalation pur-

poses have evolved significantly over the last century. Fun-

damentally, aerosol generation in the form of droplets has

evolved from using human-powered techniques (manually

compressed hand bulbs), followed by the advent of gas-

powered devices (the air-jet stream principle) and to elec-

tronic powered systems (using the ultrasound effect,

including recent adaptations to create vibrating-mesh

micropumps). More recently, mechanical and electrome-

chanical systems have been applied to develop novel aerosol

production technologies (i.e. soft mist inhalers). The

emerging technologies still include new nebulizing con-

cepts, involving mechanisms such as electrohydrodynamic

atomization and surface acoustic wave microfluidic

atomization as well as capillary aerosol generators (CAG).

Nebulizers are usually selected over other medical inhalers

(e.g. pressurized metered-dose inhaler (pMDI), or dry

powder inhaler (DPI)) either due to the high drug deposi-

tion potential, or the negation of required patient training

of complex inhalation manoeuvres. Additionally, nebulizers

have an innate capacity to aerosolize special formulations

(e.g. recombinant human deoxyribonuclease (rhDNAse) or

antibiotics not available as other inhalation dosage

forms).[1]

In addition to the progress of the basic principles of neb-

ulization, the innovation has advanced further to encom-

pass the so-called ‘smart’ technologies, with the objective to

increase drug deposition to the lungs. Breath-enhanced

nebulizer systems, such as the Pari LC Star� (PARI Respira-
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tory Equipment, Inc., Midlothian, VA) and the AeroE-

clipse� (Trudell Medical International, London, ON)

devices, have an inspiratory flow rate to match that of the

patient, increasing delivery of droplets, while returning the

flow rate to baseline during exhalation.[2] In addition,

breath-actuated devices, such as the AeroEclipse� and

Halolite�, deliver aerosols after preprofiling a patient’s

breathing pattern. The I-neb Adaptive Aerosol Delivery (by

Respironics�) delivers aerosol only during the initial phase

of inhalation.[3–5] The AerX
TM insulin Diabetes Management

System (iDMS�; developed by Aradigm [Aradigm Cor-

poration, Hayward, CA] and Novo Nordisk (Novo Nordisk

A/S, Bagsværd, Denmark) is a breath-activated inhalation

system that also allows for patient monitoring in order to

ensure compliance to an adequate inhalation technique at

optimal breathing conditions.[6,7] Other technologies are

available to monitor adherence of patients to MDIs, such as

the SmartMist�, the Doser CT� and the MDILog�.[8]

Nebulization is the process to convert a liquid dosage

form into fine droplets using a particular device. Therefore,

specific properties of bulk formulations in conjunction

with the functional mechanism of a specific inhaler can

dramatically influence the droplet characteristics and over-

all aerosol production. These droplet characteristics,

together with patient dependent factors, in turn determine

the quality and extent of drug deposition to the lungs (Fig-

ure 1).

Particle deposition and related
characterization methods for pulmonary
delivery

Deposition throughout the respiratory airways of particles

with different sizes is governed by different forces. Larger

particles are highly affected by velocity, due to their rela-

tively high mass, and therefore deposit by inertial impac-

tion. Alternatively, sedimentation generally occurs to

particles when gravitational forces are significant. Overall,

larger particles are more likely to deposit in the upper air-

ways while smaller sized particles tend to reach the deep

lungs via sedimentation. At the smallest end of the scale,

particles moving by Brownian motion are prone to be

exhaled. More often than not, the droplets formed in most

nebulizer systems present somewhat a heterogeneous size

distribution. Thus, the dispersity of the size distribution is

also an important parameter to be considered in deposi-

tion. Overall, it is generally accepted that particles with

aerodynamic sizes between 1 and 5 lm may be deposited

in the deep lungs.[9]

Essentially, two methods have become prominent in ana-

lysing droplet sizes generated by nebulizers; these are iner-

tial impaction and laser diffraction (LD). The first one

relates to the drug concentration and is correlated to

the hydrodynamic airflow and inertial impaction of dro-

plets with specific sizes; the distribution of droplets is

evaluated gravimetrically to determine a mass median

aerodynamic diameter (MMAD). This parameter is the

equivalent droplet size in which half (50%) of the dro-

plets are smaller and 50% are larger than the specified

diameter. The MMAD is calculated by following the

evaluation of drug amount deposited in different stages

of a cascade impactor apparatus. Commonly, the geo-

metric standard deviation (GSD) is reported to indicate

the dispersity droplet size distribution around the

MMAD. Laser diffraction is only applied to solution sys-

tems, as it is derived from a volume-based measurement

and is supported by the principle of homogeneous drug

concentration of these aqueous dosage forms. For this

technique, the MMAD is usually interchangeably

referred to as volume mean diameter (VMD) and the

dispersity is sometimes given as span (10% percentile

subtracted from 90% percentile and divided by VMD).

Figure 1 Factors influencing lung deposition from nebulizer formulations.
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A reduced nebulization time is always desired in order to

boost patient compliance to treatment, and nebulizer sys-

tems capable of delivering relatively high amounts of drug

are generally preferred. Therefore, measurement of aerosol

output (amount and rate) is essential to establish nebuliza-

tion performance. This analysis has been traditionally per-

formed either on weight basis (gravimetrically, by simply

weighing a nebulizer reservoir before and after nebuliza-

tion) or on drug amount basis. However, care should be

practiced when relying on the gravimetric method. For

instance, weight loss analysis can overestimate drug output

due to evaporative effects of jet nebulizers,[10,11] or due to a

heterogeneous nebulization of drug containing droplets

(i.e. the generation of droplets that contain varying

amounts of drug) during aerosolization. These effects could

potentially be exacerbated during the nebulization of dis-

persed systems, such as suspensions or liposomes.[12]

Context

We present the different mechanisms of aerosol genera-

tion, herein defined as nebulization by the transforma-

tion of bulk liquids into droplets. From this

perspective, we included ‘soft mist inhalers’ (SMI) con-

sidering their functioning mechanism, which is based

on aerosol emission of small volumes/doses at slow

velocity. We have subdivided the devices presented here

into three categories: established, emerging and investi-

gational nebulizers. The established nebulizers are those

that have been extensively investigated and are commer-

cially well-established, namely jet, ultrasonic and vibrat-

ing-mesh nebulizers. The emerging nebulizers are

aerosol generators with mechanisms more recently

developed: colliding jets; extruded jets; and electrohy-

drodynamic principle. The technologies may still be in

evaluation on clinical trials. Commonly, there may be

not more than a couple of them currently being mar-

keted so their application, adoption and investigation

have been limited thus far compared to established neb-

ulizers. Finally, the surface acoustic wave microfluidic

atomizer and the capillary aerosol generators comprise

the investigational nebulizers and are yet to have clini-

cal data presented or a commercial medical device to

be launched, although there have been several explora-

tory studies carried out.

We explore the nebulization performance of different

methods of aerosol generation for solution and dis-

persed systems based on the bulk characteristics of liq-

uids, with emphasis on the influence of changes in

surface tension and viscosity to aerosol production. We

recognize the importance of density, but, because the

vast majority of the nebulizing formulations are based

on aqueous systems, overall changes might be small and

its influence may be limited. Importantly, the nebulizer

system comprises all components attached to the aerosol

generation device, as nebulizer performance varies with

respect to other factors beyond just droplet formation,

such as flow characteristics and airway connection tub-

ing properties.[13] Ultimately, our intention is to lay out

the importance of the interplay between inhalation

device design and formulation.

Established Nebulizers

A summary of the technologies, their functioning mecha-

nisms and selected examples of commercially available

devices are presented in Table 1.

Jet nebulizers

The basic functioning principle of jet nebulization is that a

compressed gas (i.e. air) is forced through a tubing system,

which is in turn connected to a nozzle. As the air velocity

increases with the decrease in the tubing cross-sectional

area, a zone of low pressure is created around the nozzle

(Venturi effect). As the high-velocity jet passes tangentially

or coaxially through the Venturi nozzle, the pressure drop

created causes the liquid formulation to rise up on a feed

tube from the liquid reservoir (Bernoulli effect). A primary

droplet is then formed as an aerosol; a large droplet may

subsequently impact on baffles or onto the nebulizer walls,

recycling into the reservoir. Droplets small enough circum-

vent these barriers (secondary droplets) and form the res-

pirable aerosol generated from jet nebulizers.[14] Therefore,

nebulizer design and dimensions greatly influence the char-

acteristics of the secondary aerosol formation. This reason

reinforces that nebulizers should be evaluated as a multi-

component system for the respirable aerosol generation, as

opposed to characterization of the inhalation formulations

based on isolating the single mechanism of aerosol produc-

tion itself (primary aerosol generation). Although the influ-

ence of surface tension and viscosity on the size of primary

droplets is well described, the secondary aerosol character-

istic is a complex function of jet nebulizer systems.[14,15]

Figure 2 illustrates the functioning mechanism of jet nebu-

lizers.

