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ABSTRACT
The use of antibodies in the treatment of lung diseases is of increasing interest especially as the search for 
COVID-19 therapies has unfolded. Historically, the use of antibody therapy was based on multiple targets 
including receptors involved in local hyper-reactivity in asthma, viruses and micro-organisms involved in 
a variety of pulmonary infectious disease. Generally, protein therapeutics pose challenges with respect to 
formulation and delivery to retain activity and assure therapy. The specificity of antibodies amplifies the 
need for attention to molecular integrity not only in formulation but also during aerosol delivery for 
pulmonary administration. Drug product development can be viewed from considerations of route of 
administration, dosage form, quality, and performance measures. Nebulizers and dry powder inhalers 
have been used to deliver protein therapeutics and each has its advantages that should be matched to the 
needs of the drug and the disease. This review offers insight into quality and performance barriers and the 
opportunities that arise from meeting them effectively.
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Introduction

Knowledge regarding protein delivery to the lungs has been 
increasing since the end of the last Millennium as interest in 
the delivery of biotechnology products has grown.1,2 Initially the 
major focus and enormous intellectual output was on inhaled 
insulin for the treatment of diabetes. However, DNAse was 
a product of equal significance used to enhance mucociliary 
clearance in cystic fibrosis (Pulmozyme, Dornase Alpha, 
Genentech, SF, CA).3,4 The large body of knowledge generated 
by decades of research is a valuable outcome of the emphasis 
placed on protein formulation for inhalation that has value in 
considering approaches to the development of inhaled mono-
clonal antibody (mAb) formulations.5,6 A range of proteins have 
been studied with respect to pulmonary drug delivery.7 Passive 
uptake of proteins from the lungs is dictated primarily as 
a function of molecular weight and charge.8 The molecular 
weight of immunoglobulins predisposes them to retention in 
the lungs. However, if they are designed to bind to airway surface 
receptors active uptake can be achieved.9 Thorough reviews of 
recent developments in inhaled peptides and proteins, preclini-
cal and clinical candidates are available.2,10

Antibodies and fragments have to be considered in terms of 
their applications (1. Mucosal; 2. Systemic; and 3. 
Fragments).11 Factors that impact on the efficacy of antibodies 
range from structural instability, fragmentation, at the level of 
primary and secondary disruption, to functional instability, 
with functional changes due to tertiary structure changes 
including aggregation or grafting.12,13

The use of mAb aerosol treatment of viral lung disease has 
shown promise.14 But, aside from biological target identifica-
tion and respective protein formulation, there are other deliv-
ery considerations associated with inhalation compared to 
conventional routes of administration (i.e. intravenous). In 

particular, the methods of aerosol generation and sampling 
must be evaluated to assure product quality and performance 
before in vivo studies commence.15

The key parameters of interest in protein formulation are 
physico-chemical properties during manufacture, storage, hand-
ling and aerosol generation.16 The classical causes for concern 
are thermal, light or mechanical lability of the molecule itself that 
might give rise to either inactivation, degradation or both.16 

Aggregation is a common issue in protein structural instability 
and may occur on storage, during handling and delivery.17 

Figure 1 illustrates the drug product, contacts and handling 
elements that are subject to both extraneous environmental 
effects and intrinsic packaging, delivery, storage, and sampling 
phenomena that impact product quality and performance. Each 
represents a focus of attention during product development.

The drug product factors of mAb preparation, formulation 
with additives/excipients, combination with device and packa-
ging are all defined by the manufacturer. The conditions and 
contacts relating to product storage, aerosol delivery, sampling 
and sample storage and handling contribute to quality and 
clinical performance as determined by analytical and bioana-
lytical chemistry, safety and efficacy testing.

There have been numerous reviews of the challenges pre-
sented in developing mAb therapeutic agents including for-
mulation, delivery and analysis mostly in the context of 
parenteral administration.18,19 Inhaled mAb requires consid-
eration of many of the same issues as parenteral products but 
this unique dosage form raises further challenges that must be 
addressed to guide properties of importance to quality, safety 
and efficacy.20 Antibodies have been considered for a variety of 
therapeutic purposes related to lung disease. The leading appli-
cations have been in the receptor targeting, pathogen binding 
or xenobiotic trapping.21
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Interest in the use of inhaled mAb for the treatment of viral 
infections has, not surprisingly, raised the prospects of possibly 
treating COVID-19 with aerosol therapy.22 A review of 
recently registered/updated clinical trials supports this obser-
vation as shown in Table 1. Notably, Boehringer Ingelheim 
recently stopped a phase 2 clinical trial of its inhaled antibody, 
BI764918, due to lack of efficacy noted by its data monitoring 
group (Boehringer Ingelheim news release March 21st, 2021). 
There remains an urgent need for therapies that preserve the 
integrity of the lungs through local delivery thereby reducing 
morbidity and mortality.

