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Particle engineering via spray drying was used to develop a dry powder presentation of an adjuvanted

tuberculosis vaccine candidate. This presentation utilizing a trileucine-trehalose excipient system was

designed to be both thermostable and suitable for respiratory delivery. The stability of the spray-dried

vaccine powder was assessed over one year at various storage temperatures (-20, 5, 25, 40, 50 °C) in

terms of powder stability, adjuvant stability, and antigen stability. A formulation without trileucine was

included as a control. The results showed that the interior particle structure and exterior particle

morphology of the powder was maintained for one year at 40 °C, while the control case exhibited a small

extent of particle fusing under the same storage conditions. Moisture content was maintained, and powder

solid state remained amorphous for all storage temperatures. Aerosol performance was assessed with a

commercial dry powder inhaler in combination with a human mouth-throat model. The emitted dose and

lung dose were maintained for all samples after one year at temperatures up to 40 °C. Nanoemulsion size

and oil content of the adjuvant system were maintained after one year at temperatures up to 40 °C, and the

agonist content was maintained after one year at temperatures up to 25 °C. The antigen was completely

degraded in the control formulation at seven months of storage at 40 °C; by contrast, 45% of the antigen

was still present in the trehalose-trileucine formulation after one year of storage at 50 °C. Comparatively,

the antigen was completely degraded in a liquid sample of the vaccine candidate after only one month of



storage at 37 °C. The spray-dried trehalose-trileucine vaccine powder clearly maintained its inhalable

properties after one year’s storage at high temperatures and improved overall thermostability of the

vaccine.
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Introduction

Improvement of pharmaceutical product thermostability is of particular concern for global vaccination

campaigns as many vaccines must be transported and stored under refrigeration or even colder

temperatures. Maintaining refrigeration throughout distribution, however, is not feasible in countries with

limited electrical and transportation infrastructure. Overall vaccine wastage has been reported to be

approximately 50% globally [1], and exposure to heat or unintended freezing contributes to this wastage.

The inability to maintain refrigeration has also led to ineffective distribution of vaccines, contributing to

an estimated 19.4 million infants not receiving basic vaccines in 2018 [2]. Therefore, improved

thermostability may greatly improve a vaccine’s availability. One method of improving thermostability of

a liquid vaccine product is through stabilization of a formulation within a dry powder form via spray

drying [3, 4, 5].

Spray drying is a desiccation method wherein feedstock droplets atomized into a drying gas medium

evaporate to form a powder composed of many microparticles. A benefit of spray drying is that it allows

for the design of a powder that is suitable for nasal or pulmonary administration. Administration of a dry

powder to the nasal passages or lungs bypasses issues with needle delivery, such as transfer of

blood-borne illness, lower compliance due to invasiveness, and increased systemic side effects.

Additionally, there is evidence that the direct delivery of a vaccine to the primary site of infection to

induce mucosal immunity improves the protective immune response against respiratory illnesses [6, 7].

Therefore, the use of spray drying as a method to improve thermostability and impart inhalable properties

to a vaccine dosage form is especially useful for intervention in highly infectious respiratory illnesses,

such as tuberculosis (TB).

The Bacille Calmette-Guerin vaccine is the only approved TB vaccine currently available. However,

despite its widespread use, this vaccine is not without significant drawbacks [8, 9]. For this reason, many

alternative vaccines are being developed, such as the TB vaccine candidate ID93+GLA-SE, which is

formulated as a subunit vaccine consisting of an antigen, ID93, and an adjuvant system, GLA-SE. ID93 is

3



a recombinant fusion protein formed from four Mycobacterium tuberculosis antigens [10]. The GLA-SE

adjuvant system is a nanoemulsion composed primarily of squalene nanodroplets with DMPC as an

emulsifier and glucopyranosyl lipid A (GLA), a TLR4 agonist, at the interface [11]. This vaccine

candidate has entered Phase II clinical trials in a liquid injectable presentation [12, 13] and Phase I

clinical trials as a lyophilized injectable presentation [14]; however, the liquid formulation needs to be

kept refrigerated in order to maintain its potency.

Thermostability of a spray-dried version of ID93+GLA-SE with large particle size designed for eventual

reconstitution and subsequent administration by injection has been reported [15]. The powder showed

adjuvant stability for 26 months at room-temperature storage, with evidence of antigen presence after 26

months at 40 °C. Following this success, an inhalable spray-dried version of the ID93+GLA-SE vaccine

candidate was investigated [16]. Several excipient combinations were characterized to assess both the

preservation of the vaccine components after spray drying and the aerosol performance of the dry powder.

The best performing candidates used the disaccharide trehalose as a stabilizer and low concentrations of

the tripeptide trileucine as a dispersibility enhancing agent.

Trehalose is an excellent stabilizing excipient due to its high glass transition temperature of approximately

110 °C when dry [17] and its great effectiveness as a glass stabilizer for biologics such as proteins [18],

phospholipid membranes [19, 20], and bacteriophages [21]. Trileucine has been shown to improve the

dispersibility of dry powders for pulmonary delivery and to protect against moisture-related degradation

and aerosol performance losses [22, 23]. An especially attractive feature of trileucine is that, because of

its low solubility, only small amounts are required to achieve surface enrichment for the production of

highly rugose particles. Trileucine also has the potential to improve the stability of protein-based

formulations. A study on spray drying bacteriophages found that a trileucine-trehalose excipient system

showed fewer losses than a trehalose-only system [21]. Similarly, a patent on spray-dried oxytocin

demonstrated that a trileucine-trehalose excipient system improved formulation stability over the more

commonly used leucine-trehalose excipient system [24].
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Development of a dry powder TB vaccine that is both thermostable and suitable for pulmonary

administration may increase accessibility and possibly improve immune protective response. This study

evaluates the stability of such a spray-dried inhalable presentation of the ID93+GLA-SE vaccine

candidate utilizing a trehalose-trileucine excipient system.

Materials and Methods

Materials

Manufacture and storage of the ID93+GLA-SE system are described elsewhere [15]. The primary

stabilizing excipient used in this study was trehalose dihydrate with a purity of 98% (CAS 6138-23-4;

Fisher Scientific Ottawa, ON, Canada). Trileucine with a purity of ≥90% (CAS 10329-75-6; Sigma

Aldrich, Oakville, ON, Canada) was used as a dispersibility enhancing agent. A buffer system of

Tris(hydroxymethyl)aminomethane (Tris) (CAS 77-86-1; Sigma Aldrich, Oakville, ON, Canada) and

hydrochloric acid (CAS 7647-01-0; Sigma Aldrich, Oakville, ON, Canada) was used to adjust the pH of

the feedstock prior to spray drying. All formulations were prepared in deionized water.

The excipient screening carried out in Gomez et al. [16], identified the lead inhalable spray-dried

candidate as the trehalose-trileucine formulation (T3Tri). A similar formulation without trileucine was

also included in the stability study as a control (T). The formulation parameters and designed particle

composition of both formulations are detailed in Table 1.

