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Effect of leucine as an aerosolization enhancer on
the bioactivity of spray dried viral-vectored
vaccines for inhalation
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Michael R. Thompson*a

Aerosolization enhancers, like L-leucine, can improve deep-lung deposition of inhalable dry powders

although the implications of their use have not yet been evaluated for sensitive biologics like viral vectored

vaccines. This study investigates the effect of L-leucine concentrations (0–50 wt%) as an added com-

ponent to the viral-encapsulating matrix comprised of mannitol and dextran, on aerosolization relative to

bioactivity of spray dried human serotype 5 adenovirus. Modelling the intended purpose of inhalation, the

aerodynamic properties (fine particle fraction and mass median aerodynamic diameter) of the powders

were analyzed using a Next Generation Impactor. Overall, increasing the L-leucine concentration in the

spray dried formulations improved the fine particle fraction (>40%) and reduced the aerodynamic dia-

meter (<5 µm). However, bioactivity was negatively affected by the presence of L-leucine in the formu-

lation and that demanded deeper investigation. The root cause for the declining bioactivity was finally

attributed to aggregation of the adenovirus induced by L-leucine in the feed solution prior to spray drying,

which was determined using a qViro-X particle counter. The intent of this study was to emphasize that

advantages and disadvantages will exist with additives like an aerosolization enhancer, for this relatively

new class of vaccines.

1. Introduction

Pulmonary delivery of dry powder vaccines via inhalation is
known to confer more effective protection than parenteral
delivery against respiratory infections like tuberculosis.1–4 It
has been further demonstrated that delivery of vaccine to the
lower respiratory airways (deep lung) induces an enhanced
immunogenic response.5–8 The aerodynamic size for success-
fully delivering aerosol to the lower respiratory tract should
ideally be less than 10 µm. For aerosol deposition in the oro-
pharynx, larynx and proximal airways, aerosol size between
2–5 µm is ideal for deposition in the central airways, and
0.5–2 µm for the peripheral airways.9–13 Spray drying is poten-

tially employed to produce powders suitable for inhalation,
offering the ability to engineer the morphological and physico-
chemical properties of the particles.14–18

Although dry powder viral vaccines are gaining acceptance
as a viable technology to tackle cold chain complications,
there remain barriers before their use for pulmonary delivery
will be accepted for public use. Two major hurdles to clinical
adoption of inhalable vaccine powders include inconsistent
aerosolization and low potency. One of the commonly used
approaches employed to achieve consistent aerosolization of
dry powders is addition of dispersibility enhancers, like
L-leucine, to a formulation.19–25 L-Leucine as an excipient has
demonstrated its potential to improve the aerosolization of dry
powders containing small molecules like respiratory drugs,
antibiotics, siRNA, and monoclonal antibodies
(mAb).10,20,26–32

Unlike smaller molecules, biologics have complex large
molecular structures consisting of more potential sites for
degradation and are highly prone to degradation.33,34 Biologics
like non-enveloped adenoviruses, are particularly sensitive to
various stresses, such as shear stress, air–liquid interfaces, and
heat during continuous dry powder preparation methods,
which can be damaging despite their economic
advantages.35,36 The effect of process related stresses on bio-
logical activity of such biologics have been studied previously,
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however, the biological implications of L-leucine on active bio-
logics like viral vectored vaccines (human adenovirus type 5 in
this work) remain unexplored. L-Leucine displayed no nature
to stabilize the viral vector37 as a spray-dried encapsulating
matrix but the potential of this aid to improve the aerosoliza-
tion properties of this new class of vaccines requires that its
advantages and disadvantages are thoroughly studied.
Therefore, exploring L-leucine with adenovirus formulations
presents a unique study since this information is presently
missing from the scientific literature.