The intent of this focused review is to address the interface 
between formulation, device and specialized analytical meth-
ods that may influence the accuracy and reproducibility of dose 
measurement with implications for quality, performance and 
anticipated safety, and efficacy assessment.

Routes of administration

Protein therapeutics do not survive oral ingestion to deliver the 
therapeutic agent to the systemic circulation and subsequently 
to the desired target, due to the harsh pH environment in the 
gastrointestinal tract.29 Historically, parenteral delivery of anti-
bodies has been considered the most desirable route of 
administration.30 Injectable formulations deliver proteins and 
peptides directly to the systemic circulation avoiding degrada-
tion and instability that would arise by the oral route. However, 
high systemic concentrations of the antibody are required to 
achieve therapeutic levels at the site of action.31 Direct delivery 
to the lungs as a target organ system has the advantage that 
high local doses delivered as aerosol droplets or particles, with 
limited systemic exposure, can achieve therapeutic equivalency 

to much higher doses delivered systemically, by parenteral 
routes. In some cases, the required injectable dose may make 
therapy difficult if not impossible by systemic delivery.

While delivery of antibodies to the lungs is not directly invok-
ing local immunity it should be noted that it is supplementing 
respiratory tract mucosal immunity. The nose and lungs are 
a primary sites of mucosal immunity and present the first line of 
immunological defense against airborne pathogens.32,33 Local 
induction of innate immunity, primarily through the action of 
macrophages and dendritic cells is followed by initiation of 
acquired immunity by recruitment of B and T cells. This leads 
to production of IgA and IgG specific to the mucosal environ-
ment. A strong mucosal immune response can prevent systemic 
exposure and infection. Communication between mucosal asso-
ciated lymphoid tissues locally (nasal and bronchial) and else-
where (gastro-intestinal, reproductive tract) can result in 
protective immunity being transferred between the site of initial 
pathogen exposure and other mucosal sites. Consequently, intro-
ducing inhaled antibody into this milieu would not only be 
directly therapeutic but would support and potentially lead to 
a more robust respiratory mucosal immune response.

Dosage form

Devices

There are three primary categories of aerosol delivery system, 
pressurized metered dose inhalers (pMDIs), dry powder inha-
lers (DPIs) and nebulizers.34 The required dose and state of the 
therapeutic agent dictate the most suitable system to adopt. 
Historically, the organic propellants and limited dose (<1 mg) 
have mitigated against the use of pMDIs for the delivery of 
high dose drugs.35

Figure 1. Diagram depicting the contributing factors from the drug product, conditions and contacts that contribute to the analytical quality and performance 
measures.

Table 1. Summary of inhaled antibody therapeutics noted primarily in clinicaltrials.gov.

Name Drug Company MM/YY

SARS-CoV2 Neutralizing Antibody DZIF-10 c by inhalation23 University of Cologne 11/20
Phase 1A Safety Trial of Inhaled PK10571 (GB002)24 Gossamer Bio 06/20
Study of TJ003234 (Anti-GM-CSF Monoclonal Antibody in Subjects with Severe Conronavirus 2019 (COVID-19)25 I-Mab Biopharma Co., Ltd 12/20
ACTIV-2: A study for outpatients with COVID-1926 NIAID 

(with industry collaborators)
04/21

Inhaled antibody treatment for COVID-19 shows success in preclinical trials – AR71127 Aridis 10/20
Monoclonal antibody for the treatment of inhalation anthrax – ETI-204 (Anthim)28 NIAID 08/10
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Nebulizers have been favored for protein delivery due to the 
solubility of the protein and the relatively simple formulation 
due to constraints on additives.36 However, despite the lack of 
complexity the limited formulation options can be time- 
consuming to optimize. Stabilizing proteins in aqueous media 
may pose formulation challenges.36 A number of additives can 
be employed, as discussed below, and storing under low con-
trolled temperature may be desirable.37

If the protein is fundamentally unstable in solution it can be 
formulated with stabilizing moieties and either freeze dried or 
spray dried for reconstitution. Either of these approaches 
would be suitable for nebulizer delivery. However, it should 
be noted that there are limitations on the additives that could 
be used as stabilizers for inhalation compared with those used 
for parenteral products.