Table 1. Formulation parameters and nominal particle composition of the spray-dried trehalose-trileucine and control
formulations.

Component

Control Trehalose-trileucine
Feedstock

Composition
(mg/mL)

Particle
Composition

(w/w)

Feedstock
Composition

(mg/mL)

Particle
Composition

(w/w)
Trehalose 33.3 81% 33.3 78%

Tris (buffer) 0.81 2% 0.81 2%
Trileucine - - 1.30 3%
Squalene 5.73 14% 5.73 14%
DMPC 1.27 3% 1.27 3%
GLA 0.00333 0.01% 0.00333 0.01%
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ID93 0.00133 0.003% 0.00133 0.003%

The formulation procedure has been described elsewhere [15, 16]. Briefly, trehalose, Tris, and trileucine

were weighed and dissolved in a glass beaker using deionized water as a solvent. Once the chemicals

were fully dissolved, the solution was pH-adjusted using hydrochloric acid to a pH of approximately 7.5.

After pH adjustment, the solutions were syringe-filtered using a sterile filter with a 0.22 µm pore size

(GSWP02500; Sigma Aldrich, Oakville, ON, Canada). GLA-SE was then added to the solution and

gently stirred. ID93 was added last to the formulation.

Spray Drying

Appropriate spray drying parameters were developed in a previous study [15]. The parameters were

calculated to produce low moisture content powders suitable for long-term room-temperature storage, as

well as minimize potential antigen or agonist losses during processing. Briefly, an energy and mass

balance model [25] was used iteratively to determine processing conditions that led to an outlet

temperature of 36 °C and 7% outlet relative humidity (RH). Spray drying was completed using a custom

research spray dryer with a twin fluid atomizer. The feedstock was supplied at a flow rate of 0.6 mL/min,

and the atomized droplets were dried in heated air flowing at 200 SLPM, with an inlet temperature of 65

°C. Manufacturing of the control was completed in one batch, while manufacturing of the

trehalose-trileucine formulation was completed in two batches due processing time limits. The two

batches were characterized (not shown) at the beginning of the study to confirm consistency.

Dry Powder Packaging

Protective packaging of powders for storage has been shown to significantly influence powder stability [3,

26]. Furthermore, several studies [27, 28] have demonstrated that exposure of trehalose-based particles to

moisture facilitates particle fusing and possible crystallization of the powder. An intensive packaging

process used to protect the spray-dried powder from moisture uptake during the stability study is

described in detail elsewhere [15]. Briefly, the powder samples were packaged along with silica gel as a
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desiccant to regulate the RH of the enclosed environment. The packaging process took place within a

glovebox set to 0% RH. The powder was first transferred into low-bind snap-cap tubes (Product Z768820;

Sigma Aldrich, Oakville, ON, Canada). These tubes were then placed in an aluminum bag along with a

silica gel pouch that had been equilibrated to 0% RH. This bag was then double heat-sealed and placed

into another aluminum bag containing an additional desiccant pouch. This external aluminum bag was

then also double heat-sealed.

Stability Study

The preliminary stability target was at least three months at 40 °C or at least one year at 25 °C. Stability of

the dry powder was assessed according to the following acceptance criteria: no visible particle fusing,

change in moisture content ≤1% (absolute), no crystallization, and no significant decrease in aerosol

performance. Stability of the adjuvant system was assessed according to the following acceptance criteria:

average nanoemulsion droplet size change ≤50%, polydispersity index ≤0.20, and squalene and GLA

content loss ≤20%. Lastly, stability of the antigen system was defined as ID93 content loss ≤20%. Similar

criteria were used to assess lyophilized candidates [29] and an earlier spray-dried product candidate [15].

The trehalose-trileucine powders were stored at -20, 5, 25, 40, and 50 °C in the sealed packages as

described above. The control powder was stored at 5, 25, and 40 °C. Characterization tests for the

physical and chemical stability of the powder were designed to be completed at the same timepoints

throughout the twelve-month stability study. The physical powder stability plan excluded a -20 °C storage

arm and limited the 50 °C arm to 7 months due to equipment and financial constraints.

Dry Powder Characterization

Scanning Electron Microscopy

Particle morphology of the spray-dried powders was assessed using field emission scanning electron

microscopy (Zeiss Sigma FE-SEM; Carl Zeiss, Oberkochen, Germany). Two samples were prepared for

each experiment, one to assess the exterior morphology, and one to assess the interior structure. The
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former was prepared by placing the sample on a carbon tape-covered aluminum stub. The latter was

prepared by scraping the sample across an aluminum stub in an effort to break the particles open. These

samples were subsequently sputter-coated with either gold (Denton Vacuum Desk II Sputter Coater;

Denton, Moorestown, NJ, USA) to a thickness of approximately 16 nm or a mixture of 80% gold and

20% palladium (Leica ACE600 Carbon/Metal Coater; Concord, ON, Canada) to a thickness of 10-15 nm

to remove any charging effects during imaging.

Moisture Content

Water content of the powders over the course of the stability study was assessed using Karl Fisher

Calorimetry (Karl Fisher Coulometric Titrator Model C30; Mettler Toledo; Mississauga, ON, Canada).

Results were reported as the percentage of water by mass relative to the total mass of the sample.

Experiments were completed in duplicate.

Raman Spectroscopy

Solid phase of the powders was monitored over the course of the stability study by Raman spectroscopy

on a custom instrument used in previous work [15]. Samples were measured at ambient temperature and

an RH of ≤6% to minimize moisture uptake during the spectra acquisition. Raman spectra measurement

was also completed on crystalline trehalose, crystalline trileucine, Tris, and squalene oil for their

respective references. Reference spectra for amorphous trehalose and trileucine were also obtained from

spray-dried trehalose and spray-dried trileucine respectively.

In vitro Aerosol Performance

Aerosol performance of the dry powders was assessed using a method described elsewhere [16]. Briefly,

the dry powders were loaded into a commercial dry powder inhaler (DPI) (Seebri Breezhaler, Novartis

International AG; Basel, Switzerland) and actuated into an Alberta Idealized Throat connected to a Next

Generation Impactor to obtain an accurate assessment of extrathoracic powder deposition [30]. Inhalation

was simulated at 100 L/min for 2.4 s to obtain 4 L of inhaled air, as per the USP standard [31]. The

interior of the mouth-throat model and the impactor plates was coated with silicone spray (Molykote 316
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Silicone Release Spray, Dow Corning Corporation; Midland, MI, USA) to mitigate particle bounce [32].

Aerosol performance was assessed in terms of emitted dose and lung dose. Emitted dose was defined as

the percentage of the loaded dose exiting the DPI, while lung dose was defined as the percentage of the

loaded dose penetrating the mouth-throat model. Each DPI capsule was filled with approximately 40 mg

of powder, and each run consisted of actuating three capsules to obtain enough powder for gravimetric

analysis. Experiments were completed in triplicate.

The mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD) of the powder

that deposited on the impactor plates were calculated by fitting the data to a cumulative lognormal

distribution function [33]. Correlation of mass distribution to particle size was based on stage cutoff

diameters at 100 L/min flow rate, as determined elsewhere [34]. Data fitting was done using the

MATLAB (MathWorks Inc., Natick, MA, USA) “Curve Fitting” application.

Reconstituted Powder Characterization

Although the powder is intended as a dried product, its reconstitution was necessary for characterization

of the GLA-SE and ID93 components. This reconstitution also allowed for assessment of processing

losses. For squalene, GLA, and ID93 content assays, the powders were first reconstituted to 3×

concentration of the feedstock to maintain a high level of accuracy for the assays. The remaining liquid

was then diluted to 1× feedstock concentration for dynamic light scattering measurements. Sample

osmolality was measured at 1× feedstock concentration at each time point to ensure accurate dilution

(data not shown). Measurements of the reconstituted powder were completed in triplicate unless

otherwise stated.

Dynamic light scattering

Mean hydrodynamic diameter and polydispersity of the nanoemulsion droplets after reconstitution were

measured using dynamic light scattering with a measurement angle of 173° (NanoZS; Malvern,

Worcestershire, UK). The mean hydrodynamic diameter and polydispersity index were calculated by the

instrument software from a cumulates analysis of the intensity autocorrelation function.
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Reversed Phase HPLC

Squalene and GLA content were quantified by reversed-phase HPLC using an Agilent 1200 HPLC (1200

HPLC; Agilent Technologies; Santa Clara, CA, USA) equipped with a silica-based, C18 reversed-phase

column (Atlantis T3 Column; Waters; Elstree, UK). Column temperature was held constant at 30 °C and

analyte detection was accomplished using a charged aerosol detector (Corona CAD; ESA Biosciences;

Chelmsford, MA, USA). Mobile phase A contained 75:15:10 (v/v/v) methanol:chloroform:water, 1%

(v/v) acetic acid and 20 mM ammonium acetate, and mobile phase B contained 50:50 (v/v)

methanol:chloroform, 1% (v/v) acetic acid, and 20 mM ammonium acetate. Samples were diluted in

mobile phase B and injected with a gradient over 30 minutes for squalene content analysis or 18 minutes

for GLA content analysis. Squalene content was quantified by peak area, while GLA content was

quantified by peak height. Concentration measurements were made by interpolation of a curve generated

from standards fitted with a second order polynomial.

SDS-PAGE

ID93 concentration was quantified using densitometry analysis of reducing SDS-PAGE based on a

standard curve. Gel samples were prepared by mixing a 20% (w/v) sodium dodecyl sulfate solution

(Thermo Fisher Scientific, Waltham MA, USA), 4X LDS Buffer (Thermo Fisher Scientific, Waltham,

MA, USA) spiked with 5% (v/v) β-Mercaptoethanol, and formulated sample in a 2:1:1 ratio. Prepared

samples were heated for 15 minutes in an 85 °C water bath and cooled in a room-temperature water bath.

A precast, 4-20% Tris-Glycine SDS-PAGE gel (Thermo Fisher Scientific, Waltham, MA, USA) was

prepared according to manufacturer’s instructions. Cooled gel samples were centrifuged at 2000 RPM in a

benchtop centrifuge (Thermo Fisher Scientific, Waltham, MA, USA) for 2 minutes to collect the sample,

and then briefly vortexed prior to loading onto the prepared gel to ensure uniformity. The gel was run at

180V for 65 minutes and then stained overnight using SYPRO Ruby according to the manufacturer’s

instructions (Thermo Fisher Scientific, Waltham, MA, USA). Stained gels were imaged using the SYPRO

Ruby protocol on the gel imaging system (ChemiDoc; Bio-Rad, Mississauga, ON, Canada). Only one
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measurement was taken for the feedstock analysis and the twelve-month timepoint of the

Trehalose-trileucine stability study. ID93+GLA-SE standards at 10 ng, 50 ng, and 100 ng protein load

were prepared in the same manner and included on each gel. Densitometry analysis was performed using

Image Lab 6.0 software (Bio-Rad Laboratories, Hercules, CA, USA). The three standards were used to

generate a standard curve based on band intensity, and the quantity of ID93 in each sample was

determined based on interpolation from the standard curve. An admix ID93+GLA-SE control was freshly

prepared in the same manner as above and run on each gel to ensure accurate interpolation from the

standard curve. Samples that were below the limit of quantitation were not included in the average and

standard deviation; timepoints where these exclusions occurred were noted in the figures.

Statistical Analysis

Results are reported as mean ± standard deviation. Statistically insignificant differences were indicated for

p>0.05, as determined by a two-tailed student’s t-test.

Results and Discussion

Processing losses

Table 2 compares the ID93+GLA-SE vaccine properties before and after spray drying. Emulsion size

targets are from previous studies [15, 16], and component concentration targets were ±20% of the values

listed in Table 1. Properties of the adjuvant system were within the target values for both formulations,

with the exception of the higher squalene content measured in the reconstituted powder. Higher values

post-spray drying may be due to assay variability. There was no significant change in nanoemulsion

droplet diameter, polydispersity index and GLA content after the trehalose-trileucine formulation was

spray dried. Overall, it is apparent that the adjuvant system was well stabilized during spray drying.

Following these results, the characterization for the stability study was conducted by reconstituting the

powder to 3× the concentration of the feedstock to improve accuracy.
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Measured ID93 concentration in the feedstock was higher than expected, approximately 2× the target

concentration. The ID93 concentration was reduced by 68% and 66% from the feedstock concentration

for the control and trehalose-trileucine formulations upon reconstitution, respectively. Further work has

suggested that ID93 loss was highly variable, with several cases showing no processing loss of ID93

under the same conditions (data not shown). Further refinement is needed to obtain consistently low

processing losses in ID93.

Table 2. Comparison of key properties of the ID93+GLA-SE system before and after spray drying the control and
trehalose-trileucine formulations. Spray-dried powder was reconstituted to 1× the feedstock concentration to allow for
direct comparison. Values marked with a club (♣) indicate statistically insignificant differences (p>0.05) as compared to
the liquid feedstock. ID93 content in the feedstock was measured only once.