In this study, various concentrations of L-leucine were exam-
ined to understand how this amino acid was affecting the ade-
novirus relative to its expected improvement to aerosolizing
our spray dried powder for pulmonary delivery. For its impor-
tance in vaccination against pulmonary infectious diseases,
human type 5 adenovirus (AdHu5) was used as the viral vector
encapsulated in these inhalable particles under study. The
mannitol/dextran (3 : 1 weight ratio) formulation was chosen
as the control due to its well-studied ability to efficiently
encapsulate AdHu5 during spray drying.37–40 Mannitol/dextran
(hereafter abbreviated as MD) formulation retains high viral
activity, offers exceptional thermostability of AdHu5 for a pro-
longed period of storage at room temperature, and is intended
for inhalation delivery.37,38,41

2. Materials and methods
2.1. Materials and adenoviral vector

Dextran (40 kDa), D-mannitol, and L-leucine were purchased as
USP grade from Sigma-Aldrich (Ontario, Canada). Milli-Q
water with a resistivity of 18.2 MΩ cm was obtained from a
Barnstead GenPure Pro water purification system (Thermo
Fisher Scientific, Waltham, MA). The viral vector AdHu5-GFP
(human type 5 adenovirus expressing green fluorescent
protein) was produced in the vector facility of McMaster
Immunology Research Centre (MIRC) as described pre-
viously.42 Lung epithelial (A549) cells (CCL-185, American Type
Culture Collection (ATCC), Manassas, VA, United States) were
used for in vitro viral activity testing of the viral vector. A549
cells were grown in Alpha Minimum Essential Medium
(α-MEM) prepared in house according to the protocol by the
supplier (Life Technologies, Ontario, Canada) and sup-
plemented with 10% fetal bovine serum and 1% streptomycin/
penicillin (Invitrogen; Ontario, Canada).

2.2. Preparation of spray dried powders

A 1% (w/v) aqueous solution of mannitol/dextran (MD, 75%/
25% (weight basis)) was prepared as the control formulation.
L-Leucine (hereafter referred to as leucine) containing MD for-
mulations were prepared using three different concentrations
of leucine: 15% (w/w), 30% (w/w), and 50% (w/w) of the solids
content in the control formulation. The four formulations
compared in the study are labelled as MD, 15%LL-MD, 30%
LL-MD, and 50% LL-MD. For spray drying AdHu5 containing
formulations, a 10 µL dosage of AdHu5 stock solution at 1010

pfu (plaque forming units) was added in a 10 mL feedstock
solution, making a final viral titer of 107 pfu.

The prepared formulations were spray dried using a
B-290 mini spray dryer (Büchi, Switzerland) equipped with a
high-performance cyclone and 0.7 mm nozzle. All samples
were spray dried at a single set of parameters based on a pre-
vious study to produce suitably sized particles for aerosoliza-
tion with acceptable AdHu5 losses.43 These parameters were:
spray gas flow rate of 439.11 L h−1, inlet temperature of 120 °C,
feed solution rate of 188.5 mL h−1, and an outlet temperature
ranging from 60–62 °C. To allow meaningful comparisons
between spray dried samples, these parameters were used
without optimization per formulation, resulting in higher
activity losses for the adenovirus than normally acceptable
(generally less than 0.5 log titer loss). Spray dried samples
were stored in sealable polyethylene bags with indicating silica
gel desiccant and were tested on the same day as they were
spray dried (usually within 2–3 hours).

2.3. Powder particle characterization

Most of the characterization of powders, except the powders
prepared for in vitro activity testing, was conducted on spray
dried powders without AdHu5-GFP to avoid biosafety con-
cerns. We expect the placebo powders and AdHu5-containing
powders to be identical in morphology and particle properties
due to the tiny fraction (<1/10 000th by liquid volume) of viral
vector present compared to the excipients, as demonstrated in
a previous study.37

2.3.1. Geometric particle size distribution. Laser diffrac-
tion using a HELOS sensor with the R2 lens (0.25/
0.45–87.5 µm) (Sympatec GmbH, Clausthal-Zellerfeld,
Germany) was used to measure the geometric particle size of
the spray dried samples. The powder was dispersed using a
dry powder inhalation (DPI) device, ICOone®, kindly donated
by Iconovo, Sweden. ICOone® is a commercial ultralow-cost
single-dose inhaler, moulded in one piece44 with Al-foil
intended to protect the formulation in the dosing chamber,
though no foil was used in this study. With the addition of a
protective foil, the inhaler becomes suitable for the adminis-
tration of inhaled therapeutics, including vaccines. The
sample powders were dispersed into the Sympatec from an
ICOone® with a pressure difference of 4 kPa. Measurements of
geometric particle size distribution were done in triplicates.
The span value was calculated using eqn (1), where D10 rep-
resents the diameter greater than 10% of measured particles,
D50 represents the median diameter, and D90 represents the
diameter greater than 90% of measured particles.