Depending on the desired dose, dry powder inhaler delivery 
of spray dried material is a possibility.38 The advantage of dry 
powder formulation as would be the case for the reconstitutable 
nebulizer formulations is the potential to achieve room tempera-
ture stability and thereby make the product more readily avail-
able outside well-developed urban centers. This contrasts with 
the potential instability of mAb nebulizer solutions or degrada-
tion of reconstitutable formulations during freeze-thaw cycles.

Selection of device depends on dose required for effective 
therapy, quality and performance measures as defined by reg-
ulatory and compendial standards. These measures are 
described in detail below.

Formulation

Considerations in formulating and delivering proteins
Conventional structural stability with regard to primary, sec-
ondary and tertiary elements may all be addressed by formula-
tion strategies. Assuming that all causes of primary structural 
instability may be avoided, the likely sources of instability, in- 
use or on storage, are the secondary and tertiary structural 
elements that are essential to the efficacy of an antibody. 
Figure 2 illustrates the environmental and product factors 
that can give rise to instability of the antibody at various stages 
during its preparation and characterization.

Parameters and conditions affecting stability include pro-
tein structure and concentration, temperature/humidity, pH, 
contact interfaces, light exposure, and the presence of excipi-
ents and contaminants.39 Physical stability assays are required 
to assess the impact of aggregation, fragmentation, primary, 
secondary and tertiary structural defects. Proteins formulated 
as high concentration liquids are susceptible to aggregation 
through a number of destabilizing mechanisms.40 Adsorption 
behavior of human mAbs at hydrophobic and hydrophilic 
surfaces can give rise to losses and instability.41

Metal ions, such as Cu2+, can bind to the mAb and undergo 
hydrolysis or oxidation, which may lead to cleavage of the 
molecule.42 Charge may contribute to stabilization of 
a specific molecular structure involved in hydrolysis leading 
to the possible formation of a copper binding pocket that 
causes increased susceptibility of the hinge region to 
degradation.

Instability of inhaled antibodies results from general suscept-
ibility of proteins that require exquisite control of tertiary 

structure for activity and, as a consequence, require a protective 
formulation strategy. Unlike proteins intended for traditional 
parenteral administration, there are potential inhaler device inter-
actions that may give rise to real-time instability or dosing varia-
bility. In addition, the way in which inhaled antibodies are 
collected, stored or manipulated for analysis may influence esti-
mates of dose and dose uniformity.

Antibody formulations
Protein formulation strategy is largely focused on preventing 
aggregation and degradation in aqueous media and producing 
amorphous rather than crystalline structures in the solid state 
that would readily disperse either in aqueous media or in 
biological fluids.43

There are several categories of additives that can be added to 
antibody solutions to aid in stability.44 Common salts such as 
sodium chloride, ammonium sulfate, and calcium chloride can 
be used to impact protein aggregation and stability by altering 
the electrostatic environment around the antibody and/or 
creating an intermediate secondary structure. The solution 
pH and ion choice is important as, for example, below pH 4.5 
antibody aggregation is induced to some extent; at pH 4.0 the 
cation and anion impact aggregation but only the anion has an 
effect at pH 3.0.45 Appropriate buffers such as citrate or histi-
dine control pH to avoid antibody structural degradation.46 

Surfactants including TWEEN-20, TWEEN-80, sodium dode-
cyl-sulfate, and Triton-X-100 influence surface tension, solu-
bility, and aggregation of the antibody.47 The addition of 
sugars (glucose, sorbitol, sucrose, etc.) can also prevent aggre-
gation where both the size of the sugar and it’s chemical 
interaction with the protein have an effect.48 Conformational 
stability and solubility enhancement can be achieved through 
co-solvents such as propylene and polyethylene glycol.49

When preparing the antibody as a solid dose by freeze 
drying or spray drying (as discussed below) many of the 
above excipients aid in stabilizing the antibody in the precursor 
solution. Processing stressors, such as shear and heat, become 
concerns however when generating a solid antibody product. 
Fortunately, many of the previously mentioned excipients such 
as sugars, glycols, and surfactants act as stabilizers; preventing 
protein degradation or unwanted crystallization.50,51 If heat is 
going to be essential to the manufacturing process (such as is 
required during spray drying) the impact of temperature on the 
antibody structure should be assessed through feasibility stu-
dies often in statistically designed experiments before commit-
ting to a specific technique.52