The performance of these nebulizer systems (compres-

sor/nebulizer combinations) to produce water droplets has

been compared extensively, with MMAD values measured

using laser diffraction varying from 2.6 to 10.2 lm.[16]

Treatment time reduction with these systems can be

achieved by increasing airflow rate and using a small initial

fill volume, although these measures can slightly change the

aerosol characteristics.[14,16] Overall, decrease in droplet

size (with increased aerosol polydispersity) and increase in

aerosol output can be expected for higher airflow rates and
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higher initial fill volumes.[17,18] Irrespective of initial fill

volume, a study with water clearly showed that output rate

was not constant over time for the twenty-three jet nebu-

lizer systems investigated, varying anywhere from 0.05 to

0.29 mL/min at different time points within the same

aerosolization event.[16] This was an important study com-

paring the capacity of different nebulizer/compressor com-

binations to aerosolize a reference liquid (water). However,

the fact that these systems promoted a device-specific

variable decrease in temperature (4 to 8 °C)[19] does not

allow us to evaluate the effect of the important tempera-

ture-dependent properties (i.e. surface tension and viscos-

ity) and their effect on nebulization performance.

Nebulizer systems are capable of delivering high amounts

of drug, and nebulizer formulations are primarily comprised

of aqueous systems that can avoid damage to lung physiol-

ogy. However, the presence of different excipients will

almost certainly alter the physicochemical properties of liq-

uids, even given the limited options for inhalation delivery

due to potential toxicological effects of certain inactive

ingredients.[20] For this reason, the characterization of the

liquid formulation in conjunction with nebulization perfor-

mance has been investigated in a number of recent studies.

Very small droplet sizes (MMAD between 0.5 and 1 lm as

measured by a 6-stage cascade impactor) were generated

from jet nebulization of a simple hydroalcoholic solution

(4% v/v ethanol in water) of Prostaglandin E1, aiming to

treat neonatal hypoxemic respiratory failure.[21] The small

ethanolic content was of a sufficient amount to decrease sur-

face tension and viscosity values to approximately 61 mN/m

and 0.982 cP, respectively. Cyclodextrin complexation of

poorly water-soluble formoterol has provided solutions with

surface tension and viscosity values of 54–56 mN/m and

1.16–1.18 cP, respectively.[11] Jet nebulization of these solu-

tions has shown VMD values varying between 3 to 5 lm,

with drug output rates of approximately 30–60 lg/min for

four different nebulizer systems. Interestingly, the authors

report that rate of formulation output is greater than rate of

the formoterol emitted, indicative of the formation of aero-

sol droplets with varying drug concentration.

Table 1 Established nebulizers, their functioning mechanisms and examples of commercially available devices

Technology Functioning mechanism Examples of commercially available devices

Jet nebulizers Air is forced through a tubing system connected to a nozzle.

The air velocity increases (due to decrease in tubing cross-sectional

area) creating a low-pressure zone around the nozzle (Venturi

effect). As the high-velocity jet passes tangentially or coaxially

through the Venturi nozzle, the pressure drop created causes

the formulation to rise up on a feed tube from the liquid

reservoir (Bernoulli effect). A primary droplet is formed as

an aerosol; a large droplet may subsequently impact on

baffles or onto the nebulizer walls, recycling into the reservoir.

Droplets small enough circumvent these barriers (secondary

droplets) and form the respirable aerosol.

AeroEclipse II; Assister KN-180; Genki;

Hudson T Up-draft; Marquest Acorn II;

Medel Clenny; Medel SkyNeb; Mefar

2000; Micromist; Millicon S; Nesco;

Nissho; Omron NE; Pari LC Jet Plus;

Pari LC Sprint; Pari LC Star; Pari LL;

Sidestream; Sidestream Plus; Ventstream.

Ultrasonic nebulizers Acoustic waves are generated by a piezoelectric transducer

that converts electrical signal into oscillatory mechanical

movement. This mechanism creates oscillatory pressure

disturbances that travel through a bulk liquid to be aerosolized.

Two widely discussed possible mechanisms for wave

destabilization at the liquid surface are responsible for

producing droplets: cavitation and capillary.

Beurer IH50; Devilbiss Ultraneb; DP 10;

Easimist; Euroneb; Liberty; Medix

Electronic; Multisonic; NE320; Omron

U1; Optineb; Polygreen KN-9210;

SAM LS; Spira Ultra; Sonix 2000; Systam.

Vibrating-mesh nebulizers Micropump systems: energy forcing liquid to flow through

small apertures of a plate or membrane.

Passive: a piezoelectric crystal generates vibration from

electrical force to a transducer horn that is in contact with

the formulation. The vibration creates waves in the nebulizer

reservoir that travel towards a perforated plate positioned in

front of the transducer horn. Consequently, aerosols are

created once the fluid flowing through the membrane

is enough to cause drop detachment.

Active: a dome-shaped membrane is directly connected

to a vibrating piezoelectric element. Following the

application of electric current, the membrane moves

up and down causing the liquid formulation to be

rapidly extruded through the mesh.

Passive: Omron MicroAir;

Active: Aeroneb Pro and Pari eFlow.
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The effect of surface tension on jet nebulization output

of solutions was clearly illustrated when Ventolin�

(albuterol sulfate; Glaxo Canada, Inc., Montreal, QC) was

added to a tobramycin intravenous solution supplied by Eli

Lilly Canada.[18] The presence of benzalkonium chloride as

preservative in the Ventolin� formulation caused the sur-

face tension of the final mixture to change from 66 mN/m

(tobramycin IV solution diluted with saline) to 31 mN/m

(tobramycin IV solution containing 0.5 mL of Ventolin�

formulation and diluted with saline, with a final benzalko-

nium chloride concentration of 0.00125% w/v). As a result,

an increased drug output (10–50%) was observed for the

lower surface tension solution. Similar results have been

reported in another investigation that used three different

jet nebulizer systems.[19] Importantly, authors from both

studies highlighted the magnitude of increased drug output

further related to differences in jet nebulizer systems and

parameters (i.e. airflow rate) studied. Conversely, studies

on solutions with increasing concentrations of heparin have

shown a concomitant increase in kinematic viscosity, but

no change in surface tension.[17] This increase in viscosity

is in general translated into increased output rate and

decreased droplet sizes when solutions of calcium, sodium

and low molecular weight heparin are jet nebulized. Inter-

estingly, analysis of droplet size over time within a 15-min

nebulization run using a highly concentrated sodium hep-

arin solution (19 900 IU/mL) displayed a decrease in

MMAD from 2.5 to 1.9 lm, with no change in GSD.

A drop in temperature caused by the latent heat of evap-

oration of the nebulizer solution is only one formulation

attribute changing over time during jet nebulization.[22]

According to Steckel and Eskandar, while studying the

changes occurring within a 10-min nebulization period, an

increased drug concentration can also be expected as the

water evaporates. This can be attenuated by the presence of

buffer in saline solution, which causes a drop in the satu-

rated vapour pressure. Moreover, the investigators found

that while viscosity increases due to temperature drop of

the nebulizer solution, surface tension decreases due to the

increased nebulizer solution concentration. Most impor-

tantly, the authors explain that, within a 10-min nebuliza-

tion period, as jet nebulization occurs and water starts to

evaporate, the temperature drop promotes an increase in

viscosity and a reduction in saturated vapour pressure.

Consequently, an initial increase in droplet size is observed.

As the process continues and the nebulizer solution con-

centrates, the reduction in surface tension provides droplets

with smaller VMD values.

As indicated, it is very valuable to have knowledge during

formulation development with respect to an understanding

of the influence of physicochemical properties of liquids

(i.e. surface tension and viscosity) on aerosol droplet size

and output for these inhaler devices.[23] The addition of

surface active agents to water changes the secondary aerosol

properties in a device-specific manner, with an overall

inverse relationship relative to aerosol output.[24] However,

a more intricate relationship between surface tension and

droplet size can be expected. In some cases, this relation-

ship between surface tension and droplet size may be inver-

sely related, and in other cases, it may reach a peak value.

