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Abstract

Purpose: The effects of particle size and particle surface roughness on the colloidal stability of pressurized
pharmaceutical suspensions were investigated using monodisperse spray-dried particles.

Methods: The colloidal stability of multiple suspensions in the propellant HFA227ea was characterized
using a shadowgraphic imaging technique and quantitatively compared using an instability index. Model
suspensions of monodisperse spray-dried trehalose particles of narrow distributions (GSD < 1.2) and
different sizes (MMAD = 5.98 pm, 10.1 um, 15.5 um) were measured first to study the dependence of
colloidal stability on particle size. Particles with different surface rugosity were then designed by adding
different fractions of trileucine, a shell former, and their suspension stability measured to further study
the effects of surface roughness on the colloidal stability of pressurized suspensions.

Results: The colloidal stability significantly improved (p < 0.001) from the suspension with 15.5 um-
particles to the suspension with 5.98 um-particles as quantified by the decreased instability index from
0.63 + 0.04 to 0.07 + 0.01, demonstrating a strongly size-dependent colloidal stability. No significant
improvement of suspension stability (p > 0.1) was observed at low trileucine fraction at 0.4% where
particles remained relatively smooth until the surface rugosity of the particles was improved by the higher

trileucine fractions at 1.0% and 5.0%, which was indicated by the substantially decreased instability index

L]


https://www.editorialmanager.com/pham/download.aspx?id=308664&guid=6c375a4f-1df5-48a1-9f9d-9685b90a2980&scheme=1
https://www.editorialmanager.com/pham/download.aspx?id=308664&guid=6c375a4f-1df5-48a1-9f9d-9685b90a2980&scheme=1

30

35

40

45

from 0.27+0.02 for the suspensions with trehalose model particles to 0.18+0.01 (p < 0.01) and 0.03+0.01
(p < 0.002) respectively.

Conclusions: Surface modification of particles by adding shell formers like trileucine to the feed solutions
of spray drying was demonstrated to be a promising method of improving the colloidal stability of
pharmaceutical suspensions in pressurized metered dose inhalers.

Keywords: Suspension stability, shadowgraphic imaging, particle formation, monodisperse spray drying,

surface roughness

1. Introduction

Solid suspensions consisting of solid particles dispersed in a continuous liquid phase have been widely
used for drug delivery purposes for various reasons. One of these is that the insolubility of pharmaceutical
active ingredients, which has emerged as one of the most challenging issues in the development of new
formulations and which can affect the formulation stability and also lead to poor drug bioavailability, can
now be circumvented by using solid dispersions (1, 2). The solid suspension system has also been proven
to be a good platform for drug loading and controlled drug release (3, 4). Particles suspended in
pressurized liquids are ideal for regionally targeted drug delivery in the human respiratory system because
they can come into direct contact with the airway upon aerosolization and inhalation (5, 6). Pressurized
metered dose inhalers (pMDIs) containing pharmaceutical suspensions are the most widely prescribed
form of medication for the treatment of airway diseases such as asthma and chronic obstructive
pulmonary disease (7). A pMDI device consists of a metering valve that connects a fixed-volume metering
chamber, which is typically filled with drug suspension, to the environment, releasing a burst of fast-
evaporating suspension droplets when actuated. For dosing uniformity considerations, the metering valve
must release doses of suspensions that are not only consistent in mass but also have a concentration

representative of the bulk formulation (8, 9). Pressurized pharmaceutical suspension is the subject of the



50

55

60

65

70

present study and will be discussed in depth, but many of the concepts presented here can be universally
applied to other suspension systems.

Stable suspensions are almost always desired for pharmaceutical applications. However, the
suspended particles may destabilize over time mainly through two different mechanisms: particle
migration and particle agglomeration. Particle migration by upward creaming or downward

sedimentation is caused by buoyancy due to the density difference between the particles and the liquid

in which they are suspended. The settling velocity of an individual particle, V , with a volume equivalent

diameter of d,, or an aerodynamic diameter of da can be described by the Stokes’ law as (10):

(pp _pF)g dz = (pT _pF)(1_¢)g dje =(1—&) £oY da2

18uy " 184y pr’ 18uy ()

where Op is the effective particle density, Or and O; are the density of the fluid and the true density

of the suspended particle, 0, is the standard reference particle density at 1000 kg/m?3, @ is the porosity
of the particle, § is the gravitational acceleration, i is the dynamic viscosity of the medium, and Y is
the dynamic shape factor to account for non-spherical particles. Therefore, particles with a higher true
density than the liquid will settle to the bottom of the suspension while particles with a lower true density
than the liquid will exhibit upward velocity and eventually accumulate at the top, forming a cream layer.
Smaller liquid-particle density difference, structured particles with high porosity, and smaller particles can
all help reduce the particle settling velocities and stabilize the suspensions. In real applications, situations
involving only individual particles are rarely seen and, for this reason, the effects of agglomeration need
to be included in this discussion.