Physical and chemical stability of the antibody formulation 
can be assessed by a variety of instruments and assays. 
Crystallinity of a solid product can be confirmed via X-ray 
powder diffraction (XRPD).53 Circular dichroism uses polarized 
light to optically assess protein structure.54 Protein conformation 
can be assessed using gel permeation chromatography55 and gel 
electrophoresis39 which assay for homogeneity and peptide size 
differences respectively. Receptor-binding and neutralization 
assays ensure the antibody and respective formulation can sui-
tably bind to or inactivate the intended target56 Mass spectro-
scopy is, among other things, useful for identifying structural 
features of the antibody.39,57 There are many other size and 
structure related assays and physical and chemical methods 
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available that can provide supporting or complementary evi-
dence when studying antibody stability.39 These techniques 
may be used to validate antibody stability throughout the devel-
opment process: from formulation in solution, to manufacture 
(in the case of a dry product, to post-nebulization or post- 
actuation from dry powder inhaler, to collection methods). 
Table 2 identifies the methods employed to evaluate stability of 
proteins. Aggregation and concurrent loss or decrease in activ-
ity/function are the most common sources of instability during 
aerosolization or upon contact with collection surfaces and 
would be the focus of attention for inhaled Mabs.

Methods for determining the quality of nebulizer solutions 
are referenced in General Chapter <5> of the United States 
Pharmacopoeia alluding to specifications on microbial and 
foreign particulate limits.64

Microbials. The presence of microbes is a serious potential 
source of instability and subject of safety consideration. 
Enzyme catalyzed proteolysis will degrade the antibody while 
encouraging microbial growth. Approaches to measuring and 
setting limits on microbial burden are described in regulatory 
guidance documents.65 The guidance requires that attention is 
paid to USP compendial methods, General Chapter 
<610> Alternative Microbiological Sampling Methods for 
Nonsterile Inhaled and Nasal Products and General Chapter 
<1111> Microbiological Examination of Nonsterile Products 

Acceptance Criteria for Pharmaceutical Preparations and 
Substances for Pharmaceutical Use. The general approach to 
inhaled formulations is that coliform bacteria should be absent 
and that no more that 100 non-coliform micro-organisms 
/gram or mL can be cultivated from dry formulations (recon-
stitutable formulations for nebulization, dry powders).66

Foreign particulates. Foreign particulates present a safety con-
sideration and often speak to the control of the manufacturing 
process and packaging components. Specifications on foreign 
particulate matter include numerical and size limits for parenteral 
products, as described in <788> Particulate Matter in Injections, 
which can be used as reference framework for aerosol products. 
Depending on the method employed no more than 3,000 particles 
≥ 10 μm and 300 particles ≥ 25 μm by microscopy (or 6,000 and 
600, respectively, by light obscuration) in low volume parenterals 
(≤100 mL) which are most relevant to inhaled products. For 
regulatory purposes it is recommended that limits be placed on 
foreign particulates in the ranges < 10 μm, 10–25 μm and 
>25 μm.65 Specific limits on inhalation are debated and it has 
been suggested that additionally particle size ranges should be 
considered where reasonable size ranges to include in acceptance 
criteria for quality control purposes could be 2–10 μm, 10–25 μm, 
and 25–100 μm.67 Since many of these particles originate in 
packaging it is important that their source is investigated. This 
approach cannot be understated given the susceptibility of mono-
clonal antibody formulations to aggregation which may be cata-
lyzed by foreign particulates and, further, that they may undergo 
serious chemical degradation in the presence of metal ions.

Inhaled product handling and sampling consideration

Nebulizer solutions

Antibody delivery as liquid aerosol droplets atomized from 
a nebulizer is attractive given the high aqueous solubility of 
proteins. As such, many protein formulations are already in 
liquid form. Additionally, nebulized drug formulations do not 
involve a protein drying step and can deliver large doses.68 

However, conformational distortions of the polypeptide 

Figure 2. Environmental and product factors that contribute to the quality and performance of inhaled monoclonal antibodies that are uses to assure efficacy and safety 
outcomes.