ID

Adjuvant System Antigen
Nanoemulsion

Droplet
Diameter

(nm)

Polydispersit
y Index

Squalene Content
(mg/mL)

GLA
Content
(µg/mL)

ID93 Content
(µg/mL)

Target 80-160 <0.20 4.58-6.88 2.67-4.00 1.07-1.60

Control

Feedstock
Liquid 115.9±0.8 0.04±0.01 6.21±0.09 3.27±0.14 2.86

Reconstitute
d

Powder
108.2±1.2♣ 0.06±0.01♣ 6.83±0.04 3.64±0.05 0.92±0.05

Trehalose
-trileucine

Feedstock
Liquid 111.0±2.5 0.07±0.00 6.32±0.02 3.38±0.05 2.90

Reconstitute
d

Powder
112.0±1.8♣ 0.06±0.01♣ 6.94±0.09 3.48±0.06♣ 0.98±0.01

Powder Stability

Particle Morphology

The particle morphology of the spray-dried control and trehalose-trileucine formulations at timepoint 0

and after twelve months of storage at 40 °C are given in Figure 1. Similar images were taken throughout

the stability study. The exterior morphology of the control formulation indicates that the polydisperse

powder consists of spherical particles with relatively smooth or lightly dimpled surfaces. The addition of

trileucine in the trehalose-trileucine formulation led to a rugose and folded particle morphology due to the

accumulation of trileucine on the surface. Cracked particles show that the nanoemulsion droplets were
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encapsulated within the particle wall in both formulations, as represented by the voids within the particle

shell. These results are consistent with the morphology exhibited in a previous study [16].

13



Figure 1. SEM images of the control and trehalose-trileucine formulations at timepoint 0 and after twelve months of
storage at 40 °C. Images depict the exterior and interior morphology of both formulations after storage. Scale bars are
given on the respective images. A: Control, Timepoint 0; B: Trehalose-trileucine, Timepoint 0; C: Control, 12 months at
40 °C; D: Trehalose-trileucine, 12 months at 40 °C

Low magnification images of the control and trehalose-trileucine particles indicate that the overall

exterior particle morphology was maintained after twelve months of storage at 40 °C. Similarly, interior

particle morphology was maintained for all samples, as shown by the presence of distinct voids within the

particles’ walls. Similar preservation of particle morphology was observed in the trehalose-trileucine

sample held at 50 °C for seven months (not shown). However, high magnification images show bridging

between the smaller particles in the control formulation, whereas the trehalose-trileucine particles remain

distinct. This result reveals that the addition of trileucine prevented high-temperature particle fusing over

the studied timeframe.
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Powder Moisture Content

Initial moisture content for the control formulation was 2.4±0.1%. Initial moisture content for the two

trehalose-trileucine batches was 2.1%±0.0% and 1.8±0.1%. Moisture content for both the formulations

did not change significantly after twelve months at any of the storage temperatures. The protective

packaging method mitigated exposure to humidity, thereby preventing powder moisture sorption. This

packaging system was effectively used in a previous study [15] to prevent moisture uptake. Prevention of

moisture exposure is critical for inhalable pharmaceutical powders. Increase in water content of sugars is

known to depress the glass transition temperature, [17] and protein stabilization is less effective at storage

temperatures close to the transition temperature [35].

Solid Phase Analysis

Raman spectra for the control and trehalose-trileucine formulations at timepoint 0 and after twelve

months of storage are shown in Figure 2. The deconvoluted spectra, plotted under each of the respective

sample spectra, were obtained after subtracting reference amorphous trehalose, squalene, and amorphous

trileucine spectra. Reference spectra for amorphous trehalose, squalene, crystalline tris, amorphous

trileucine, crystalline trehalose, and crystalline trileucine are given in Figure 3. Similar analysis was

completed at different timepoints throughout the stability study.

Analysis of both the control and trehalose-trileucine spectra taken at timepoint 0 confirms that the

formulations were composed of fully amorphous trehalose and fully amorphous trileucine. Additionally,

the residual spectra remain flat for all samples obtained after twelve months of storage. Similar results

were obtained for the trehalose-trileucine formulation stored at 50 °C for seven months (not shown). The

lack of crystalline peaks in the residual spectra suggests that both spray-dried powders remained

amorphous for all storage temperatures and had undergone no detectable phase change after twelve

months of storage as compared to timepoint 0, demonstrating a good solid-state stability of the

spray-dried respirable vaccine formulation.
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Figure 2. Sample spectra of the control and trehalose-trileucine formulations at timepoint 0 and at twelve months of
storage at 5, 25, and 40 °C. The residual spectra obtained after deconvolution are given under the respective sample
spectra. The low intensity of the residual spectra indicates that the powders remained amorphous after seven months
at all storage temperatures.
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Figure 3. Reference spectra for the main components of the spray-dried control and the spray-dried
trehalose-trileucine formulations.

Aerosol Performance

The emitted dose and lung dose for the control and trehalose-trileucine formulations over the

twelve-month stability study are plotted in Figure 4. The emitted dose for both spray-dried formulations

was high and did not change significantly for any of the storage temperatures after twelve months of

storage. The emitted dose of these experimental formulations is better than or comparable to the emitted

dose of commercial DPIs [36, 37, 38]. These powders exhibit very reliable administration with a DPI

even after long-term storage at high temperatures.
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Figure 4. Aerosol performance, in terms of emitted dose and total lung dose of the spray dried formulationsover twelve
months of storage at various temperatures. Marker color and shape indicate the temperature arm (black squares – 5
°C, red circles – 25 °C, green triangles – 40 °C, blue diamonds – 50 °C). Closed symbols represent the control
formulation (left) and open symbols represent the trehalose-trileucine formulation (right). Aerosol performance was
calculated as a percentage of the loaded powder dose. Results shown are the average of triplicate measurements; error
bars represent the standard deviation of triplicate measurements.

Comparison of the aerosol performance at timepoint 0 indicates that the inclusion of trileucine in the

trehalose-trileucine formulation significantly improved lung dose (p<0.05) as compared to the control

formulation. The rugose morphology due to the accumulation of trileucine at the surface of the

trehalose-trileucine particles reduced contact area and thus improved dispersibility as compared to the

smooth-surfaced control particles. The lung dose did not decrease significantly after twelve months of

storage for either formulation at all tested storage temperatures. The measured lung dose of the

trehalose-trileucine formulation over the stability study (32-43%) was much better than the reported lung
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dose of many commercial products [39, 40]. Lung dose may be further improved through the use of

high-efficiency DPIs [23, 36]; however, DPI optimization was outside the scope of this study.

Clearly, the intensive packaging procedure used in the stability study effectively protected the powders

from moisture uptake and potential consequent moisture-induced crystallization. Increase in moisture

content may decrease powder dispersibility due to capillary forces between particles [41], and

crystallization of amorphous solids may potentially impact the powder aerosolization. Inconsistent dosing

due to moisture-induced crystallization has been reported by Shetty et al. [42], where crystallization of

amorphous spray-dried ciprofloxacin powders stored under different humidities led to variable measured

emitted dose and fine particle fraction after actuation from a DPI.