Span value ¼ D90 � D10

D50
: ð1Þ

2.3.2. Particle morphology (scanning electron microscopy).
Particle morphology was analyzed using a scanning electron
microscope (SEM) (JEOL-JSM 7000F; JEOL Ltd, Japan). Powder
samples were mounted on double-sided tape attached to an
aluminum stub, and excess powder was dusted off. A Polaron
E5100 sputter coater (Polaron Equipment Ltd, Watford,
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Hertfordshire) was used to coat the mounted powder samples
with a 24 nm layer of gold. Images were taken at an electron
accelerating voltage of 5 kV and a working distance of approxi-
mately 17 mm.

2.3.3. X-ray photoelectron spectroscopy (XPS) for surface
composition analysis. Spray dried samples were analyzed for
surface elemental composition analysis using a Quantera II
model X-ray photoelectron spectrometer manufactured by
Physical Electronics Inc. A K-alpha monochromatic X-ray
source (1486.6 eV) was used, and spectra of elements (carbon,
oxygen, and nitrogen) were collected at 55 eV pass energy with
0.1 eV energy increments. XPS spectra were analyzed using
Multipak software, version 9 (PHI Sales, Laval, Quebec).
Gaussian–Lorentzian peak deconvolution and the Shirley back-
ground reduction method were facilitated for spectra analysis.

2.3.4. Thermogravimetric analysis (TGA) for moisture
content analysis. The residual moisture content of the samples
was determined using TGA/DSC 3 + instrument (Mettler
Toledo; Columbus, OH). Spray dried samples (5–10 mg)
without viral vector were heated in aluminum crucibles at a
rate of 5 °C per minute up to 150 °C under argon gas. Stable
mass loss up to 150 °C was monitored, and residual moisture
content was calculated using the Stare software (Mettler
Toledo; Columbus, OH).

2.4. In vitro aerosol performance using next generation
impactor

Aerosol performance of the spray dried powders was analyzed
in vitro using a Next Generation Impactor (NGI) (MSP
Corporation Model 170, Copley Scientific; Nottingham, UK)
with the standard right-angle stainless-steel inlet. Filter papers
were sized to fit the NGI stages, weighed and placed on each
stage before actuation. Five ICOone inhalers were weighed,
loaded with 10 ± 2 mg of powder in each, and actuated in suc-
cession at an inspiratory flow rate of 60 Lpm over 4 s to
achieve 4 L of air withdrawal with a 4 kPa pressure drop (USP
<601>).45 Post actuation, the inhalers and all the filters (on
each stage) were weighed using a microbalance. The instru-
ment was set up, and mass median aerodynamic diameter
(MMAD), fine particle fraction (FPF), and available dose (AD,
sometimes called emitted dose) were obtained based on gravi-
metric analysis of powder deposited at each stage, as described
elsewhere.41

The cut-off diameters of each stage of the NGI were recalcu-
lated for the 60 Lpm sampling air flowrate,45 and the MMAD
of the powder was derived as the particle size that crossed past
50% of cumulative mass fraction from the plot of stage cut-off
diameters vs. cumulative mass fraction. The FPF was obtained
by interpolating the plot of stage cut-off diameter vs. cumulat-
ive fraction of powder stages. FPF was expressed as the percen-
tage of powder mass below the aerodynamic diameter of 5 µm
and was expressed relative to the available dose (FPF/AD). AD
was determined as the percent of total loaded mass exiting the
ICOone inhaler post-actuation. The MMAD, FPF, and AD were
expressed as the mean of triplicate impactor runs (n = 3) and
error intervals are the standard error.

2.5. In vitro viral activity testing

2.5.1. Culturing A549 cells. Lung epithelial cells (A549)
were cultured in T150 culture flasks using Minimum Essential
Medium Eagle (α-MEM) after revival from liquid nitrogen
storage. Controlled environmental conditions were used to
culture the cells at 37.0 °C and 5% CO2 in a water-jacketed CO2

incubator (Forma Series II, Thermo Scientific Corporation;
Waltham, MA). For in vitro activity testing, the cells were split
and plated in a 96-well plate.