Table 2. Methods of assessing the stability of antibody therapeutics. *Aggregation 
and concurrent loss or decrease in activity/function are the most common sources 
of instability during aerosolization or upon contact with collection surfaces.

Sources of Instability Assay/Test Methods

Primary Structure Quantitative – Mass Spectrometry57 

Qualitative – Western Blot58,59

Secondary Structure Nuclear Magnetic Resonance60,61

Tertiary Structure Circular Dichroism54 

Optical Rotatory Dispersion
*Aggregation Gel Permeation Chromatography55 

Gel Electrophoresis62,63 

Western Blot58,59

*Activity/Function Antigen Binding56 

Neutralization (replicating antigens)
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structure are possible in solution, as an aerosol at the air-liquid 
interface, or during collection so care must be taken during 
drug product formulation. Table 3 lists the types of substrates 
and contacts for the mAb during delivery and collection that 
might be sources of instability.

Common strategies for stabilizing liquid protein formulations 
employ surfactants, sugars, and salts to avoid aggregation and 
control surface tension, buffering agents to maintain pH, and 
other excipients to prevent oxidation or otherwise protect the 
antibody.44,69 As the bulk liquid is atomized, the air-liquid inter-
face quickly increases causing the potential for protein adsorption, 
unfolding, or aggregation. This may be accompanied by foaming 
that gives rise to poor and/or variable dose delivery and irrepro-
ducible aerodynamic particle size characteristics and may be sup-
pressed by surfactants. Excipients (such as sugars, polyols, and 
amino acids) can help reduce these outcomes by stabilizing the 
structure in solution. Nebulizer selection (thus, aerosol droplet 
generation method) is an important consideration as well to 
avoid possible heat or shear impacts on the antibody 
stability.16,70 Finally, the physical collection vessel used to assess 
the nebulized output can also impact binding affinity and aggrega-
tion of the antibody. The risks associated with sampling of neb-
ulized proteins has been recognized for decades.71 Regardless of 
the collection substrate used (such as polypropylene, glass, or steel 
depending on assay) it is recommended that the substrate should 
be the same throughout development as protein stability can be 
dependent on either the physical collection material or the anti-
body itself.68 The choice of excipient(s), nebulizer, and aerosol 
collection substrate need to be screened for assurance of physical 
stability of the antibody and proper aerodynamic characterization. 
Figure 3 shows three common aerosol sampling devices used in 
aerodynamic particle characterization. Each has different sam-
pling surface with respect to elemental composition, geometry 
and number.65,72 In addition each of the surfaces can be modified 
by coating (Figure 3(a) NGI and (b) ACI) or use of a collection 

medium (Figure 3(c) TSLI) that can be adjusted for compatibility 
with mAb sampling.

Dry powder inhalers

Drug delivery to the lungs can also be achieved using dry 
powder inhalers. In this case the therapeutic agent is formu-
lated into a powder that, for high dose delivery (>1 mg) is 
delivered to the patient as an inhalable, low density aerosol.73,74 

Unlike liquid antibody formulations that often need to be 
refrigerated, a solid-state dosage form, such as a dry powder, 
may be stable at room temperature.75 This makes dry powder 
inhalers a more patient friendly and portable option where 
special storage or electricity is unnecessary to receive the med-
ication. The most common strategies of manufacturing protein 
powders are spray drying and spray-freeze drying.76 As with 
liquid formulations excipients are often added to the precursor 
formulation to enhance physicochemical stability and aerody-
namic performance of the drug product. Spray drying is 
another widely available technique for synthesizing amorphous 
pharmaceutical powders. The drug and excipients are dissolved 
in solution and fed via peristaltic pump into a heated atomizing 
nozzle. An atomizing gas, typically nitrogen, disperses the 
liquid precursor solution into tiny droplets that quickly evapo-
rate and leave behind microparticles. There are many synthetic 
parameters that can be adjusted to impact final particle size 
such as solids concentration, solvent, solid feed rate, atomizing 
gas pressure, and inlet temperature.38,77 In either method 
though there are high shear and/or temperature stressors 
applied to the antibody that may degrade the structure.