The MMAD and GSD of the control and trehalose-trileucine powder that deposited within the impactor

are shown in Figure 5. This size distribution measurement of the lung dose was obtained to predict

peripheral lung deposition, in which smaller MMAD suggests deeper lung penetration. The MMAD of the

control formulation stored at 40 °C was significantly higher (p<0.05) than that of the control powders

stored at 5 and 25 °C for a given timepoint. The higher MMAD for the control samples stored at 40 °C is

likely due to fusing among small particles, as demonstrated by the SEM images. The fusing of the smaller

particles in a polydisperse powder would lead to these aggregates behaving aerodynamically as a large

particle, thus increasing the measured MMAD. By comparison, the trehalose-trileucine powder MMAD

was not significantly different (p>0.05) at any of the different storage temperatures for a given timepoint,

and particle morphology analysis did not show any particle fusing. GSD of the deposited powder was

high throughout the stability study for both formulations, suggesting a wide distribution of powder

throughout the lungs.
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Figure 5. The mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD) of the spray
dried powder deposited on the impactor stages over twelve months of storage at various temperatures. Marker color
and shape indicate the temperature arm (black squares – 5 °C, red circles – 25 °C, green triangles – 40 °C, blue
diamonds – 50 °C). Closed symbols represent the control formulation (left) and open symbols represent the
trehalose-trileucine formulation (right). Results shown are the average of triplicate measurements; error bars
represent the standard deviation of triplicate measurements.

The preserved excellent aerosol performance of the trehalose-trileucine as compared to the control

formulation was likely due to the presence of trileucine at the surface of the former. Accumulation of

trileucine on the surface of particles has previously been reported to decrease surface energy, and rugose

particles have reduced contact area between adjacent particles, thus lowering cohesive forces.

Adjuvant Stability

Nanoemulsion Size Distribution

The hydrodynamic diameter (Z-Ave) of the GLA-SE nanoemulsion droplets over twelve months of the

stability study is shown in Figure 6. Trehalose is a well-known stabilizer of lipid membranes in its

amorphous glass form through the vitrification or hydrogen-bonding stabilizing mechanisms [43]. The
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control samples underwent an 11% increase in droplet diameter as compared to a larger increase of 33%

in the trehalose-trileucine samples after twelve months at 40 °C, suggesting that the addition of trileucine

reduced the stability of the nanoemulsion membrane. Other studies have shown that trileucine is able to

penetrate and thereby disrupt lipid-based membranes due to its hydrophobic sidechains [44]. However,

both the control and trehalose-trileucine formulations demonstrated less than 50% change in emulsion

diameter, and the measured polydispersity index was less than 0.20 at twelve months of storage at 40 °C.

The preservation of droplet size distribution for both formulations exceeds the minimum preset

requirement of three months of stability at 40 °C storage, indicating that on the whole the nanoemulsion

droplets were well stabilized within the trehalose matrix.

Figure 6. Nanoemulsion size distribution, in terms of average nanoemulsion droplet diameter and polydispersity index,
for the spray dried formulations over twelve months of storage at various temperatures. Marker color and shape
indicate the temperature arm (light blue pentagons - -20 °C, black squares – 5 °C, red circles – 25 °C, green triangles –
40 °C, blue diamonds – 50 °C). Closed symbols represent the control formulation (left) and open symbols represent the
trehalose-trileucine formulation (right). Preset stability criteria were ≤50% change in droplet diameter and
polydispersity index ≤0.20 after at least three months of storage at 40 °C, as represented by the solid line. Results
shown are the average of triplicate measurements; error bars represent the standard deviation of triplicate
measurements.
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Squalene and GLA Content

The squalene and GLA retention of the control and trehalose-trileucine powders over the stability study

are shown in Figure 7. The squalene loss was statistically insignificant for all samples stored for twelve

months at 25 °C and below. After twelve months of storage at 40 °C, both the control and

trehalose-trileucine formulations underwent less than 20% loss in squalene (18% and 19%, respectively),

well within the preset stability criteria for squalene retention. The control formulation showed less than

7% loss in GLA after storage for twelve months at 25 °C and below, and the GLA losses in the

trehalose-trileucine formulation were statistically insignificant under the same conditions. Reported

increase in GLA concentration at the twelve-month timepoint was not statistically significant (p>0.05)

relative to the ten-month timepoint. GLA loss at 40 and 50 °C storage appeared to follow an overall

downward trend over time toward complete degradation, with an increasing rate of loss shown to

correspond to an increase in temperature. For comparison, a stability study on the single-vial liquid

ID93+GLA-SE product showed greater than 50% GLA loss after only three months of storage at 25 °C

[29]. Additionally, GLA loss after three months of storage at 40 °C was 31% and 34% for the control and

trehalose-trileucine formulations, respectively, whereas GLA was completely degraded in the liquid

product after three months of storage at 37 °C [29]. Spray drying the ID93+GLA-SE vaccine with either

the control or trehalose-trileucine formulation clearly improved short-term high-temperature stability of

GLA and greatly improved long-term room-temperature stability as compared to the liquid product.
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Figure 7. Squalene content and GLA content for the spray dried formulations over twelve months of storage at various
temperatures. Marker color and shape indicate the temperature arm (light blue pentagons - -20 °C, black squares – 5
°C, red circles – 25 °C, green triangles – 40 °C, blue diamonds – 50 °C). Closed symbols represent the control
formulation (left) and open symbols represent the trehalose-trileucine formulation (right). Preset stability criteria were
≤20% loss in squalene and GLA content after at least three months of storage at 40 °C, as represented by the solid line.
Results shown are the average of triplicate measurements; error bars represent the standard deviation of triplicate
measurements.

Antigen Stability

Retention of the ID93 antigen in the control and trehalose-trileucine powders over the duration of the

stability study is shown in Figure 8. Compared to the content at timepoint 0, only 45% of the antigen was

still present in the control formulation stored at 5 °C for twelve months, and ID93 had completely

degraded in the control samples stored at 25 and 40 °C. The trehalose-trileucine samples stored at -20 °C

did not undergo significant loss in ID93 content and the samples held at 5 °C showed 88% ID93 retention.

Characterization of the samples held at 25, 40, and 50 °C demonstrated an average of 55% loss. These
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trehalose-trileucine samples show complex degradation behavior wherein samples held at temperatures

above refrigeration appear to undergo an initial period of loss before stabilizing. The ID93 content of the

samples stored at 40 and 50 °C do not change significantly from the three-month timepoint onward, and

the ID93 concentration of trehalose-trileucine samples stored at 25 °C does not change significantly from

the seven-month timepoint onward.

These powders do not meet the preset stability criteria of less than 20% loss of ID93 after at least three

months of storage at 40 °C or one year of storage at 25 °C. However, the control and trehalose-trileucine

spray-dried formulations still demonstrate improved thermostability of ID93 as compared to the liquid

formulation. A stability study on the liquid ID93+GLA-SE presentation found that ID93 could not be

detected after only one month of storage at 37 °C [15]. By contrast, 38% and 50% of ID93 were retained

in the control and trehalose-trileucine samples held at 40 °C for three months, respectively, and

approximately 45% of the ID93 antigen was still present in the trehalose-trileucine powder after twelve

months of storage even at the highest temperature of 50 °C, indicating excellent stability of the protein

fraction, which did not degrade in the initial period of loss. This apparent difference in long term stability

of ID93 at high temperatures as compared to the GLA component suggests that the antigen and adjuvant

systems experience different destabilization mechanisms. The mechanism of ID93 degradation in

response to thermal stress is possibly due to conformational changes [45] in a fraction of the protein

present. Improved long-term retention of the ID93 antigen in the trehalose-trileucine formulation as

compared to the control formulation suggests that addition of trileucine provided a protective effect.