2.5.2. Viral infectivity of spray dried formulations. To mini-
mize the potential activity loss due to storage at room tempera-
ture, samples containing viral vectors were stored on ice before
spray drying and were assessed on the same day as they were
spray dried. The spray dried samples were reconstituted in cell
culture media to attain solids concentration matching the
initial solids concentration before spray drying. These reconsti-
tuted powders (100 µL) were used to transfect A549 cells, cul-
tured for 24 hours in a flat-bottom 96-well plate starting at a
concentration of 4 × 104 cells per well. The transfected cells
were prepared for flow cytometry (as described previously)35

after keeping the infected cells overnight. Flow cytometry was
done using a MACSQuant Analyzer 10 (Miltenyi Biotec;
Bergisch Gladbach, Germany), and the data obtained were pro-
cessed in FlowJo software (Tree Star; Ashland, OR) as described
elsewhere.35 The obtained GFP expressing cells were compared
against a standard curve for the modality of infection (0.1 to
100) vs. percentage of GFP expressing cells. The titer of the
spray dried viral vector was thus calculated and used for
obtaining the titer log loss before and after spray drying by
eqn (2).

Viral activity loss ¼ log10ðinitial titerÞ
� log10ðfinal titerÞ

ð2Þ

2.6. Viral aggregation measurements (using nanoparticle
counter)

Viral aggregation of AdHu5 in the liquid formulation before
spray drying was analyzed by the qViro-X nanoparticle counter,
using a protocol described previously.35 A single nanopore
comprising of a thermoplastic polyurethane membrane
(NP150) was used, for which the analysis range of particle
sizes varied from 70–420 nm (Izon Science; Christchurch, New
Zealand). To increase the conductivity of samples in the range
required for the qViro-X instrument and to meet the rec-
ommended particle concentration (5 × 109 particles per mL),
samples were diluted by a factor of 10 in electrolyte buffer
(10 mM HEPES, 150 mM NaCl, and 4% by weight sucrose)
before testing.

Three liquid formulations were tested: (1) positive control
composed of the viral vector stock suspension (without excipi-
ents) diluted in the electrolyte buffer (1 : 10), (2) 1%MD solu-
tion containing AdHu5 diluted in formulation buffer to attain
a final 1 : 10 viral vector stock suspension to liquid ratio, and
(3) highest leucine concentration containing liquid formu-
lation (1.5% leucine-MD solution) with AdHu5 and diluted in
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formulation buffer to achieve a 1 : 10 viral vector stock suspen-
sion to liquid ratio. All experiments were run at a voltage of
0.46 volt applied across the pore, and a pressure of 0.6 kPa
applied to the fluid cell to increase the rate of particles
passing through the pore. The recording of the passage of par-
ticles through the membrane were limited by the q-Viro-X
control software and measured until either 500 events had
been recorded or 10 min had elapsed. CPC100 qNano carboxy-
lated polystyrene calibration beads with the mean particle size
of 115 nm (Izon Science; Christchurch, New Zealand) were
used to calibrate the relationship between particle size and
blockade event magnitude.

3. Results and discussion
3.1. Effect of leucine concentrations on powder/particle
characteristics

To display the effect of leucine on bioactivity relative to the
improved aerosolization properties that it offers, various con-
centrations were examined in the spray dried formulation with
the viral vector. Solid-state properties of spray dried powders
containing these differing concentrations of leucine were ana-
lyzed and are discussed in this section. Powder yield was calcu-
lated as the percentage of dry powder collected after spray
drying relative to the initial mass of solids in the spray drying
formulation. The yield of spray dried samples in this study
varied from 60% to 83% (±5%) and increased with increasing
leucine concentration in the liquid feed.

3.1.1. Geometric particle size distribution. Particle size is
crucial in governing the effective deposition of powders in the
lungs, indicated in the clinical effectiveness of an inhaled
product.46,47 The mean geometric particle size (D50) for our
spray dried samples ranged from 5.7 µm to 9.0 µm, as seen in
Fig. 1. The particle size (D50) for the 15% LL-MD sample was
similar to the control. As the leucine concentration further

increased in the samples (referring to 30% LL-MD and 50%
LL-MD), the particle size also increased. In the control,
dextran is expected to precipitate faster, enriching the surface
of drying particles due to its lower solubility in water (30 mg
mL−1 for dextran vs. 216 mg mL−1 for mannitol). With
additions of leucine, its notably high surface activity coupled
with low aqueous solubility leads to its precipitation at the
surface of drying droplets faster than other components,12

causing larger but more often, hollow, particles as a result.
The span values of these spray dried powders, indicating

the breadth of the size distribution, were 1.6, 1.6, 2.0 and 2.1
for 0%LL-MD, 15% LL-MD, 30% LL-MD, and 50% LL-MD,
respectively. From the small span values and the monomodal
nature for the size distributions, it is anticipated that the bulk
of particles of a sample will display near-consistent properties
in their aerosolization and deposition when inhaled, based on
the findings of others studying particles of similar attributes.25