Irrespective of the observed relationship, the size of the

emitted droplets appears to be independent of the critical

micelle concentration, and respirable output results overall

agree with total output trends.[24] Viscosity effects are

clearer, with jet nebulization being more efficient in terms

of respirable output with liquids of low viscosity (1–6 cP).

Thereafter and up to ceasing nebulization, increased viscos-

ity increases MMAD as well as aerosol output, also in a

device-specific manner.[23,25,26]

Jet nebulizers have been shown to be capable of

aerosolizing protein solutions. Recombinant human

deoxyribonuclease I (rhDNase I, also known as dornase

alfa) has been tested and successfully delivered to the cystic

fibrosis patient airways using jet nebulizer systems, to alle-

viate excessive mucus accumulation. [27,28] In fact, there are

only three different jet nebulizer systems approved for

delivery of dornase alfa to treat patients with cystic fibrosis

and these are (nebulizer/compressor system) as follows: the

Marquest Acorn II/DeVilbiss Pulmo-Aide; the Hudson T

Up-draft/DeVilbiss Pulmo-Aide; and the Pari LC Jet Plus/

Pari Inhaler Boy.[29,30] Limited methionine oxidation and

no aggregation of insulin-like growth factor-1 (IGF-1) were

observed upon nebulization with jet and vibrating-mesh

nebulizers.[31] However, studies to evaluate jet nebulization

Figure 2 Schematic diagram showing the functioning mechanism of

jet nebulizers.

© 2016 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, **, pp. **–** 5

Thiago C. Carvalho and Jason T. McConville Function and performance of medical nebulizers



on protein degradation must always be considered. It is

apparent that through different mechanisms, the micellar

properties of Tween-80 and the hydrodynamic size as well

as the influence of polyethylene glycol (PEG) on the con-

formational structure of protein in the air–water interface
have shown to aid in protein stabilization during air-jet

nebulization.[32] Chitosan provides an additional protective

effect, possibly via ionic interactions between its positive

charge and the negatively charged enzyme.[33] Moreover,

protein solutions are commonly freeze-dried to provide

greater physicochemical stability.[34] When sodium

polyphosphate, calcium chloride or magnesium sulfate are

used as cryoprotectants in a protein formulation

(aviscumine), decreased surface tension and increased

viscosity are seen.[35] The droplet size of jet nebulized

formulations was observed to be slightly decreased when

containing these excipients as compared to normal saline.

Meanwhile, these components also provide protection to

aviscumine destabilization caused by the air-jet process.

For the treatment of emphysema, and potentially cystic

fibrosis, the addition of antifoams, such as span 65, or a

mixture of cetyl alcohol and tyloxapol, to protein solutions

of a1-protease inhibitor also decreased surface tension

without altering viscosity.[36] An overall increased amount

of jet nebulized protein was observed, while the cetyl alco-

hol/tyloxapol antifoam mixture provided an improved res-

pirable fraction.

Dispersed dosage forms can also be delivered to the lungs

using jet nebulizers.[37,38] The aerosolization efficiency is

highly device-dependent.[39,40] For instance, thirty different

jet nebulizer systems show respirable fractions of Pulmicort

Respules� (budesonide suspensions) ranging from 15% to

50% but with very different output rates.[41] Reportedly,

these suspensions present drug particle sizes of 2–3 lm.[42]

Suspensions of non-deformable-shaped (latex) micro-

spheres of 1 to 10 lm were also consistently nebulized with

a Pari� air-jet nebulizer.[43] Nanoemulsions of budesonide

(10.9 nm) prepared using ultrasonication presented

improved aerosol characteristics for pulmonary delivery

following jet nebulization. MMAD values were around 5.0–
5.5 lm for the nanoemulsion compared to 7.0–8.0 lm for

the standard suspension. Additionally, the nanoemulsion

had better aerosol output, thus allowing for a much

improved respirable fraction.[44] Lipid nanoemulsions of

amphotericin B were prepared with commercially available

products for total parenteral nutrition (Intralipid� and Cli-

noleic�; Baxter International, Inc., Deerfield, IL) and also

successfully aerosolized using jet nebulizers.[45] Also, chi-

tosan has been used as a nanocarrier to formulate poorly

water-soluble compounds for air-jet nebulization.[46,47] Jet

nebulization of nanoparticle dispersions of deoxyribonucle-

ase I (DNase I) showed similar results, while greater than

50% activity of the protein is maintained.[48] Importantly,

the nebulization performance of suspensions using jet neb-

ulizers is also dependent on formulation properties, with

different excipients and methods of preparation providing

rather variable drug deposition patterns.[49] In addition,

drug nanoparticle aggregation may also occur during jet

nebulization.[50]

Many liposomal formulations have been aerosolized with

this method. Liposome components included soya (SPC) or

egg phosphatidylcholine (EPC), cholesterol, and a variety of

synthetic phospholipids, such as 1,2-dimyristoyl-sn-glycero-

3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC).[51] With increased phospholipid

concentration (1,2-dilauroyl-sn-glycero-3-phosphocholine

– DLPC), an increase in the Non-Newtonian apparent vis-

cosity of budesonide and ciclosporin liposomes has been

observed, promoting reduction in drug mass output rate

following jet nebulization.[52] Nevertheless, the differences

in nebulizer design as well as lipid concentration (and

therefore viscosity) are factors influencing secondary dro-

plet sizes.[53] Ultimately, the type of phospholipid influ-

ences the jet nebulization performance differently for

particular compounds.[54] For instance, in delivering plas-

mid DNA complexed with a cationic liposome, the tested

formulation with viscosity of 6 cP and surface tension of

42 nM/m was best nebulized using an AeroEclipse II jet

nebulizer when compared to several commercially available

jet, ultrasonic and vibrating-mesh nebulizers.[55]

Powders of phospholipid-coated particles (prolipo-

somes) are ready for hydration to form liposomes and can

be directly dispersed within the jet nebulizer reservoir for

efficient aerosolization.[12] However, the shear effect of air-

jet aerosolization can be expected to affect the physical sta-

bility of multilamellar vesicles (MLV).[56] A slightly higher

physical stability of liposomes to jet nebulization can be

achieved when MLVs are extruded through 1-lm polycar-

bonate filters.[57] Further reduction in particle size of MLVs

by extrusion through 0.4-lm filters did not improve physi-

cal stability, in terms of retained entrapped drug following

jet nebulization, but did provide an improved drug-to-

aerosol mass output. In vitro studies suggest that liposomal

drug encapsulation with DPPC is beneficial for deposition

to the deep lungs with air-jet nebulization when compared

to free drug, mainly for poorly water-soluble compounds.[58]

Supposedly, the decrease in surface tension caused by this

phospholipid can bring advantages to the adsorption kinetics

of the liposomes to lung surfactants. [59]

Ultrasonic nebulizers

During the function of an ultrasonic nebulizer, acoustic

waves are generated by a piezoelectric transducer that con-

verts electrical signal into oscillatory mechanical move-
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ment. With frequencies of approximately 20 KHz, this

mechanism creates oscillatory pressure disturbances that

travel through a bulk liquid which is to be aerosolized. Cav-

itation occurs when pressure disturbances propagating

through the liquid cause zones of low pressure, this creates

vapour bubbles. At the collapse of these bubbles, shock

waves close to the air–liquid interfacial region lead to sur-

face destabilization creating the droplets. Alternatively, liq-

uid excitation by ultrasonication causes capillary waves

going outwards from the surface region up to a collapsing

point in which droplets are generated. These two widely

discussed possible mechanisms for wave destabilization at

the liquid surface are responsible for producing droplets,

namely cavitation and capillary.[60,61]

Conversely to air-jet systems, ultrasonic nebulizers pro-

mote an increase in solution temperatures to as much as

10 °C above the starting temperature after a 5- to 10-min

aerosolization period.[19,62] This phenomenon of increasing

temperature is caused by the high energy input of the

piezoelectric crystal. Additionally, a higher magnitude of

increase in drug concentration within a 10-min nebuliza-

tion period is observed compared to jet nebulizers.[22,62]

On the other hand, the addition of buffer salts or saline

solution has also a relatively greater effect in decreasing

drug concentration differences as well. Nonetheless, ultra-

sonic nebulizers are capable of maintaining a more con-

stant VMD over time during the same nebulization event,

while causing viscosity as well as saturated vapour pressure

at the air–water interface to drop during aerosolization.[22]

Increased concentration of buffer solution promotes

increase in VMD caused by increase in viscosity, decrease

in saturated vapour pressure or a surface tension drop.