Particle agglomeration, which is also known as flocculation or aggregation, is a combined effect of
both attractive and repulsive forces present in the suspension system. The forces between particles in
colloidal systems are usually described by the classic Derjaguin-Landau-Verwey-Overbeck (DLVO) theory

(11), in which attractive van der Waals forces and repulsive double-layer forces are considered. The van
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der Waals forces between macroscopic particles are caused by the collective inter-molecular forces from

the interacting particles, and they are one of the driving forces for particles to collide and remain as

aggregates upon collision. For two perfectly spherical particles of radii R1 and Rz , the macroscopic Van

der Waals force, Fpy, can be described by (11):

__i RR,
Foow = 6D? (—R1+ Rz) (R,,R, > D) 2)

in which AH is the Hamaker constant that depends on the materials of the two interacting particles. D
is the minimum separation distance of the two particles at which the attractive and repulsive molecular
forces are balanced, and its values are substance-dependent with a typical value of 0.4 nm. Therefore,
larger particles will show stronger attraction forces. In a suspension system, the larger particles also
demonstrate higher collision frequencies because of their larger cross-section area and higher settling
velocities. The collision frequency can be further enhanced by the stronger attractive van der Waals forces
between larger particles, leading to the growth of the large particles or agglomerates through the
attraction of the other particles and consequently faster settling velocities.

Surfaces of the suspended particles can also become charged through various mechanisms, such as
ionization or dissociation of surface groups, adsorption or binding ions from solution, and then the net
surface charges are balanced by a layer of counterions, forming a diffuse electric double-layer (11).
Particles with similarly charged surfaces repel each other electrostatically when approaching each other,
causing the suspensions to stabilize. However, the repulsive electrostatic forces originating from the
electric double-layers are usually considered insignificant in preventing particles from aggregating in non-
aqueous suspension systems where the liquid phases have low conductivities and dielectric constants, as
is the case for pharmaceutical suspensions contained in pressurized metered dose inhalers (12, 13).
Therefore, suspension-based pMDIs with non-aqueous propellants are mainly governed by the attractive

van der Waals forces and are inherently unstable. It is also because of the nonpolar nature of the
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propellants that particle-particle interaction forces usually obtained in air are expected to be useful for

pressurized suspension systems as well.

Unstable suspensions in pharmaceutical applications can cause serious issues. For example, in
respiratory drug delivery, collective particle migration by creaming or sedimentation can lead to large
variations between delivered drug doses from the metering valve, while particle aggregation can cause
the size distribution of suspended drug particles to deviate from the optimum respirable range towards
the larger end and eventually affect both the amount and the site of drug deposition in the airways (14,
15). It has also been demonstrated in the literature that the dose uniformity of pMDIs can be directly
related to the stability of applied drug suspensions (9). This stability issue is the exact reason why patients
prescribed pMDI medications are instructed to shake the canisters ‘vigorously’ before actuation and why
failure to do so accounts for most of the incorrect use of inhalation devices (16).

Various approaches have been developed to improve the colloidal stability of pharmaceutical

suspensions for better performance. According to Eqn.(1), hollow-porous particles by increasing the
particle porosity ¢ (17, 18) and nanosuspensions by reducing the size of suspended particles dv (19, 20)

have been two of the most commonly used strategies to minimize the settling velocities of suspended
particles and achieve stable suspensions. Particles with hollow-porous structures allow the propellant to
permeate freely into the particles, minimizing the particle-liquid density difference and eventually
reducing their settling velocities. Nanosuspensions are colloidal dispersions of nanoparticles that either
have low settling velocities or may never completely settle because of the counteracting effect of
Brownian motion (21). Propellant blends with densities close to the true densities of suspended particles
have also been demonstrated to be able to stabilize suspensions (22, 23).