3.1.2. Surface texture of particles with leucine addition
(particle morphology). The result of increasing leucine concen-
tration on particle morphology of the spray dried powders was
characterized by SEM (Fig. 2). The control MD particles with
no leucine appeared smooth, spherical and with no noticeable
wrinkling at the surface (Fig. 2A), as has been seen
previously.37,40 The 15% LL-MD sample showed some wrinkled
particles, although the majority appeared close to the control
in morphology with smooth and spherical shapes (Fig. 2B).
Compared to smooth particles, wrinkled particles were more
uniformly distributed in the 15% LL-MD sample (Fig. 2B).
Comparatively, the 30% LL-MD particles appeared more
wrinkled (or roughened) than 15%LL-MD. Small, and generally
smooth, particles were seen to be settled in the pockets
formed by the larger corrugated particles (Fig. 2C), which
could pose a negative impact on the overall aerodynamics of
the 30% LL-MD powder sample due to a greater overall
number of large sized particles. The 50% LL-MD particles
appeared to have deep fractures in the surface, with the larger
particles being hollow with a thin labile shell, as evident by
the broken particles in Fig. 2D.

At 15% concentration, leucine has little influence on par-
ticle morphology; this may be the reason that this concen-
tration of leucine showed no improvement in the aerosoliza-
tion of spray dried MD powders in an earlier study examining
multiple amino acid additives.41 At higher concentrations,
leucine appears to have a dominating influence on the surface
of our particles, as evident by its crystalline nature now
causing shrinkage of this outer shell and the appearance of
wrinkling.12,19,48 The wider particle size distributions for 30%
and 50% LL-MD particles reported in the previous figure
(Fig. 1) was due a higher D50 and D90 resulting from the entrap-
ment/bridging of smaller particles inside the crevices of larger
wrinkled particles (seen in Fig. 2C). We are seeing a trade-off
in properties resulting from the higher leucine concentration
in the otherwise well-established MD matrix,37,38,49 with the
resulting larger particles being generally undesired for thera-
peutics needing deep-lung deposition versus the increased
wrinkling which favors improved aerosolization.14,21,23,24,50

Fig. 1 Geometric particle size distribution of spray dried samples con-
taining various leucine concentrations ranging from 0% to 50% in a
mannitol/dextran blend. The distribution spans from D10 to D90 for each
represented sample. The line in the middle of the size distribution boxes
represents the D50 of the particles for each sample, while the cross
marks represent the mean of the distribution.
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3.1.3. Surface enrichment of leucine on surface. To quan-
tify enrichment of leucine at the surface of the increasingly
wrinkled powders, particles were analyzed using X-ray photo-
electron spectroscopy (XPS). Since leucine is the only com-
pound in the formulation containing nitrogen, it was chosen
as the distinguishing element among the different formu-
lations to ascertain a trend for surface enrichments. The mass
of nitrogen from XPS was expected to be a direct indication of
enrichment of leucine on the surface. Fig. 3 shows the mass
fraction (%) of elements by XPS for the surface of our spray
dried powders. The MD control showed no nitrogen content,
as expected, and a relatively high oxygen content compared to
the other samples.

For the other samples, the measured mass fraction of nitro-
gen atoms on the surface of particles was 1.5%, 5.8%, and
7.8% for the 15%LL-MD, 30%LL-MD, and 50%LL-MD, respect-
ively. The N concentration on the particle surface increased

almost linearly (R2 = 0.95) as a function of leucine concen-
tration in the formulation, and by 50% leucine addition, the
surface was mostly but not completely comprised of leucine
(pure, 11.9% nitrogen molar mass fraction); exclusive surface
enrichment by leucine tends to be inhibited by polysacchar-
ides like dextran.19 It is therefore satisfactory to conclude that
the wrinkled morphology was directly related to leucine
enrichment on the surface. XPS is sensitive to a depth of
10 nm from the outer surface of particles (low standard errors
ranging from ±0.1 to 1%)51 and therefore, the measured nitro-
gen composition for 50% LL-MD was likely affected by the
inclusion of broken particles. Since a low nitrogen content
(<10%) was expected for the bulk of a particle’s interior due
leucine enrichment at the surface, the nitrogen content for
50% LL-MD was lower than expected.