Considering the functioning mechanisms of aerosol

generation, it is extremely important to independently

evaluate formulations by comparison of different devices.

For instance, for formulations of heparin with increased

concentration (and therefore increased kinematic viscosity,

but no variation in surface tension), aerosol characteristics

were unsatisfactory for ultrasonic nebulizers, presenting

variable MMADs from 5.5 to 7 lm. This variation was

not observed for air-jet nebulizers, as previously dis-

cussed.[17] The ultrasonic aerosolization of solutions con-

taining macromolecules is another concern. For instance,

activity of the protein aviscumine is highly affected by

ultrasonic nebulizers compared to air-jet systems.[35]

Notably, a device in which water was used as medium to

propagate the ultrasonic waves presented less accentuated

aviscumine degradation than when the protein solution

was used as transducer medium. Nevertheless, the investi-

gation also showed that salts used as cryoprotectants

decreased surface tension and increased viscosity, but did

not alter droplet size significantly. In addition, the salts

were not as capable of providing protection to the protein

solution during ultrasonic aerosolization as they were for

jet nebulization, and could not be ruled out as a possible

contributor to extensive protein instability. On the other

hand, aerosolization of a protein solution of a1 protease

inhibitor (viscosity of 1.25 mPa.s and surface tension of

53 mN/m) using a variable frequency ultrasonic nebulizer

(up to 2.4 MHz) provides adequate VMDs of approxi-

mately 1.6 lm at different vibration levels of the piezo-

electric crystal.[63] More importantly, the protein

molecular weight and anti-elastase activity are maintained

despite the stress caused by the ultrasonic nebulization. As

the protein is a thermolabile compound, this stabilization

is related to the heat absorption of a coupling liquid that

is designed with the ultrasonic nebulizer to act as a buffer,

avoiding excessive temperature increases in the formula-

tion to be aerosolized. Therefore, it appears that the ther-

mal and mechanical stresses caused by ultrasonic

nebulization are potential reasons for the unsuitability of

these devices to aerosolize large molecules. However, when

studying nebulization of lactate dehydrogenase solutions,

no simplistic evaluation could be inferred for the capabil-

ity of different types of nebulizers (jet and ultrasonic) to

effectively aerosolize this protein solution, as enzyme

activity was maintained across the board.[64] This rein-

forces the need to specifically determine the effectiveness

of a device to aerosolize protein solutions.

Overall, ultrasonic nebulizers are incapable of generating

aerosols from high viscosity liquids (i.e. greater than 6

cP).[23,25,55,65] For less viscous liquids, an inverse relation-

ship to the respirable output occurs. And comparing liq-

uids with decreasing surface tension, peak values for VMDs

outbalance the trough values of total output resulting in an

optimal respirable output from ultrasonic nebulizers con-

curring with droplet size patterns generated.[23,24] In gen-

eral, ultrasonic nebulizers present a less heterodisperse

aerosol than jet nebulizer systems.[23]

Ultrasonic devices are well known for not being appro-

priate to deliver microparticulate dispersed dosage forms,

such as budesonide suspensions, and MLV lipo-

somes.[12,51,66,67] An ultrasonic nebulizer has shown to

selectively aerosolize the continuous aqueous phase of a

latex microsphere suspension while the microspheres were

left in the reservoir.[43] Radiolabelled solid lipid nanoparti-

cles, however, have been effectively delivered to the lungs

using this aerosol generation mechanism to study lym-

phatic uptake.[68] Furthermore, recent studies show that

ultrasonication does not rupture nor does it cause aggrega-

tion or agglomeration of drug particle size encapsulated in

lipid nanocarriers.[69] Further investigations are warranted

to determine nebulization performance of these formula-

tions as well as whether this resistance of solid lipid

nanoparticles to nebulization is related to particle composi-

tion or structure and size.
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Vibrating-mesh nebulizers

Vibrating-mesh nebulizers can be classified as micropump

systems because aerosol generation from this technology is

a result of energy forcing liquid to flow through small aper-

tures of a plate or membrane. There are two types of

micropump nebulizers: passive or active vibrating-mesh

systems. The passive vibrating-mesh nebulizer (i.e. Omron

MicroAir�; Omron Healthcare, Inc., Lake Forest, IL) is

composed of a piezoelectric crystal which generates vibra-

tion from electrical force to a transducer horn that is in

contact with the liquid formulation.[70,71] The vibration

then creates waves in the nebulizer reservoir that travel

towards a perforated plate (with aperture diameter of

approximately 3 lm) positioned in front of the transducer

horn. Consequently, aerosol droplets are created once the

fluid flowing through the membrane is enough to cause

drop detachment. Alternatively, active vibrating-mesh neb-

ulizers (i.e. Aerogen Aeroneb� [Aerogen, Inc., Galway,

Ireland] and Pari eFlow� [PARI Respiratory Equipment,

Inc., Midlothian, VA]) have a dome-shaped membrane

(aperture sizes of approximately 4 lm and 20 lm, respec-

tively) directly connected to a vibrating piezoelectric

element.[56,72] Following application of electric current, the

liquid formulation is rapidly extruded through the mesh as

a consequence of the downward and upward movements of

said membrane; this action generates the droplets.[73]

This class of nebulizers, particularly with the Aeroneb

Pro� (Aerogen, Inc., Galway, Ireland), presents the lowest

change in temperature of the nebulizer solution among the

inhalers discussed so far, with a small increase of about

3 °C over a 5-min nebulization period,[19] although the

temperature continues to grow linearly[62]. Nevertheless,

the temperature increase is nebulizer-dependent as seen

with the similarly active vibrating-mesh device, Pari

eFlow�, and can also be influenced by the volume of for-

mulation in the nebulizer reservoir.[74] Cooling strategies of

the formulation in the nebulizer reservoir have shown pro-

mise in circumventing this challenge, and it may be greatly

necessary for thermally unstable drugs, such as protein

therapeutics. In addition, changes in drug concentration

over a 10-min nebulization event are negligible, differently

from what is observed for jet and ultrasonic nebulizers.[62]

This particular technological advance in functioning mech-

anism offers the benefit of promoting its selection for use

in clinical trials of inhalation therapies.[75,76]

Both active and passive vibrating-mesh nebulizers are

highly dependent on formulation characteristics. The influ-

ence of bulk liquid characteristics on aerosol generation of

solutions has been systematically evaluated.[77,78] Both sys-

tems have been demonstrated to ineffectively produce aero-

sols from solutions that have viscosities higher than 2 cP,

with their total aerosol output being independent of

physicochemical properties of liquids.[55,77,79] The passive

mesh technology yields slightly larger droplets than the

active mesh system, but compensates to provide a similar

respirable output by having a higher total aerosol output.

An increased viscosity provides a decrease in droplet size,

and a consequently higher respirable output from both

mesh systems, but the overall output rate is compromised

for passive mesh nebulizers. The influence of surface ten-

sion on aerosol properties is less clear, but it is known that

fluids with low viscosity and low surface tension seem more

desirable for greater nebulization performance.[77] With the

Pari eFlow� nebulizer, increase in solution viscosity showed

decrease both in aerodynamic diameter and output rate

while increase in electrolyte concentration showed increase

in output rate and decrease in aerodynamic diameter.[80,81]

Therefore, the proportion of respirable droplets generated

is dependent on the interplay between output rate and

aerodynamic diameter, which in turn are each highly dri-

ven by the physicochemical properties of the formulation.

A low ion concentration is crucial for providing less vari-

able aerosol generation with vibrating-mesh nebuliz-

ers.[77,78,82] Investigations using several sodium halides

showed that solutions containing ions with greater polariz-

ing abilities (i.e. NaI) presented superior aerosol perfor-

mance due to their greater presence at the air–water
interface.[83] Aerosol charge distribution from active vibrat-

ing-mesh nebulizers has recently been investigated with

(TDMA). The results showed that the levels of negatively

charged droplets from nebulization of normal saline are

superior to that of positively charged particles and that the

fraction of charged particles is greater for those below

200 nm in size.[84] Although charge distributions can

greatly differ with different nebulizer configurations and

formulation compositions, TDMA was successfully used to

determine submicron particle charge, which can influence

patterns of drug deposition in the lungs.

Not all available apertures produce droplets all of the

time though; this is highly dependent on the interactions

between the bulk liquid formulation and the vibrating

membrane.[78] Importantly, the orifices of a mesh can get

clogged over time, despite emphasizing cleaning instruc-

tions to patients that aerosolize solutions.[85] As a result of

clogging, dramatic variations in output rate and subsequent

delivered dose can be problematic. In extreme clogging sit-

uations, the device may even be caused to switch-off auto-

matically. For these reasons, thorough cleaning of the

vibrating-mesh must be conducted and the membrane

should be periodically evaluated for clogging. In a clinical

setting, timely replacement of the membrane as well as ded-

ication of device to specific formulations should be consid-

ered to avoid cross contamination.