Quality and performance measures

Inhaled product performance measures

Aerosol characteristics
Aerodynamic performance needs to be assessed regardless of 
delivery platform. The United States Pharmacopoeia (USP) 
sections <601> and <1601> discuss in detail the various meth-
ods for characterizing dry powder and nebulized aerosols, 
respectively.72,78 Delivered dose uniformity (DDU) and mass 
median aerodynamic diameter (MMAD) are the most impor-
tant performance metrics.79 They are not intended to be 
a substitute for in vivo experiments or predictive of lung 
deposition.80 Rather they are general quality measures of the 
drug product aerosol performance and can be used to justify 
further development and support safety and efficacy studies.81

Delivered dose for nebulizers is measured by actuating the 
nebulizer over a period time into a dose uniformity sampling 
apparatus (DUSA); a tube connected in line with the nebulizer 
and a vacuum pump. A breath profile simulator can be used to 
coordinate inhalation: exhalation ratio, tidal breathing volume, 
and breathing pattern with patient age or disease. The aerosol 
is collected over a period of time that allows for sufficient 
quantification of the drug product. Output rate is determined 
at the beginning, middle, and end of proposed dosing time to 
get an estimate of the total delivered dose. Dry powders are 
similarly sampled through a DUSA. The inhaler is actuated and 
vacuum is applied to collect the drug product on a filter. 

Table 3. Devices/components that serve a specific process in drug product per-
formance and characterization and the components into which the drug (mAb) will 
come into contact.

Process Device/Components Composition

Aerosol 
Generation

Nebulizers 
Conducting Tubing 
Mouthpieces/ 
Facemasks

Polypropylene 
Polyethylene 
Polyethylene Teraphthalate 
Nickel 
Chrome 
Stainless-Steel

Sampling Cascade Impactor 
Liquid Impinger

Stainless-Steel 
Glass 
Aluminum 
Coating Substances (silicone oil, 
glycerol)

Handling and 
Storage

Filter Housing 
Filters 
Sample Transfer 
Instruments 
e.g. Pipets, injection 
needles 
Collection Vessels 
e.g. vials

Polytetrafluorethylene (PTFE, 
Teflon) 
Stainless-Steel 
Glass fiber 
Polycarbonate 
Paper 
Plastics/Polymers 
Elastomers 
Glass 
Stainless-steel

Analysis Chromatograph 
HPLC, UPLC, SEC, GPC

Stainless-steel 
Packing material
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Vacuum flow rate is determined by the L/min necessary to 
produce a 4 kPa pressure drop across the inhaler. Vacuum is 
controlled via solenoid and operated for as long as it takes to 
pull 2 L of air at the prescribed flow rate.

The mass median aerodynamic diameter (MMAD) is 
a quality descriptor of the of the aerodynamic performance of 
an aerosol. Generally, a MMAD between 1–5 µm will result in 
a respirable product. Cascade impaction is the experimental 
technique employed to quantify the MMAD. Jet nebulizers 
generally produce MMADs in the range 1–2 µm with GSDs 
of approximately 2 while vibrating mesh nebulizers and ultra-
sonic nebulizers produce larger MMADs of 3–4 µm with nar-
rower GSDs in the range 1.6–1.8.82 Doses of several hundreds 
of milligrams can be delivered from nebulizers the only limita-
tion being the period of inhalation by the patient and the safety 
of the drug. Pentamidine, a drug used to treat Pneumocystis 
carinii pneumonia as secondary infection in patients infected 
with human immunodeficiency virus was given as a 300 mg 
dose.83 This method generates an aerodynamic particle size 
distribution (APSD) from which the MMAD and geometric 
standard deviation (GSD), the measure of the aerodynamic 
particle size range, can be calculated. USP <1601> dictates 
that the Next Generation Impactor (NGI) is operated at 
a flow rate of 15 L/min for nebulizers.78 Again, a breath profile 
simulator can be used to mimic patient breathing. For dry 
powders, the NGI should be operated at the same flow rate 
used for the DDU experiments above.72

For aqueous droplets where density approaches 1 g/mL 
the volume diameter is equivalent to aerodynamic diameter. 
Consequently, laser diffraction, a volume-based aerosol par-
ticle sizing method, may be employed to determine the 
particle size distribution as described in USP General 
Chapter <1601 > . The median diameter, D50, and Span, 
(D90-D10)/D50 are employed to describe the distributions 
obtained by this instrument and approximate to the 
MMAD and GSD used to describe the APSD. Laser diffrac-
tion has the advantage for nebulizer droplets that there are 
more data points describing the distribution than would be 
obtained by cascade impaction.