3.1.4. Moisture content in spray dried powders. Residual
moisture content was found to decrease (but not to a signifi-
cant degree) with increasing leucine concentration (Table 1).
The residual moisture content ranged from 1.5% for both
control and 15%LL-MD samples, to 1.1% for the highest
leucine concentration (50%LL-MD). Since residual moisture is

Fig. 2 Scanning electron microscopy images of spray dried samples of MD control and leucine containing samples. (A and E). Mannitol/dextran
(control) particles, (B and F). 15% leucine in MD containing particles, (C and G). 15% leucine in MD containing particles, and (D and H). 15% leucine in
MD containing particles. The images A to D are magnified at 2000× at a scale of 20 micrometers, while images E, G, H at 4000×, and the image F at
6500× at a scale of 10 micrometers.

Table 1 Aerosol properties (MMAD, FPF/AD, and AD) of spray dried MD
powders containing different leucine concentrations

Sample
name

Residual moisture
content (%)

MMAD
(µm)

FPF/AD
(%) AD (%)

MD (Control) 1.51 5.7 ± 0.6 24 ± 2 91 ± 1
15% LL-MD 1.54 4.4 ± 0.8 29 ± 4 92 ± 2
30%LL-MD 1.36 4.4 ± 0.4 30 ± 4 83 ± 2
50%-LL-MD 1.06 4.2 ± 0.1 42 ± 5 80 ± 3

The standard deviation for moisture content (%) was ±0.2%.

Fig. 3 Elemental surface composition represented as mass percentage
of individual elements (carbon C12, oxygen O16, and nitrogen N14) of
dried particles analyzed using XPS.
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a known plasticizer for a formulation,37 the lack of change in
residual moisture with leucine content indicated that the orig-
inal thermal-stabilizing nature of the MD formulation immobi-
lizing the viral vector was not likely impacted in this study.

3.2. Effect of leucine concentration on aerosolization

Aerosolization performance (quantified by MMAD, FPF, and
AD) of our spray dried samples was characterized using a Next
Generation impactor (NGI). Table 1 shows the available dose
(AD) values, which ranged from 80% to 91%, indicating that
the chosen inhaler (ICOone®) was highly effective in delivering
the powders. The AD for the control was comparable to 15%
LL-MD; however, the AD decreased with further increase in
leucine concentration (30%LL-MD and 50%LL-MD). The lower
available dose for these higher leucine concentrations was
attributed to the observed loss of fine powder sticking to the
inhaler wall, the connector between the inhaler, and the stain-
less-steel inlet, during the measurement.

For effective delivery of dry powders, the deposition of
powder particles in the respiratory tract must be
significant47,52 and is governed by powder characteristics like
particle size and shape, and density, which are all reflected in
the aerodynamic diameter (MMAD). An important descriptor
of the deposition site for powders in the respiratory airways is
given by MMAD. For delivery and deposition of dry powder aero-
sols to the peripheral airways and deep lungs, an optimal MMAD
in the range between 2–3 µm is expected.10,53 Table 1 shows the
MMAD values, which were found to decrease with leucine com-
pared to the control. However, these MMAD values are similar,
and all cases were considered adequate for lung deposition at the
upper airways and bronchiolar regions (1–5 µm).10,18

Furthermore, the MMAD values for the samples with 30% or 50%
leucine were low compared to their corresponding mean geo-
metric particle sizes (Fig. 1), which is attributed to these spray
dried particles having lower densities due to the hollowness seen
in the SEM images (Fig. 2) as well as by others.54

While MMAD implies how deeply into the lungs that a par-
ticle may travel, another relevant descriptor for researchers
describing the potential for powder aerosolization is FPF,
which broadly forecasts the amount of inhalable powder. FPF
is defined as the percentage of particles below 5 µm but on
account of mass losses between the inhaler and NGI. Our
measured FPF value were normalized based on AD to make a
true comparison on the influence of leucine concentration on
particle flow. Table 1 shows FPF normalized by the available
dose (FPF/AD, %) where a higher value is desired. The aerosoli-
zation of powders containing 15% leucine and 30% leucine
was not significantly different from the control (24% FPF/AD).
Only at the highest leucine concentration used (50%LL-MD
sample) was the FPF/AD notably higher (42%). It appears that
only by excessive roughening of these particles was aerosoliza-
tion enhanced relative to the control, though it was noted that
our samples showed a range of FPF values comparable to the
FPF (lung dose) of various dry powders from some commer-
cially available DPI devices;55,56 and compared to other studies
aerosolization studies for spray dried powders containing

leucine.57 We believe the improved FPF (>40%) of the 50%
LL-MD sample was primarily attributed to reduced particle
aggregation by the weaker interparticle forces between
wrinkled particles compared to spherical particles.22,50,58 In
addition, with a higher FPF, the powder contains higher
amounts of respirable particles allowing greater lung depo-
sition due to less dependency on inhaler flow.