In general, active vibrating-mesh nebulizers more effi-

ciently deliver solutions of low viscosity than jet nebulizers,
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while passive devices present comparable performance,[86–

89] although this may differ in specific populations.[90] On

the other hand, passive vibrating-mesh nebulizers more effi-

ciently deliver protein solutions than the air-jet sys-

tems.[4,28,91] For the last two decades, only jet nebulizers

have been approved to deliver dornase alfa, but recently, the

Pari eFlow� (active vibrating-mesh) nebulizer has shown

promise in a technical feasibility study.[92] Sparing-material

and high-throughput approaches to screen formulations are

often sought to expedite the drug development process. Her-

tel and co-workers have developed a surrogate method using

a Pari eFlow� to determine the feasibility in nebulizing bio-

pharmaceutical products.[93] Using agitation at elevated

temperatures to mimic nebulizer-related stresses, protein

stability upon nebulization could be predicted and excipi-

ents could be screened. Vibrating-mesh nebulizers can also

successfully deliver poorly water-soluble drugs to the lungs

from dispersed systems, such as nanosuspensions.[38,94–99]

The drug particle size of nanosuspensions can be maintained

for this particular aerosolization, including nanoparticles

prepared using freeze-drying with different lyoprotec-

tants.[62,100,101] Active vibrating-mesh nebulizers have

shown to present superior aerosolization performance com-

pared to a passive vibrating-mesh system when tested with a

suspension of nondeformable, latex microspheres, although

incurring in particle fragmentation.[43] Despite being able to

better aerosolize drug suspensions than jet nebulizers, the

delivery of nanoemulsions of budesonide demonstrates an

even more pronounced improvement, with better drug out-

put and fine particle fraction.[44]

Active devices have been shown to be capable of deliv-

ering liposomal formulations of water-soluble drugs as

well,[102] demonstrating a superior performance when

compared to air-jet and ultrasonic systems (greater physi-

cal stability and output rate).[12,56,67] Nevertheless, com-

parable performance of these three types of nebulizers

was demonstrated when nebulizing ultradeformable lipo-

somes, which are stress-responsive vesicles containing

Tween-80 and ethanol.[103] Attributed to the addition of

these excipients, ultradeformable liposomes were found to

be less stable to aerosolization than conventional lipo-

somes regardless of type of nebulizer. Manufacturer cus-

tomization of the active vibrating-mesh with larger

aperture sizes (8 lm as opposed to the commonly avail-

able 4 lm) has been shown to provide a lower extent of

MLV liposome disruption compared to air-jet nebuliza-

tion, but no significant difference when compared to the

normal aperture size vibrating-mesh.[56,57] Extrusion of

MLV liposomes through 1-lm membrane filters

improved drug output from large mesh aperture nebuliz-

ers, but further decrease in lamellarity (using a 0.4 lm
filter) was not deemed beneficial.[57] Reconstitution of

liposomal formulations with various hydration media

provides differences in aerosolization performance of

active vibrating-mesh nebulizers, based on the physico-

chemical properties of the medium.[104] Interestingly, the

drug particle size increases have been observed in the

nebulizer reservoir. This increase could indicate that

aggregation or accumulation can occur due to a cut-off

size of liposomes that may be extruded through the mesh

during aerosolization. Utilization of different lipid mix-

tures may enable prolonged drug release upon pulmonary

deposition, mainly for liposomes presenting higher phase

transition temperatures.[105]

The vibrating-mesh nebulizers are even capable of appro-

priately aerosolizing more complex dosage forms. Cytosine–
phosphate–guanine oligodeoxynucleotides incorporated

into gelatin nanoparticles have been successfully aerosolized

with both active and passive vibrating-mesh nebulizers while

maintaining its in vitro immunomodulating effect in equine

lung cells.[106] When dendrimers of polyamidoamine

(PAMAM) were complexed with a poorly water-soluble

compound, the active vibrating-mesh and the jet nebulizers

presented comparable aerosolization performance and supe-

rior to that of passive vibrating-mesh nebulizers.[107]

Together with jet nebulizers, vibrating-mesh nebulizers have

also shown to be effective in nebulizing niosomes, an alter-

native to liposomes made of nonionic surfactant vesicles.[71]

Formulation properties of dispersed systems also highly

influence the nebulization performance of these devices. In

a recent study, our research group has demonstrated that

rheological behaviour of aqueous dispersion is indicative of

Figure 3 Schematic diagram showing the functioning mechanism of

a vibrating-mesh nebulizer aerosolizing a suspended dosage form.

Reprint with permission from Taylor & Francis Ltd.
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nebulization performance using vibrating-mesh nebuliz-

ers.[108] Therefore, it is imperative to evaluate many of the

properties of the dispersion (e.g. drug particle size distribu-

tion, zeta potential, rheology, etc.) when considering

aerosolization of this dosage form. Figure 3 shows an illus-

tration of the operating principle of vibrating-mesh nebu-

lizers to aerosolize suspended dosage forms.

Emerging Nebulizers

A summary of the technologies, their functioning mecha-

nisms and selected examples of commercially available

devices are presented in Table 2.

Colliding jets

In the Respimat� device (Boehringer Ingelheim GmbH,

Ingelheim am Rhein, Germany) a compressed coiled spring

positioned in the bottom of a liquid reservoir serves to store

the energy necessary to operate this system. When the spring

is released, the formulation is pushed through two precisely

engineered nozzles (uniblock) positioned in a specific preset

angle that allows liquid jets to converge and thus collide

against each other. The uniblock is comprised of finely engi-

neered microchannels that filter the solution before jet forma-

tion in the outlet nozzle. As a result, aerosols are generated at

a slow speed. Hence, the name soft mist inhaler (SMI), which,

Table 2 Emerging nebulizers, their functioning mechanisms and examples of commercially available devices

Technology Functioning mechanism

Examples of commercially

available devices

Colliding jets When a compressed coiled spring positioned in the

bottom of a liquid reservoir is released, the formulation

is pushed through two precisely engineered nozzles

(uniblock) positioned in a specific preset angle that

allows liquid jets to converge and collide against

each other. The uniblock is comprised of finely

engineered microchannels that filter the solution

before jet formation in the outlet nozzle. As a result,

aerosols are generated at a slow speed.

Respimat

Extruded jets Three-layer laminate strip: the first layer contains a

microvolume liquid reservoir blister that is heat

sealed to the second (lid) layer. A nozzle array

completes the third layer where micrometre holes

are laser drilled. Index holes align the multilayer

system, which is then connected to a handle to

form a final assembled package (strip) fit to the

device accordingly. During operation, a piston

forces the first layer of the strip towards the

nozzle array. As the liquid ruptures the lid layer

and rapidly extrudes through the microholes,

liquid break-up occurs.

AerX
TM

Rayleigh break-up theory using lithography (wafer

stepper and etching techniques) to engineer

different micron-sized spray nozzles. Following

actuation, a loaded spring mechanically controls the

release of the drug solution contained in a metering

valve. As the liquid formulation is extruded through

the spray nozzle, the patient’s inspiratory flow pulls

the formed droplets from a Venturi-like mouthpiece

channel into the lungs.

Medspray

Electrohydrodynamic atomization A liquid is slowly fed to a positive potential, electronically

controlled capillary nozzle surrounded by a gas flow

sheath. An electric field is then created between the

nozzle and a counter-electrode; also positively charged,

independently from the capillary nozzle. A Taylor cone-jet

is formed between the capillary nozzle and the counter-electrode

once the electrical stress outbalances the surface tension,

generating charged droplets. A corona discharge then

controls the droplet charge generating a monodisperse aerosol.