Formation of an outer particle shell and the subsequent encapsulation of the antigen away from the

particle surface may lead to further improved long-term stability, as surface mobility is much higher than

bulk mobility [46] and reduction of mobility during storage is necessary to preserve protein conformation

[47]. However, reduction of the antigen in relation to the agonist at room temperature storage may not

lead to significant reduction in induced immune response. Penn-Nicholson et al. [48] assessed three

different doses of ID93/GLA in a Phase I clinical trial – 10 ug ID93/2 ug GLA; 2 ug ID93/2 ug GLA; and
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10 ug ID93/5 ug GLA. Their results found that increasing the dose did not lead to increased CD4+ T-cell

or antibody responses at the tested timepoints.

Figure 8 ID93 content for the spray dried formulations over twelve months of storage at various temperatures. Marker
color and shape indicate the temperature arm (light blue pentagons - -20 °C, black squares – 5 °C, red circles – 25 °C,
green triangles – 40 °C, blue diamonds – 50 °C). Closed symbols represent the control formulation (left) and open
symbols represent the trehalose-trileucine formulation (right). Preset stability criteria were ≤20% loss in ID93 content
after at least three months of storage at 40 °C, as represented by the solid line. The initial measurement was multiplied
by a factor of three to allow for direct comparison of the remaining points, where characterization was conducted by
reconstituting the powder to 3× the concentration of the feedstock. Results shown are the average of triplicate
measurements; error bars represent the standard deviation of triplicate measurements, with the exception of the
trehalose-trileucine twelve-month timepoint; only one measurement could be taken for these samples. Timepoints
marked with asterisks indicate that some samples for the given timepoint were below the limit of quantitation. Number
of asterisks signifies the number of samples below the limit of quantitation for the given timepoint.

Conclusion

Global vaccine distribution is greatly facilitated when storage and transportation are not limited to a

specific temperature range. One method of developing thermostable vaccine presentations is through

desiccation into a dry powder product, which can also be suitable for respiratory delivery. The

development of alternative routes of administration may further improve the utility of the vaccine. The

present work investigated a spray-dried version of a TB vaccine whose dry dosage form was designed to

be thermostable and suitable for pulmonary administration. To the best of our knowledge, these are the

first published results on an inhalable vaccine presentation with improved thermostability that uses a
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trileucine-trehalose excipient system, as well as the first inhalable presentation of the GLA-SE

nanoemulsion adjuvant with demonstrated thermostability.

This system demonstrated excellent physical dry powder stability, with no significant decrease in in vitro

lung dose after long term storage at temperatures as high as 50 °C. The use of trileucine in the formulation

protected against temperature-dependent loss in aerosol performance. Additionally, the emulsion-based

adjuvant system was maintained for one year at temperatures up to 25 °C. The addition of trileucine also

improved antigen stability, with approximately 45% of the antigen retained after twelve months of storage

at 50 °C, whereas the antigen could not be detected in the trileucine-free formulation after seven months

of storage at 40 °C or in the liquid version after one month of storage at 37 °C.

These results suggest that the use of trileucine as a dispersibility enhancing agent in combination with

trehalose as a stabilizing excipient is a promising system for developing inhalable and thermostable

nanoemulsion protein-based pharmaceuticals in dry dosage form. Furthermore, the addition of the

surface-active tripeptide trileucine has the potential to improve long-term stability as compared to a

single-excipient system. Improved thermostability with preserved aerosol performance is expected to

expand the ability to conduct global vaccination campaigns. Furthermore, maintenance of global vaccine

stockpiles over long storage times may benefit from the use of such dry dosage forms. While these results

are promising, in vivo studies are required to assess preservation of potency of the formulation after

storage above refrigerated temperatures.

Acknowledgements and Disclosures

This project has been funded in whole or in part with Federal funds from the National Institute of Allergy

and Infectious Diseases, National Institutes of Health, Department of Health and Human Services, under

Contract No. HHSN272201400041C. The authors would also like to thank Conor Ruzycki for designing

the custom mouthpiece adaptor.

26



27



References

[1] World Health Organization, "Monitoring vaccine wastage at country level: guidelines for
programme managers," World Health Organization, Geneva, 2005.

[2] World Health Organization, "Global Health Observatory data: Immunization Coverage," 6
December 2019. [Online]. Available:
https://www.who.int/en/news-room/fact-sheets/detail/immunization-coverage. [Accessed 4 May
2020].

[3] D. N. Price, N. K. Kunda, R. Ellis and P. Muttil, "Design and optimization of a temperature-stable
dry powder BCG vaccine," Pharmaceutical Research, vol. 37, no. 11, pp. 1-14, 2020.

[4] G. Kanojia, R. H. Raeven, L. van der Maas, T. H. E. Bindels, E. van Riet, B. Metz, P. C. Soema, R.
ten Have, H. W. Frijlink, J.-P. Amorij and G. F. A. Kersten, "Development of a thermostable spray
dried outer membrane vesicle pertussis vaccine for pulmonary immunization," Journal of Controlled
Release, vol. 286, pp. 167-178, 2018.

[5] D. A. LeClair, L. Li, N. Rahman, E. D. Cranston, Z. Xing and M. R. Thompson, "Stabilization of
HSV-2 viral vaccine candidate by spray drying," International Journal of Pharmaceutics, vol. 569,
p. 118615, 2019.

[6] N. Aguilo, S. Alvarez-Arguedas, S. Uranga, D. Marinova, M. Monzon, J. Badiola and C. Martin,
"Pulmonary but not subcutaneous delivery of BCG vaccine confers protection to
tuberculosis-susceptible mice by an interleukin 17-dependent mechanism," Journal of Infectious
Diseases, vol. 213, no. 5, pp. 813-839, 2016.

[7] F. A. W. Verreck, E. Z. Tchilian, R. A. Vervenne, C. C. Sombroek, I. Kondova, O. A. Eissen, V.
Sommandas, N. M. van der Werff, E. Verschoor, G. Braskamp, J. Bakker, J. A. M. Langermans, P. C.
L. Beverley and C. H. M. Kocken, "Variable BCG efficacy in rhesus populations: pulmonary BCG
provides protection where standard intradermal vaccination fails," Tuberculosis, vol. 104, pp. 46-57,
2017.

[8] P. Andersen and T. M. Doherty, "The success and failure of BCG - implications for a novel
tuberculosis vaccine," Nature Reviews Microbiology, vol. 3, pp. 656-662, 2005.