While FPF describes the general potential of a powder for
inhalation, the more important consideration for a dry powder
viral vaccine is appropriate deposition at the targeted areas of
a lung, which can be inferred from the mass fraction deposited
on each stage of the NGI. The mass percentages of powder on
each stage are shown in Fig. 4, indicating that anticipated
deposition of particles in the central and peripheral airways
(stage 2 to stage 6) will be similar for all formulations except
50% LL-MD, which showed a significantly higher cumulative
mass percentage deposited on stages 2 and 3 (p < 0.05).

The deposition of the vaccine in the upper respiratory
airways (modelled by impactor stages 1, 2, and 3) is desired for
some diseases, like influenza; however, for a TB vaccine
seeking deep-lung deposition, these results with 50% LL-MD
should be less favorable to inducing a high mucosal immuno-
genic response.5,7,8 For maximum immunogenic response
upon inhalation, any of our formulations would be acceptable,
though the three containing leucine were better for reaching
the furthest areas, as noted by their higher mass fractions on
the lower stages (stage 5 to 7).

3.3. Viral activity of AdHu5 in spray dried powders

The retained potency of the viral vector after spray drying and
storage as a powder is paramount for this emerging class of
thermally stable vaccines, before even beginning to contem-
plate new delivery modes like inhalation. The in vitro activity
of the dry powder viral vector vaccines was estimated by the
ability to infect lung cells viably.38 The titer log loss in viral
activity in spray dried powders with increasing concentration

Fig. 4 The mass percentage of powder deposited on each stage of the
next generation impactor normalized by total mass deposited in the
impactor for each measurement. Four spray dried samples containing
various leucine concentrations were compared for distribution of
powder on each stage of the impactor, error bars represent the standard
error. (Abbreviation: MOC – micro-orifice collector).
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of leucine is shown in Fig. 5. The activity losses were notably
higher than normal since the spray drying conditions were
selected to produce particles in the respirable size for all for-
mulations without optimization for each chemistry. For refer-
ence, we considered activity losses between 0.5–1.0 log loss as
ideal, while 1–2 log loss was considered acceptable since our
experiences have shown that the trends seen remain similar to
those optimized as ideal powders, whereas greater than 2 log
loss was considered unacceptable.37,38,41

As seen in Fig. 5, while the fine particle fraction increased,
the viral activity log loss also increased with increasing leucine
concentration (R2 = 0.94, linearized fit). The activity loss for
the control (0.9 log loss) was in the ideal range whereas the
activity losses with 15% LL-MD were acceptable but still
reflected a notable decline in activity (1.4 log loss). The
reported losses with 30% LL-MD and 50% LL-MD (2.5 log loss
and 2.7 log loss, respectively) indicated that they would have
poorer effectiveness as compared to the control. Leucine tends
to crystallize and could increase the chances of interior void
formation in spray dried particles that introduce the virus to
hidden, undesirable air interfaces.59,60 As a result, predicting
the effect of crystallization on the small amount of viral par-
ticles present in the produced powders is not straightforward,
especially since we do not believe that these crystals are inher-
ently damaging to the virus directly. We have not completely
ruled out the possibility that the activity losses observed in
this study could be partially due to leucine crystallization.
However, this does not affect the primary objective of this
study, which was to suggest caution in the use of this well
known aerosolization enhancer (leucine) in the presence of a
biologic like the adenovirus.