MysticTM
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based on the definition of conversion from liquid to aerosol

droplet, can be considered in the context of this review a sub-

category of nebulizers. Figure 4 presents a schematic diagram

for the functioningmechanism of colliding jet. A high deposi-

tion of small particles in the mouthpiece was recently found

to occur with the current Respimat� design, due to a zone of

recirculation created around the nozzle outlet.[109,110]

The rationale for developing this system was to overcome

the disadvantages of other inhalers. The aerosol cloud lasts

longer and travels slower (10 m/s for aqueous drug solu-

tions) than aerosols generated by pressurized metered-dose

inhalers (pMDI) (50 m/s).[111] Other comparisons show

that the mist generated from Respimat� can be up to ten

times slower than pMDIs and last 1.2 to 1.6 seconds in the

air.[112] The characteristic slow velocity mist avoids high

drug deposition in the oropharynx and negates the need for

patient synchronization as seen with all pMDI devices.[113]

Mixing the concepts of the functional mechanism of nebu-

lizers with the advantage of having a portable inhaler,

Respimat� was first available for clinical use in Europe and

was only recently approved in the United States.[114,115] It

provides a multidose of 120 actuations that are precisely

delivered [116] using this mechanical-powered platform. In

addition to being independent on inspiratory effort (as

observed in some dry powder inhaler systems), it is porta-

ble and user-friendly to patients.[117,118]

Respimat� is designed to deliver drug solutions, but not

dispersed systems.[119] Successful clinical trials in asthma

patients with an aqueous solution containing ipratropium

bromide and fenoterol hydrobromide led to the approval of

Berodual�.[120,121] Follow-up studies demonstrated its effi-

cacy and safety, despite the presence of benzalkonium chlo-

ride and EDTA in the formulation.[122,123] In fact, Berodual�

was shown to provide better efficiency in drug delivery to the

lungs, and the nominal dose of the active ingredients could be

decreased by two- to fourfold when using this device, com-

pared to conventional DPI or pMDIs (with or without the

use of spacers).[110,124,125] Similar results were found when

treating patients with chronic obstructive pulmonary disease

(COPD).[126–129] Inhalation solutions of tiotropium have

been shown to be safe in asthma patients,[130] but an

increased risk of mortality has been reported for patients with

COPD using Respimat�.[131] The high efficiency of this

device also allows for the delivery of acidic solutions with pH

values as low as 2.7, as well as ethanolic solutions, to be safely

delivered to asthma patients without causing adverse

events.[132,133] The flexibility of this platform has allowed the

use of a novel b2-agonist solution (olodaterol) in a hydroalco-
holic mixture to be evaluated for pulmonary delivery.[134]

Due to its capacity to produce submicron droplets, Respi-

mat� has been employed to investigate the concept of the

enhanced excipient growth approach. In this concept, parti-

cles increase in size as they enter the airways, achieving appro-

priate size for pulmonary deposition.[135]

Although, to our knowledge, there is no report on a sys-

tematic investigation, surface tension and viscosity of liq-

uids may also play a role in the performance of this device.

Analysis of an ethanolic solution of the steroid flunisolide

showed a higher fine particle fraction and slower aerosol

cloud speed (7.5 m/s) compared to an aqueous solution of

b2-agonist fenoterol containing also benzalkonium chloride

and ethylenediaminetetraacetic acid (EDTA).[111] The

physicochemical properties that result from the compo-

nents utilized in each of the aforementioned formulations

are likely to have been responsible for the apparent differ-

ences in nebulization performance. Finally, device handling

is considered safe, with unintentional misuse being likely to

show no harmful or unwanted side effects due to facial or

ocular deposition.[136]

Extruded jets

A three-layer laminate strip assembled to form the unit dose

package of the Aerx
TM device (Aradigm Corporation, Hay-

ward, CA) for the pulmonary delivery of aqueous formula-

tions. The first layer contains a microvolume liquid

reservoir blister that is heat sealed to the second (lid) layer.

A nozzle array completes the third layer where micrometre

holes are laser drilled. Index holes align the multilayer sys-

tem, which is then connected to a handle to form a final

assembled package (strip) fit to the device accordingly. Dur-

ing operation, a piston forces the first layer of the strip

towards the nozzle array. A minimum pressure, dependent

on the surface tension, is needed to impart the necessary

Figure 4 Schematic diagram showing the functioning mechanism of

colliding jet nebulizers.
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velocity to the liquid jet stream. As the liquid ruptures the

lid layer and rapidly extrudes through the microholes, liquid

break-up occurs. This break-up is dependent on the liquid

viscosity that is generating the aerosol droplets.[137] This

functioning mechanism produces a slow velocity mist based

on a mesh technology and is commercialized as AerX
TM.

This technology is capable of aerosolizing solution

dosage forms, including testosterone[138] and opi-

oids[139,140] (e.g. morphine[141–144] and fentanyl[145]). An

ethanolic formulation containing a poorly water-soluble

prodrug candidate for pulmonary delivery was also success-

fully delivered using this device.[146] The prodrug had an

MMAD of 3 lm and a GSD of 1.3, with a pharmacokinetic

study showing systemic absorption following pulmonary

delivery comparable to that of intravenous administration.

Patient posture and breathing manoeuvre were not shown

to influence the diffuse pattern in lung distribution of aero-

sols generated using this technology.[147] Despite its usual

small volume reservoir (i.e. 45 lL), AerX
TM is capable of

delivering high doses of therapeutic agents in solution. Two

inhalations from this system were twice as effective in deliv-

ering an inhaled drug candidate to the lungs compared to

up to 15 min of aerosolization using conventional air-jet

nebulizers. The superior performance can be attributed to

the improved aerosol output (higher respirable dose) that

this soft mist inhaler provides.[148]

Furthermore, protein solutions can be aerosolized using

the extruded jets mechanism. When an interleukin-4 recep-

tor drug was aerosolized to the lungs, together with a radio-

labeling compound in a saline solution, a higher peripheral

deposition was found when compared to air-jet nebuliza-

tion.[149] The higher peripheral deposition could be

explained by differences in aerosol properties that showed

MMAD values of 2.0 and 3.5 lm, and GSDs of 1.35 and

2.5, for the AerX
TM and air-jet nebulizer, respectively.

Importantly, AerX
TM delivered five times faster, three to four

times more drug (relatively to their initial protein

charge) than the air-jet system. Similar results were

found when compared to a pMDI device for the deposi-

tion profile of a radiolabeling solution.[150] Importantly,

bolus inhalation of dornase alfa using this extruded jets

mechanism to treat cystic fibrosis patients may in the

future be a possible alternative to the currently approved

jet nebulizer systems.[151] However, the possibility of

macromolecule degradation must always be considered

on a case-by-case basis. DNA-based drug products can

be prone to degradation following extruded jet nebuliza-

tion.[152] Plasmid DNA protected by encapsulation in

cationic lipids (lipoplexes) can avoid such degradation

when this nonviral gene therapy formulation is aeroso-

lized to the lungs using AerX
TM. Ion concentration plays

an important role in production of aerosols via this

mechanism due to suppression of electrostatic

charges.[153] And the addition of sodium chloride to

lipoplex formulations has shown an improved emitted

dose.[152]

The possibility of delivering insulin to diabetes patients

via the lungs is a subject that has been widely investi-

gated.[154] Insulin solutions have also been delivered with

this technology.[140,155] In particular, this has been the only

system used for inhaled insulin in liquid dosage form when

most of the other attempts are with formulations in dry

powder form.[6,156] Recently, a long-term study comparing

prandial inhaled insulin compared to subcutaneous admin-

istration showed encouraging results.[157] In this insulin

study using the iDMS technology, the authors concluded

that, after one year, both routes of administration of insulin

were comparably safe and efficacious, although further

optimization was needed to avoid risk of nocturnal hypo-

glycaemia with the inhaled dosage form.

When drug particles are in the nanoscale size range, this

technology can also produce aerosol from dispersed sys-

tems. Solid lipid nanosuspensions of ketoprofen and indo-

methacin were prepared via supercritical fluid extraction of

emulsions. Aerosolization using AerX
TM and AerX

TM Essence

(electronically and mechanically controlled) produced fine

particle fractions of 60–80% and emitted doses of 50–60%,

which resulted in fine particle doses of approximately

40%.[158,159] Importantly, suspensions of a few hundred

nanometres were not as effectively delivered using micron-

sized nozzle extruders as those suspensions with drug parti-

cle sizes below 100 nm.[158,160] Sub-micron-sized nozzle

extruders are also being considered for development, in

which viscosity and drug particle size of dispersions are

expected to have a greater impact on the aerosolization

profile.[159] In addition, a miniaturized version of AerX
TM

has been developed and is due to be used in large animals

(i.e. dogs).[161] This system might bring great value to

future proof-of-concept studies for safety and tolerability

of drug candidates for inhalation therapy.