Polymeric surfactants are also commonly used to introduce steric repulsion forces between particles
to stabilize suspensions (24). The surfactants are usually amphiphilic non-ionic polymer molecules with

long tails that can absorb onto the surface of the drug particles and form a molecular layer of barrier that
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prevents the particles from approaching each other and thereby, leads to stabilized suspensions.
Commonly used surfactants in pMDI suspensions include lecithin, oleic acid, and sorbitan trioleate
because of their relatively good solubility in the propellant. Unfortunately, the mandated switch from
chlorofluorocarbon propellants to the “ozone-friendly” hydrofluoroalkane (HFA) propellants over the past
20 years has resulted in unexpected formulation challenges because of the incompatibility between the
HFA propellants and traditional surfactants (25). Such incompatibility is expected to become more of an
issue as newer propellants with lower global warming potential are actively developed in the
pharmaceutical industry (15).

Despite the various approaches that have been developed to improve the colloidal stability of
suspensions, the impact of particle morphology, including surface roughness, on suspension stability has
received relatively little study. For dry powder inhalers, it has been demonstrated that the increased
microparticle surface roughness was able to significantly reduce the particle adhesion and eventually
improve their in vitro aerosolization performance (26). The adhesive and cohesive forces between
particles have been measured using atomic force microscopy and correlated to the stability of
corresponding suspensions (27-29). A study carried out by D’Sa et al. (30) demonstrated that spray-dried
particles designed to contain greater numbers of internal void structures resulted in larger specific surface
area, weaker inter-particle forces, and eventually suspensions with better physical stability in a model
propellant. Recently, it has also been shown that rugosity is a major factor determining the cohesiveness
of particles (31). The cohesion forces between microparticles of differing roughness were measured and
compared with various theoretical models, proving that surface roughness is the dominant factor
affecting the cohesion forces between microparticles. This is because for real particle interactions, the
protrusions and indentations on the particle surfaces that are larger than intermolecular spacings but

smaller than the particle sizes can cause the actual interaction force to deviate significantly from the
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theoretical prediction described in Egn.(2), which assumes particles with perfectly smooth surfaces. A

modified version is described in Eqn.(3),

A o[ _n
Foow =——2 3 52| (v ¢ >D
VDW 6D2 ; I’l—l—l’z (1 2 ) (3)

where I, and I, stand for the radii of the Kth of the N total interacting asperities from two separate

particles, shows that the van der Waals forces between two imperfect particles can be significantly

R N
reduced by the particle surface roughness as RR >>z —L2 | for particles without elastic
R +R, k= Lt

deformation, which is the case for particles in suspensions and are in loose contact (14). Therefore,
particles with high surface roughness will become orders of magnitude less cohesive. Since surface
roughness can significantly reduce the attractive forces between two interacting particles, we hereby
investigate the suitability of stabilizing pharmaceutical suspensions by intentionally introducing different
levels of surface roughness to the suspended particles.

Studying the stability of suspensions with conventionally manufactured, polydisperse particles is
complicated because the various size-dependent particles properties—e.g., settling velocity (10), optical
properties (32), and level of deaggregation upon agitation (33)—can make it relatively difficult to analyze
the effects of each individual factor on the suspension stability. To avoid the potential complication
introduced by polydisperse particles, for the first time, with the help of a monodisperse spray drying
technique, we modify the surface properties of the particles, in particular the rugosity, to study the effects
of surface roughness on the colloidal stability of pressurized pharmaceutical suspensions. Findings of this
work can be used as an effective approach to improve the colloidal stability of, but not limited to,

pressurized pharmaceutical suspensions.
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2. Materials and methods

2.1. Materials
Trehalose is a disaccharide that can be spray dried into spherical, solid particles (34). D-(+)-trehalose
dihydrate (177613, Fisher Scientific Co., Ottawa, ON, Canada) was first dissolved in demineralized water
to prepare feed solutions for subsequent spray drying of monodisperse particles. Trileucine is a surface-
active amino acid that has been used to modify the morphology of spray-dried particles to produce low-
density and non-cohesive particles for dry powder inhalers (35). The crystalline trileucine used for feed
solution preparation in this study was obtained directly from the supplier (BCBP2254V, Sigma-Aldrich

Corp., St. Louis, MO, USA).