The correlation of activity loss with leucine concentration
was strongly evident in this analysis but also for the same for-
mulations when tested with the lung cells without spray drying
first. Even prior to spray drying, increasing the concentration
of leucine produced a decline in viral activity; this decline was
thus attributed to an interaction with the virus since leucine
itself showed no cytotoxicity towards the cells (data not
shown). Multiple potential degradation sites exist for large
complex molecules, like biologics, rendering them prone to

loss of therapeutic efficacy as their structures change.34 The
most common mechanism for degradation and loss of virus
activity is molecular aggregation, making it the primary focus
of our subsequent testing to explain the decline of viral activity
with additions of leucine.33,34

3.4. Effect of leucine concentrations on viral aggregation

It was hypothesized that viral aggregates were being formed in
the feed solution prior to spray drying due to presence of
leucine and this led to the increased activity losses found by
in vitro testing. The presence of viral aggregates in formu-
lations cause damage to the viral capsid fibers during atomiza-
tion, as suggested in a previous study.35 Attempting to validate
this hypothesis of viral aggregation prior to spray drying, we
looked for evidence of aggregated AdHu5 in the liquid formu-
lation with the highest leucine concentration (50%LL-MD) and
compared our findings with the control liquid formulation
(MD only), and a positive control (containing only PBS and
stock virus with no spray drying excipients). Particle size ana-
lysis was obtained for these samples using the qViro-X tech-
nique, with distributions shown in Fig. 6A. The positive
control contained particles with a mean diameter of 90 ±
10 nm, consistent with the range of adenovirus particle sizes
reported previously35,61–63 and matched the near non-existence
of aggregates with previous findings.64 The mean particle dia-
meter of the virus in the presence of the excipients of mannitol
and dextran was slightly higher, 95 ± 10 nm and significantly
larger (p < 0.05, t-test) for 50%LL-MD, 100 ± 20 nm. These
mean values appear similar because they are swayed by the
large number of non-aggregated viruses that exist in all
samples, but the appearance of peaks at large diameters is
clear for formulations with leucine. The cut-off particle size to
consider something an aggregate was taken to be 129 nm,
which is the smallest adenovirus dimer size, calculated theor-
etically, Fig. 6B.35 Inclusion of leucine can be seen to lead to
significant aggregation, with many more peaks above 129 nm
seen in the size distribution, as high as 300 nm (Fig. 6A).

The geometries depicted in Fig. 6B are model estimates
intended to give context to the aggregation results, calculated
based on the work of McEvoy et al.;65 however, the actual
aggregates will vary in size due to adenovirus size variability
(ranging between 72 nm–105 nm), and these geometries do
not describe all potential geometries present in the suspen-
sion. The shoulders seen in the particle size distribution pre-
sented in Fig. 6A were thought to be composed of dimers of
adenovirus particles smaller than 90 nm in diameter or
dimers of damaged particles without fiber proteins. Although
the exact mechanism of activity loss due to the aggregation is
not known, enhanced virus aggregation in the presence of
increasing amount of leucine aligns with the decline in activity
prior to spray drying. In addition to the elevated stresses
associated with ionic strength and pH produced by high con-
centrations of leucine in the feed solution as causes for aggre-
gation,66 the feasible electrostatic disruption of the capsid
leading to denaturation could be a potential contributor. We
believe that while there are multiple factors affecting the virus

Fig. 5 Log loss of viral activity of AdHu5 after infecting A549 cells with
spray dried samples containing various leucine concentrations ranging
from 0% to 50% leucine with mannitol dextran.
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activity during spray drying, molecular aggregation is likely the
dominant cause.

4. Conclusions

In this study, we examined the implications of leucine on the
activity of large complex biologic, adenovirus, when added as
an aerosolization enhancer for the formulation development
of inhalable dry powder viral vaccines. Increased leucine con-
centration in the formulation enhanced the aerosolization per-
formance relative to our control mannitol/dextran formulation,
allowing us to achieve final powders with >40% FPF and low
aerodynamic diameter of 4.2 µm. It is noteworthy that while
aerosolization of spay dried adenovirus powders was
enhanced, a noticeable decline in in vitro viral activity was
observed with increasing leucine that could not be attributed
to cytotoxicity. The dominant cause for this phenomenon was
ultimately attributed to induced aggregation in the feed solu-
tion before spray drying, though other stress factors have not
been ruled out until the exact mechanism for deactivation is
found. Without ruling out factors like internal voids on activity
loss, this work highlights one important factor to be con-
sidered by formulators – aggregation in presence of leucine.
Despite the potential loss in activity, we conclude that use of
leucine as aerosolization enhancer is worthwhile in preparing
our dry powder vaccine for inhalation, with increased loading
of the viral dosage being suggested to compensate for the loss
in effective dose.
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