Medspray� (Medspray BV, Enschede, Netherlands) is a

recently developed technology that applies the extruded jets

principle from the Rayleigh break-up theory to produce

aerosols.[162,163] It is a hand-held, liquid metered-dose

inhaler in which lithography (wafer stepper and etching

techniques) is used to engineer different micron-sized spray

nozzles. Following actuation by the patient, a loaded spring

mechanically controls the release of the drug solution con-

tained in a metering valve. As the liquid formulation is

extruded through the spray nozzle, the patient’s inspiratory

flow pulls the formed droplets from a Venturi-like mouth-

piece channel into the lungs. The device therefore requires

some synchronization, with the patient pushing the drug

release button a few seconds after initializing the inspira-
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tory manoeuvre. On the other hand, as the aerosol produc-

tion rate is controlled by the device (spring), it avoids dose

emission variability that could be caused by differences in

pressure and speed of actuation by a patient. A slow mist

(4 m/s) is created at an inspiratory flow of 30 L/min by a

patient. Weber further considered the influence of liquid

viscosity on Rayleigh’s basic analysis of jet instability to

describe a relationship between water aerosol droplets and

nozzle diameters.[162,164] During the development phase of

the Medspray� inhaler, nozzles of 1.5, 2.0 and 2.5 lm in

diameter generated droplets with aerodynamic diameters of

4.0, 5.0, and 6.0 lm, respectively. Further studies showed

that the larger droplets (6.0 lm) are more effective for

improving the pulmonary function in asthmatic

patients.[165]

Electrohydrodynamic mechanism (MysticTM)

In the MysticTM drug delivery platform (Battelle Memorial

Institute, Inc., Columbus, OH) liquid is slowly fed to a pos-

itive potential, electronically controlled capillary nozzle sur-

rounded by a gas flow sheath. An electric field is then

created between the nozzle and a counter-electrode; also

positively charged, independently from the capillary nozzle.

A Taylor cone-jet is formed between the capillary nozzle

and the counter-electrode once the electrical stress outbal-

ances the surface tension, generating charged droplets. Sub-

sequently, a corona discharge controls the droplet charge

generating a monodisperse aerosol.[166] This functioning

mechanism is called electrohydrodynamic atomization

(EHDA) or electrospray and has been recently adapted for

pulmonary delivery of drugs.[167] Under the trade name

MysticTM, it is currently being developed by the Battelle

Memorial Institute.[168] This technique is also widely used

in pharmaceutical applications for ionization in mass spec-

troscopy,[169] thin film formation [170,171] and particle engi-

neering.[172–175] Particularly, this technique can

consistently produce highly monodisperse aerosols (with

GSD values between 1.2 and 1.4).[176]

Control of certain variables during EHDA can greatly

benefit the aerosol generation for inhalation purposes. Flow

rate is directly related to droplet size while surface tension

presents an inverse relationship.[166,176,177] The surround-

ing gas sheath influences the electric breakdown threshold,

preventing corona discharge at the tip of the nozzle.

Utilization of a small concentration of carbon dioxide

(0.5%) in the gas sheath helps stabilize the electrospray in

cases when fluids of high surface tension (i.e. pure water)

require a voltage greater than the electric breakdown

threshold. Ion concentration can also help stabilize the elec-

trospray and produce smaller droplet sizes. When adding

low concentrations of sodium chloride (0.005% w/w) to

pure water, increased water conductivity can be achieved

while not affecting surface tension. Thus, electrical current

can flow more effectively, producing smaller particle

sizes.[176] However, higher concentrations of NaCl can

increase polydispersity, which can be a problem for pul-

monary delivery of certain pharmaceutical preparations (i.e.

isotonic solutions).[166] Viscosity also appears to influence

aerosol generation with this mechanism, although systematic

investigation is warranted.[176] Droplet charge control

through the corona discharge system can avoid deposition in

the oropharynx despite droplet size.[166] An increase in drug

concentration can increase droplet size and polydispersity,

but does not change MMAD and GSD values significantly

over time for the same aerosolized system.[176]

Clinical trials using EHDA aerosol generation have

shown the feasibility of delivering ethanolic solutions of

beclomethasone dipropionate.[178] Interestingly, evaluation

of monodisperse aerosols (GSD < 1.2) shows bioavailability

of larger droplets (MMADs of 2.5 and 4.5 lm) to be

greater when compared to small droplet aerosols (MMAD

of 1.5 lm). Additionally, this technology can produce aero-

sols from dispersed dosage forms.[179] Electrospraying of

negatively charged nanoliposomes of DPPC, 1,2-Dipalmi-

toyl-sn-Glycerol-3-[Phospho-rac-(1-glycerol)] sodium salt

(DPPGNa) and cholesterol presented a bimodal size distri-

bution (peaks at 35 and 100 nm) caused by different

agglomeration patterns inside the capillary nozzle during

aerosolization.[180] Head-to-tail and side-by-side juxtaposi-

tion were identified during aerosolization of suspensions

with high lipid mass concentration. Notably, the physico-

chemical properties of the dispersed system (i.e. drug parti-

cle size of nanosuspension) can influence the jet break-up

characteristics.[181] Nevertheless, EHDA is a gentle tech-

nique that can be successfully used in the ionization of

macromolecules for analysis with mass spec-

troscopy.[182,183] Not surprisingly, large biomolecules are

aerosolized with this mechanism without suffering thermal

degradation, even at high concentrations of protein solu-

tions.[184] Very importantly, this technology has shown to

be more effective for aerosol delivery of gene therapy than

jet, ultrasonic and vibrating-mesh nebulizers.[185] Recently,

the electrohydrodynamic principle has been used to

develop a novel nanoaerosol device.[186] However, further

studies are warranted due to the challenges of pulmonary

delivery of nanoaerosols, such as high proportion of

exhaled nanodroplets and limited dose due to high rate of

droplet coagulation at high aerosol concentration.

Investigational Nebulizers

A summary of the technologies and their functioning

mechanisms are presented in Table 3.
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Surface acoustic wave microfluidic
atomization

Much like the traditional ultrasonic nebulizers, this novel

technology uses propagating waves to generate aerosols.

However, it is designed in a way that, instead of millimetre-

order wavelengths propagating through the bulk liquid, the

nanometre amplitude Raleigh waves travel on the surface of

a piezoelectric substrate at a much higher frequency (10–
20 MHz).[187–189] The surface acoustic wave (SAW) is

therefore a highly efficient method to drive fluid motion.

With a microsyringe pump continuously delivering a solu-

tion on top of the lithium niobate (LiNbO3) substrate, the

x-propagating acoustic waves generate aerosol from the

formed capillary waves.[187] With a significantly more effi-

cient energy transfer, a considerably lower energy input is

required (1–3 W). A lower energy input results in the feasi-

bility of a portable hand-held device.[190]

The droplet diameter during SAW atomization is

directly proportional to surface tension and inversely pro-

portional to the viscosity of liquids.[191] Due to the higher

surface tension and lower viscosity, water produces larger

droplets when compared to fluids such as ethanol and

octanol.[190] Ethanol and octanol have similar surface ten-

sions (22–27 mN/m), but the latter presents a greater vis-

cosity of 7.3 cP, compared to 1.1 cP for ethanol.

Aerosolization of octanol using SAW results in smaller

droplets than with ethanol. Further development of this

system could therefore be an alternative to jet nebulizers

for aerosolization of highly viscous fluids due to the limi-

tations described above for other nebulizer types (i.e.

ultrasonic and vibrating-mesh). Of equal importance, the

aerosol output is directly related to the power input, but

its increase compromises droplet size and dispersity.[192]

In general, an optimal power input to produce aerosols

for delivery to the deep lung at a reasonable rate has been

shown to be around 1.5 watts.[190]

The delivery of large molecules is expected to be feasible

as proteins have been shown to maintain their activ-

ity.[193,194] The pulmonary delivery of plasmid DNA using

this technology has also shown to be feasible and insulin

solutions have been successfully aerosolized.[192,195] Recent

studies have shown that limiting the amplitude modula-

tion to 1 KHz mitigates potential protein denaturation

and plasmid DNA fragmentation without compromising

nebulization performance; an important advance of this

technology to enable gene and vaccine delivery.[196] The

SAW microfluidic process may be unsuitable for atomiza-

tion of dispersed systems (i.e. suspensions) due to concen-

tration of particles via nucleation templating.[197,198] But

this a priori disadvantage has further found an application

in the production of pharmaceutical nanoparti-

cles.[193,199,200]

Capillary aerosol generator

In this aerosolization process, a liquid solution is pumped

into one end of a heated microcapillary. Once inside the

tube, the formulation vapourizes before it exits from the

other end where it mixes with the cooler surrounding air.