Stability
Nebulizers. There are three broad categories of nebulizer, air jet, 
ultrasonic and vibrating mesh.84 Nebulizer delivery has the advan-
tage of presenting the therapeutic agent in an aqueous medium 
that avoids the need for dissolution following deposition and 
renders it available to penetrate to the airways surface. The airway 
surface presents an important barrier to foreign substances trans-
ported on air to the lungs. With respect to infectious agents it is 
the first line of innate and adaptive immunity.85 A therapeutic 
approach that facilitates delivery to the barrier without presenting 
safety concerns would be desirable.

Systemic delivery of antibodies has been shown to result in 
colitis, pneumonitis and nephritis.86,87 While serious adverse 
events are not anticipated in response to pulmonary delivery of 
mAbs the most likely sources would be immune responses to 
any foreign protein,88 e.g. synthetic component of the antibody 
construct,10 or to additives such as polyethylene glycol.89

The formulation may also impact the biological disposition 
of the aerosol. Generally, nebulized droplets are composed of 
isotonic solutions/suspensions that retain their droplet size in 
spray transit through the airways since they are in equilibrium 
with body fluids and atmospheric moisture in terms of water 
activity and vapor pressure.90,91 Figure 4 illustrates the poten-
tial behavior of nebulized droplets based on the colligative 
properties of the additives.

Hypertonic solutions have been employed as mucolytics in 
diseases where viscous mucus is present, notably the genetic 
disorder cystic fibrosis.92 The hypertonic droplets take on 
moisture in the airways and hydrate the mucus upon deposi-
tion which reduces the local viscosity and allows improvement 
in mucociliary clearance.

There is reason to believe that hypotonic fluids may have an 
advantage in the delivery of macromolecules, at mucosal surfaces 
including antibodies.93 Hypotonic solutions would give up 
moisture with respect to unsaturated air. However, at the high 
relative humidity of the lungs and given the rapid transit times 
for droplets to enter and deposit in the lungs it is unlikely that 
this phenomenon would be significant. Upon droplet deposition 
at the surface of the mucus the water would move to regions of 

Figure 3. Images of: (a) Next generation impactor showing collection cups (lower section); (b) assembled Andersen 8-stage non-viable impactor with collection plates 
(below) that are present on each stage and; (c) two-stage liquid impinger showing glass vessels in which samples are collected.
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high endogenous salt/solute concentration creating an osmotic 
gradient capable of transporting dissolved solutes from the dro-
plet into the mucus facilitating migration to the airways’ epithe-
lium. The association of hypotonicity with cough and 
bronchoconstriction may explain this oversight.94 However, 
individuals differ in their thresholds for cough. The use of 
hypotonic solutions at other mucosal surfaces has not been 
associated with safety concerns but this approach would require 
further exploration for lung delivery.95 Given the likely signifi-
cance of an antibody therapy the risk of using this strategy to 
advance the delivery of macromolecules is worthy of further 
investigation but would have to be considered in the context of 
the overall fate of monoclonal antibodies in the lungs.96,97

Dry powder inhalers. The nature of the protein instability may 
be sufficient to require additives such as those employed in 
freeze dried parenteral products.98 If this is the case then 
knowledge required to prepare a powder suitable for reconsti-
tution as a nebulizer solution would also be useful for dry 
powder inhaler formulation. Dry powder inhalers consist of 
a formulation, metering system (capsule, blister strip/disk or 
reservoir) and device.73 The dispersion principles from DPIs 
involve the use of the patient’s inspiratory flow to create 
a pressure drop through the device and shear of particles that 
are prepared in respirable size ranges to achieve adequate, 
rarely maximal, and reproducible dose delivery of the thera-
peutic agent as an aerosol suitable for deposition in the lungs.

It is unlikely that the traditional lactose carrier-based for-
mulation would be employed as this requires potent, low dose 
therapeutic agents such as those used to treat asthma or 
chronic obstructive pulmonary diseases.73 Spray dried particles 
in which stabilizing additives are included in each particle 
allows high dose delivery of relevance to antibody therapies.77