[9] L. Brandt, J. Feino Cunha, A. Weinreich Olsen, B. Chilima, P. Hirsch, R. Appelberg and P.
Andersen, "Failure of the Mycobacterium bovis BCG vaccine: some species of environmental
mycobacteria block multiplication of BCG and induction of protective immunity to tuberculosis,"
Infection and Immunity, vol. 70, no. 2, pp. 672-678, 2002.

[10] S. Bertholet, G. C. Ireton, M. Kahn, J. Guderian, R. Mohamath, N. Stride, E. M. Laughlin, S. L.
Baldwin, T. S. Vedvick, R. N. Coler and S. G. Reed, "Identification of human T cell antigens for the
development of vaccines against Mycobacterium tuberculosis," Journal of Immunology, vol. 181, no.
11, pp. 7948-7957, 2008.

[11] R. N. Coler, S. Bertholet, M. Moutaftsi, J. A. Guderian, H. Plessner Windish, S. L. Baldwin, E. M.
Laughlin, M. S. Duthie, C. B. Fox, D. Carter, M. Friede, T. S. Vedvick and S. G. Reed,

28



"Development and characterization of synthetic glucopyranosyl lipid adjuvant system as a vaccine
adjuvant," Public Library of Science One, vol. 6, no. 1, p. e16333, 2011.

[12] Infectious Disease Research Institute, "Identifier: NCT02465216, Phase 2a ID93 + GLA-SE Vaccine
Trial in TB Patients After Treatment Completion," 8 June 2015. [Online]. Available:
https://www.clinicaltrials.gov/ct2/show/NCT02465216?term=ID93&draw=2&rank=4. [Accessed 15
January 2021].

[13] Infectious Disease Research Institute, "Identifier: NCT03806686, Phase 2a Clinical Trial of
ID93+GLA-SE Vaccine in BCG-vaccinated Healthy Healthcare Workers," 16 January 2019.
[Online]. Available:
https://www.clinicaltrials.gov/ct2/show/NCT03806686?term=ID93&draw=2&rank=3. [Accessed 15
January 2021].

[14] Infectious Disease Research Institute, "Identifier: NCT03722472, Phase 1 Clinical Trial of
Single-Vial ID93 + GLA-SE in Healthy Adults," 3 September 2019. [Online]. Available:
https://clinicaltrials.gov/ct2/show/NCT03722472?term=id93&draw=2&rank=1. [Accessed 23 April
2020].

[15] M. Gomez, M. Archer, D. Barona, H. Wang, M. Ordoubadi, S. Bin Karim, N. B. Carrigy, Z. Wang, J.
McCollum, C. Press, A. Gerhardt, R. Kramer, C. Fox and R. Vehring, "Microparticle Encapsulation
of a Tuberculosis Subunit Vaccine Candidate containing a Nanoemulsion Adjuvant via Spray
Drying," European Journal of Pharmaceutics and Biopharmaceutics, 2021.

[16] M. Gomez, J. McCollum, H. Wang, M. Ordoubadi, C. Jar, N. B. Carrigy, D. Barona, I. Tetreau, M.
Archer, A. Gerhardt, C. Press, C. B. Fox, R. M. Kramer and R. Vehring, "Development of a
formulation platform for a spray-dried, inhalable tuberculosis vaccine candidate," International
Journal of Pharmaceutics, vol. 593, p. 120121, 2021.

[17] T. Chen, A. Fowler and M. Toner, "Literature review: supplemented phase diagram of the
trehalose-water binary mixture," Cryobiology, vol. 40, no. 3, pp. 277-282, 2000.

[18] A. B. Richards, S. Krakowka, L. B. Dexter, H. Schmid, A. P. M. Wolterbeek, D. H.
Waalkens-Berendsen, A. Shigoyuki and M. Kurimoto, "Trehalose: a review of properties, history of
use and human tolerance, and results of multiple safety studies," Food and Chemical Toxicology,
vol. 40, pp. 871-898, 2002.

[19] C. Lambruschini, A. Relini, A. Ridi, L. Cordone and A. Gliozzi, "Trehalose interacts with
phospholipid polar heads in Langmuir monolayers," Langmuir, vol. 16, pp. 5467-5470, 2000.

[20] C. S. Pereira and P. H. Hunenberger, "Interaction of the sugars trehalose, maltose and glucose with a
phospholipid bilayer: a comparative molecular dynamics study," The Journal of Physical Chemistry,
vol. 110, no. 31, pp. 15572-15581, 2006.

[21] N. B. Carrigy, L. Liang, H. Wang, S. Kariuki, T. E. Nagel, I. F. Connerton and R. Vehring,
"Trileucine and pullulan improve anti-Campylobacter bacteriophage stability in engineered
spray-dried microparticles," Annals of Biomedical Engineering, vol. 48, pp. 1169-1180, 2019.

29



[22] D. Lechuga-Ballesteros, C. Charan, C. L. Stults, C. L. Stevenson, D. P. Miller, R. Vehring, V. Tep
and M.-C. Kuo, "Trileucine Improves Aerosol Performance and Stability of Spray-Dried Powders
for Inhalation," Journal of Pharmaceutical Sciences, vol. 97, no. 1, pp. 287-302, 2008.

[23] I. Sibum, P. Hagedoorn, M. P. G. Kluitman, M. Kloezen, H. W. Frijlink and F. Grasmeijer,
"Dispersity and storage stability optimization of high dose ioniazid dry powder inhalation
formulations with L-leucine or trileucine," Pharmaceutics, vol. 12, no. 24, pp. 1-14, 2020.

[24] K. Fabio, J. J. Guarneri, K. Curley, M. L. Grant and A. Leone-Bay, "Heat-stable dry powder
pharmaceutical compositions and methods". United States of America Patent 9,925,144 B2, 27
March 2018.

[25] J. W. Ivey and R. Vehring, "The use of modeling in spray drying of emulsions and suspensions
accelerates formulation and process development," Computers and Chemical Engineering, vol. 34,
pp. 1036-1040, 2010.

[26] N. K. Kunda, D. Wafula, M. Tram, T. H. Wu and P. Muttil, "A stable live bacterial vaccine,"
European Journal of Pharmaceutics and Biopharmaceutics, vol. 103, pp. 109-117, 2016.

[27] D. Vandenheuvel, J. Meesus, R. Lavigne and G. Van den Mooter, "Instability of bacteriophages in
spray-dried trehalose is caused by crystallization of the matrix," International Journal of
Pharmaceutics, vol. 472, pp. 202-205, 2014.

[28] N. Shetty, H. Park, D. Zemlyanov, S. Mangal, S. Bhujbal and Q. T. Zhou, "Influence of excipients on
physical and aerosolization stability of spray dried high-dose powder formulations for inhalation,"
International Journal of Pharmaceutics, vol. 544, no. 1, pp. 222-234, 2018.