This cooling causes the vapour to supersaturate and there-

fore initiate nucleation. A subsequent increase in droplet

size occurs due to condensation of the surrounding vapour

onto the formed nuclei, generating the desired aerosol for

pulmonary delivery.[201,202] The appropriate droplet size

can be achieved by controlling droplet coagulation using

reservoir chambers.[203]

The surface tension and the viscosity of liquids appear

to greatly influence the production of aerosols from CAG.

Using a variety of vehicles, the values found for MMAD

varied greatly, up to ten times.[204] Furthermore, both

concentration and the physicochemical characteristics of

solutes influence the aerosol generation.[205] As seen with

Respimat�, this type of nebulizer has been used to pro-

Table 3 Investigational nebulizers and their functioning mechanisms

Technology Functioning mechanism

Surface acoustic wave microfluidic atomization This technology uses propagating waves to generate aerosols similarly to traditional

ultrasonic nebulizer. Instead of millimetre-order wavelengths propagating through the

bulk liquid, the nanometre amplitude Raleigh waves travel on the surface of a piezoelectric

substrate at a much higher frequency (10–20 MHz). With a microsyringe pump

continuously delivering a solution on top of a lithium niobate (LiNbO3) substrate, the

x-propagating acoustic waves generate aerosol from the formed capillary waves.

Capillary aerosol generator Liquid is pumped into one end of a heated microcapillary. Once inside the tube, the

formulation vapourizes before it exits from the other end where it mixes with the

cooler surrounding air. This cooling causes the vapour to supersaturate and therefore

initiate nucleation. A subsequent increase in droplet size occurs due to condensation

of the surrounding vapour onto the formed nuclei, generating the aerosol. Reservoir

chambers are used to control droplet coagulation and, consequently, droplet size.
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duce submicron droplets to investigate the concept of

enhance excipient growth.[135] Importantly, by dissolving

benzyl in propylene glycol, it has been shown that both

evaporate and condensate simultaneously.[203] The aerosol

droplet is also dependent on energy input, with trough in

MMAD at about 40 Joules.[206] It is not feasible to aeroso-

lize thermolabile substances using CAG, as the vapour jet

temperature reaches between 150 to 200 °C.[206] Studies

with the antiemetic perphenazine dissolved in propylene

glycol required a higher energy input (84–95 J), but still

showed acceptable stability of this substance with the CAG

aerosolization process.[207] So far, utilization of this tech-

nology intended for inhalation therapy has been limited to

preclinical studies.[208]

Characterization of nebulizer
formulations

In spite of the great significance of nebulization therapy

in clinical practice, very little has been done to standard-

ize the characterization of nebulizer formulations. Assess-

ment of the nebulizer device itself is available under an

European Standard[209] and the European Respiratory

Society presents guidelines on nebulization therapy.[1]

Nebulizers were not covered in the United States Phar-

macopoeia (USP) General Chapter <601> Aerosols, Nasal

Sprays, Metered-Dose Inhalers, and Dry Powder Inhalers.

Only very recently, the first supplement of USP 34 – NF

29 brings the standardization of characterization tests for

nebulizer products.

The General Chapter <1601> Products for Nebulization –
Characterization Test of the USP now establishes, based on

the dose delivered to a patient intrinsic to the formulation

characteristics in conjunction with the device chosen (neb-

ulizer system), two analyses for the assessment of nebuliza-

tion performance:

• Drug Substance Delivery Rate and Total Drug Substance

Delivered (TDD); and

• Aerodynamic Assessment of Nebulized Aerosols.

The first test determines the rate and total amount of

drug delivered. A breathing simulator is recommended to

be used at specific airflow rates, established depending on

the targeted patient population (neonates, infants, chil-

dren or adults).[210] Instead of continuous delivery,

breathing patterns more appropriately measure drug mass

output from nebulizers. In this analysis, a volume of for-

mulation specified for therapy is filled to the nebulizer

reservoir. The device, positioned as intended to use, is

connected to a filter enclosed in a holder, which is then

connected to the breathing simulator. The nebulization is

started and, at regular intervals, the filter is substituted

for a new one. The drug mass deposited in each filter is

then suitably analysed and used to calculate the results as

follows:

Ri ¼ mi

ti
TDD ¼

Xn
i¼1

mi

Where Ri, mi and ti are the rate, the drug mass and the

time interval used for collection at the ith interval, respec-

tively, and n is the total number of filters collected.

Among various cascade impactors, the next-generation

impactor (NGI) is the apparatus recommended by the USP

for the assessment of aerodynamic droplet sizes from nebu-

lizer systems, because it is a direct measurement of drug

mass deposited based on aerodynamic droplet sizes.[211–216]

Alternatively, laser diffractometry is accepted for droplet

size measurement specifically for homogeneous solutions,

but not for dispersed systems or when significant droplet

evaporation occurs.[217,218] The test should be performed at

airflow rate of 15 L/min and with a cooled impactor to

avoid droplet evaporation.[219–221] The seven stages of the

NGI therefore present the following cut-off diameters: 0.98,

1.36, 2.08, 3.30, 5.39, 8.61, and 14.1 lm. Besides the micro-

orifice collector (MOC) plate, an external filter is also rec-

ommended to collect very small droplets. Plate coating to

avoid droplet bounce and re-entrainment, and the use of a

preseparator are unnecessary. Impactor stage overloading

should be avoided by adequately establishing a feasible time

interval for drug deposition during the test, a balancing

capability with that of sensitivity of the analytical method

employed to determine drug mass.

If a normal distribution of the deposited drug is

observed, the MMAD and GSD can be determined from

the log cut-off size versus probability scale (probit) of

cumulative mass, starting at the MOC/external filter. Inter-

cept of this curve identifies MMAD, as probit of 50% is

equal to zero. GSD can be determined from the slope of the

linear portion of the curve or as follows:

GSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Size relative to 84:13% deposition

Size relative to 15:87% deposition

s

The mass fraction of drug deposited in each plate should

also be presented, including the deposition in the induction

port.

The characterization of the physicochemical properties

of the formulations is very important to help determine the

factors influencing droplet formation from nebulization

systems with different functioning mechanisms. There are

innumerous methods available to measure surface tension,

including the Capillary Rise and the Du No€uy ring meth-

ods.[222,223] Recently, our group has developed a simple
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and quick method using a Texture Analyser.[224] Likewise,

viscosity can be measured using various techniques, such

as: capillary (or Ostwald-Cannon-Fenske) viscometer, fall-

ing-sphere viscometer, and rotational (cup-and-bob, and

cone-and-plate) viscometers.[225,226]

When dispersed systems (e.g. suspensions, liposomes,

etc.) are to be nebulized, it is very important to characterize

the drug particles in bulk liquid in order to better under-

stand the nebulization performance based on the different

mechanisms of aerosol generation from the appropriate

devices.[227] Among the different methods, measurement of

drug particle size and charge should be considered. Particle

size and particle size distribution can be analysed via laser

diffraction or dynamic light scattering.[228] Measurement of

zeta potential based on the principle of dynamic elec-

trophoretic mobility can inform the magnitude of attrac-

tion or repulsion between particles in suspension.[229,230]

Very importantly, it should be considered that the rheology

of dispersions (i.e. suspensions and emulsions) is much

more complex than the simple measurement of viscosity

for Newtonian fluids.[231,232] Non-Newtonian behaviour of

fluids may be a factor influencing the nebulization perfor-

mance of these systems depending on the type of nebulizer

used. In addition, the aerosol output from these systems,

based on gravimetrical analysis, may be misleading with

respect to the real drug mass that is being aerosolized.

Conclusions

The technology to produce aerosols from liquid formula-

tions for inhalation therapy has greatly evolved in a contin-

uous manner from the traditional jet and ultrasonic

nebulizers to emerging technologies based on mechanisms

such as surface acoustic waves, electrohydrodynamic

atomization, and capillary aerosol generation. Smart tech-

nologies have further improved success through monitor-

ing of patient adherence to therapy. The physicochemical

properties of the formulations in conjunction with the neb-

ulizer design and mechanism of function greatly determines

the aerosolization performance. Increase in temperature in

the nebulizing formulation has been reported for several

types of devices and care should be taken when evaluating

thermolabile drugs, such as protein therapeutics. Over-

whelmingly, ion concentration, surface tension and viscos-

ity can highly influence aerosol generation and a greater

understanding of their role in nebulization performance is

a large part of the puzzle towards improved nebulization

therapies. The recent establishment of compendial charac-

terization tests for nebulization products will greatly favour

in vitro comparison of devices, which should ultimately

translate into better in vivo efficiency.
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