The dispersion of dry powder requires sufficient applied 
energy to shear particles into near primary sizes. Shear is achieved 
through modulating linear velocity. Pressure drop across the 
device is correlated with shear since restriction of flow to achieve 
high linear velocities results in high pressure drop according to 
fundamental principles of fluid dynamics.99 The shear forces have 

to overcome those adhesive and cohesive forces causing particle 
aggregation, namely van der Waals, electrostatic, capillary and 
mechanical interlocking mechanisms.73,99 Where the cohesive 
forces are between drug-drug (mAb-mAb) or additive-additive 
(excipient-excipient) particle interactions and the adhesive forces 
would exist between drug and additives. In the case of a spray 
dried particle where the surface may be a heterogeneous mixture 
of antibody and excipient(s) both cohesive and adhesive forces 
may occur for single particle interactions. Generally, these forces 
are insufficient to cause instability on aerosolization but it is 
possible that the composition of the particle used to stabilize the 
mAb will require optimization to allow dispersion under the flow 
conditions imparted by the device.100 Moreover, in addition to the 
traditional concerns associated with chemical (structural and 
functional) stability of the antibody a further consideration of 
the physical stability of the powder is required since changes in 
particle size or dose delivered impact on potential safety and 
efficacy outcomes. The residual or ingress of moisture into dry 
powder formulations is an example of a source of instability.75,101

Manufacturing processes allow the manipulation of the 
aerodynamic properties of dry powders and the MMAD is 
usually in the range 2–4 µm with GSD of 1.5–1.8, recognizing 
that each product has its own specifications.82 The maximum 
dose delivered from a dry powder inhaler is 112 mg of 
Tobramycin, in a total powder, with excipients of 192 mg 
delivered from 4, #3 capsules (28 mg drug, 48 mg total).102

Target product profile

The dose of antibody required for therapy is dictated by the burden 
or prevalence of target moiety present. An endogenous target (host 
receptor or transporter) may require relatively low doses whereas 
an exogenous target (pathogen protein) might require high doses 
for neutralization. The regimen becomes complex where the target 
protein is a component of a replicating pathogen where early 
intervention is most likely to result in safe and efficacious 
treatment.

The accuracy and precision of delivery is required from the 
perspective of quality standards demanded by regulatory 

Figure 4. Schematic of droplet behavior following aerosol generation in transit through the airways and upon deposition based on their colligative properties and water activity.
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bodies described above for the drug product performance. 
However, it is also essential to correlating the dose to expected 
therapeutic outcomes. Dosage regimens may vary according to 
therapeutic need but the quality performance metrics must 
adhere to regulatory standards. Since some mAbs may have 
narrow therapeutic indices performance is critical to establish-
ing the safety of the product.

The stability of the antibody or antibody fragment has to 
support the use of the product through a designated life-
time under nominal conditions of use that are commer-
cially and clinically practical. Conventional storage life is up 
to 2 years. Proteins and peptides frequently require refrig-
eration (4°C) or freezing (−80°C). For reconstitutable pro-
ducts an additional in-use lifetime may be given to allow 
for a short period of storage and dispensing before the 
product is discarded.

Safety considerations are related to the drug and dose 
and are evaluated on a product-by-product basis. However, 
some generalizations can be made. For the same mAb with 
the same excipients delivered by nebulizer versus dry pow-
der there may be feasibility limits on dose given the 
patients due to tolerance to a bolus (on a single breath) 
of powder by inhalation independent of the drug. Whereas 
the steady state delivery from a nebulizer and the concur-
rent delivery of water may more easily be tolerated. 
However, it is likely that different additives/excipients will 
be required which present another safety consideration. In 
general, as stated earlier in the text larger doses can be 
given by nebulizer than by dry powder inhaler. However, 
where dry powder doses are feasible and effective the ability 
to enhance room temperature stability and the ease of use 
and handling may be preferred by the patient.

Conclusion

Inhaled antibodies present an opportunity for local therapy for 
a variety of diseases, most notably infectious disease. The 
tertiary structure of the antibody is central to its action. 
Disruption of this structure, most notably through aggregation, 
has the potential to occur throughout the product performance 
and evaluation. Preparation, delivery and characterization of 
protein aerosols require consideration of the potential for 
instability based on the physical chemistry of the therapeutic 
agent and its compatibility with components of the formula-
tion, device and sampling systems. Formulation strategies have 
evolved to prevent the degradation of the mAb in the dosage 
form. Consequently, the options of both nebulizer and dry 
powder inhaler delivery of solution droplets and particles, 
respectively, are now available. The potential for the mAb to 
interact with various surfaces of different composition during 
delivery and sampling must be considered. Verifying the struc-
tural and functional properties of the antibody after delivery 
and the efficiency of recovery from sampling devices and 
storage containers is essential to establishing the overall quality 
of the product, accuracy and reproducibility of dose delivery 
which underpin assessment of safety and efficacy.
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