[29] R. M. Kramer, M. C. Archer, N. Dubois, N. Dubois Cauwelaert, E. A. Beebe, P.-w. D. Huang, Q. M.
Dowling, A. M. Schwartz, D. M. Fedor, T. S. Vedvick and C. B. Fox, "Development of a
thermostable nanoemulsion adjuvanted vaccine against tuberculosis using a design-of-experiments
approach," International Journal of Nanomedicine, vol. 13, pp. 3689-3711, 2018.

[30] B. Grgic, W. H. Finlay and A. Heenan, "Regional aerosol deposition and flow measurements in an
idealized mouth and throat," Journal of Aerosol Science, vol. 35, pp. 21-32, 2004.

[31] United States Pharmacopeia, "<601> Aerosols, nasal sprays, metered-dose inhalers, and dry powder
inhalers," 2017.

[32] Y. Zhou, J. Sun and Y.-S. Cheng, "Comparison of Deposition in the USP and physical mouth-throat
models with solid and liquid particles," Journal of Aerosol Medicine and Pulmonary Drug Delivery,
vol. 24, no. 6, pp. 277-284, 2011.

[33] N. B. Carrigy, M. Ordoubadi, Y. Liu, O. Melhem, D. Barona, H. Wang, L. Milburn, C. A. Ruzycki,
W. H. Finlay and R. Vehring, "Amorphous pullulan trehalose microparticle platform for respiratory
delivery," International Journal of Pharmaceutics, vol. 563, pp. 156-168, 2019.

[34] V. A. Marple, D. L. Roberts, F. J. Romay, N. C. Miller, K. G. Truman, M. Van Oort, B. Olsson, M. J.
Holroyd, J. P. Mitchell and D. Hochrainer, "Next Generation Pharmaceutical Impactor (A New
Impactor for Pharmaceutical Inhaler Testing) Part 1: Design," Journal of Aerosol Medicine, vol. 16,
no. 3, pp. 283-299, 2003.

30



[35] N. Grasmeijer, M. Stankovic, H. de Waard, H. W. Frijlink and W. L. J. Hinrichs, "Unraveling protein
stabilization mechanisms: vitrification and water replacement in a glass transition temperature
controlled system," Biochimica et Biophysica Acta, vol. 1834, no. 4, pp. 763-769, 2013.

[36] A. H. de Boer, P. Hagedoorn, M. Hoppentocht, F. Buttini, F. Grasmeijer and H. W. Frijlink, "Dry
powder inhalation: past, present and future," Expert Opinion on Drug Delivery, vol. 14, no. 4, pp.
499-512, 2017.

[37] M. Abadelah, H. Chrystyn, G. Bagherisadeghi, G. Abdalla and H. Larhrib, "Study of the emitted
dose after two separate inhalations at different inhalation flow rates and volumes and an assessment
of aerodynamic characteristics of Indacaterol Onbrez Breezhaler 150 and 300 ug," AAPS
PharmSciTech, vol. 19, no. 1, pp. 251-261, 2018.

[38] M. S. Boshra, A. G. Almeldien, R. Salah Eldin, A. A. Elberry, N. S. Abdelwahab, M. N. Salem, H.
Rabea and M. E. A. Abdelrahim, "Total emitted dose of salbutamol sulphate at different inhalation
flows and inhalation volumes through different types of dry powder inhalers," Experimental Lung
Research, no. 211-216, p. 44, 2018.

[39] C. A. Ruzycki, A. R. Martin, R. Vehring and W. H. Finlay, "An In Vitro Examination of the Effects
of Altitude on Dry Powder Inhaler Performance," Journal of Aerosol Medicine and Pulmonary Drug
Delivery, vol. 31, pp. 221-236, 2018.

[40] M. Y. Yang, J. G. Y. Chan and H.-K. Chan, "Pulmonary drug delivery by powder aerosols," Journal
of Controlled Release, vol. 193, pp. 228-240, 2014.

[41] N. Shetty, D. Cipolla, H. Park and Q. T. Zhou, "Physical stability of dry powder inhaler
formulations," Expert Opinion on Drug Delivery, vol. 17, no. 1, pp. 77-96, 2020.

[42] N. Shetty, L. Zeng, S. Mangal, H. Nie, M. R. Rowles, R. Guo, Y. Han, J. H. Park and Q. Zhou,
"Effects of moisture-induced crystallization on the aerosol performance of spray dried amorphous
Ciprofloxacin powder formulations," Pharmaceutical Research, vol. 35, no. 7, pp. 1-13, 2018.

[43] P. T. Ingvarsson, M. Yang, H. M. Nielsen, J. Rantanen and C. Foged, "Stabilization of liposomes
during spray drying," Expert Opinion on Drug Delivery, vol. 8, no. 3, pp. 375-388, 2011.

[44] H. Ding, J. Portilla-Arias, R. Patil, K. L. Black, J. Y. Ljubimova and E. Holler, "Distinct mechanisms
of membrane permeation induced by two polymalic acid copolymers," Biomaterials, vol. 34, no. 1,
pp. 217-225, 2013.

[45] M. T. Orr, R. M. Kramer, L. V. Barnes, Q. M. Dowling, A. L. Desbien, E. A. Beebe, J. D. Laurance,
C. B. Fox, S. G. Reed, R. N. Coler and T. S. Vedvick, "Elimination of the cold-chain dependence of
a nanoemulsion adjuvant vaccine against tuberculois by lyophilization," Journal of Controlled
Release, vol. 10, no. 177, pp. 20-26, 2014.

[46] L. Yu, "Surface mobility of molecular glasses and its importance in physical stability," Advanced
Drug Delivery Reviews, vol. 100, pp. 3-9, 2016.

[47] M. A. Mensink, H. W. Frijlink, K. van der Voort Maarschalk and W. L. J. Hinrichs, "How sugars
protect proteins in the solid state and during drying (review): Mechanisms of stabilization in relation

31



to stress conditions," European Journal of Pharmaceutics and Biopharmaceutics, vol. 114, pp.
288-295, 2017.

[48] A. Penn-Nicholson, M. Tameris, E. Smit, T. A. Day, M. Musvosvi, L. Jayashankar, J. Vergara, S.
Mabwe, N. Bilek, H. Geldenhuys, A. K. K. Luabeya, R. Ellis, A. M. Ginsberg, W. A. Hanekom, S.
G. Reed, R. N. Coler, T. J. Scriba and TBVPX-114 study team, "Safety and immunogenicity of the
novel tuberculosis vaccine ID93+GLA-SE in BCG-vaccinated healthy adults in South Africa: a
randomised, double-blind, placebo-controlled phase 1 trial," The Lancet Respiratory Medicine, vol.
6, no. 4, pp. 287-298, 2018.

[49] B. Y. Lee, B. E. Cakouros, T.-M. Assi, D. L. Connor, J. Welling, S. Kone, A. Djibo, A. R. Wateska,
L. Pierre and S. T. Brown, "The impact of making vaccines thermostable in Niger's vaccine supply
chain," Vaccine, vol. 30, no. 38, pp. 5637-5643, 2012.

32