2.2. Methods
2.2.1. Monodisperse spray drying
The experimental setup for monodisperse spray drying includes a custom-designed micro-jet atomizer
(36) integrated with a custom laboratory scale spray dryer (37). As shown in the schematic in Fig.1, the
micro-jet atomizer was used to generate monodisperse droplets of feed solutions. Briefly, a pressurized
liquid solution was supplied to the nozzle head from the feed line and fed through a micro-orifice to form
a liquid micro-jet. Since the random breakup of liquid jets due to the surface tension usually leads to
polydisperse droplets, a piezoelectric ceramic ring (105261, Meggitt A/S, Denmark) was attached to the
nozzle head to force regular disintegration of the liquid jet into monodisperse droplets (38). The
piezoelectric transducer was driven by a function generator (DS340, Stanford Research Systems, CA, USA)
supplying square waves with peak-to-peak voltage of 20 V and frequencies ranging from 120 kHz to 160
kHz. The dispersing gas supplied through the orifice cap was used to disperse the droplet chain to avoid
droplet collisions. A more detailed description of the atomizer can be found elsewhere (36). The generated

monodisperse droplets were then dried in a lab-scale spray dryer and the resulting particles collected



using a stainless-steel cyclone. Detailed spray drying parameters are listed in Table 1. The selected 30 um
micro-jet orifice in this study can be used to produce droplets in the range of 50 um — 65 um (36),
185 depending on the liquid properties, piezoelectric ceramic driving frequency, pressure difference across
the orifice, etc. The drying gas flow rate and drying temperature were set to ensure that the droplets were
completely dried, and the cut-off size of the cyclone was smaller than the dried particles. A time-of-flight
aerodynamic particle sizer (3321, TSI, Shoreview, MN, USA) was used in-line to check the monodispersity
of dried particles during the spray drying process and to measure the aerodynamic size distributions of
190 the produced particles (37). All collected particles were dried in a vacuum desiccator to remove any

residual moisture before preparation of pressurized suspensions for subsequent stability analysis.

36mm
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Piezoelectric
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0000000000000 G s

Orifice Cap

feed
Fig.1.

Table 1. Parameters used for monodisperse spray drying

Spray-drying parameter Value
Micro-jet pressure 500+50 kPa
Feed solution flow rate 0.8+0.1 mL/min

Micro-orifice diameter 30 um
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Inlet temperature 70°C

Outlet temperature 5240.5 °C
Disperser orifice diameter 3.0 mm
Dispersing gas pressure 240 kPa
Drying gas flow rate 600 L/min
Piezoelectric driving frequency 120 - 160 kHz

2.2.2. Particle design
Monodisperse solid model particles with similar surface morphology but of different sizes were first
needed to study the effects of particle size on the suspension stability. Particles with different surface
rugosity and of similar size were then designed to further study the effects of surface roughness on the
colloidal stability of pressurized suspensions. The theory of particle formation during spray drying (34, 39)
was used to determine the compositions and process conditions required to achieve these targets.

During the drying process of solution droplets, a dimensionless Peclet number such that:
Pe, =—
(4)

which is a ratio of the solvent evaporation rate, x, to the diffusion rate of solute, Di , and is usually used
as an indicator to predict the final particle morphology. The Peclet number can be directly used to derive

the surface enrichment for each component E;:

C; Pe, Pe’ Pe’
E=—=1+—+——F—-——
Crni 5 100 4000

m,i

(0< Pe, < 20) )

which is defined as the ratio of the surface concentration, Cg, to the mean droplet concentration, C, ,

with good accuracy for relatively low Peclet numbers (< 20). More substantial discussion of the relation

between the Peclet number and surface enrichment can be found elsewhere (40). Depending on the

nature of the solute, once a critical concentration, C ;, e.g., saturation concentration or solubility (Cg,; )

for crystallizing systems, component true density (0;;) for non-crystallizing systems, at the droplet

surface is reached, the droplet solidification process will be triggered. The time it takes for each
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component to reach the critical concentration at the droplet surface, 7, , depends on the droplet drying

time, 7, and the ratio of these time scales can be defined in terms of the surface enrichment, E, and

initial concentration, C, as:

T, Coi°E; 2
L= |1-(=—) (6)

z-D Cc,i

in which the droplet drying time, 7, depends on the initial droplet diameter, do , and evaporation rate

of the liquid phase, k,as 7Tp = dg/K.

Surface composition and morphology of particles produced in the spray drying process can therefore be
predicted according to Eqn.(4), (5), and (6). A high Peclet number solute usually leads to high surface
enrichment, early surface saturation, and subsequently hollow particles. Depending on the properties of
the shell, the hollow particles may buckle or collapse to form wrinkled particles. The outcome for low-
Peclet number systems differs: a component with a low Peclet number and high solubility will produce
small surface enrichment throughout the whole droplet lifetime and eventually form homogeneous solid
particles, as is the case for trehalose used in the current study. The characteristic time for the droplet to
solidify is close to the droplet lifetime, making the dried particle density close to the true density of the

solutes. However, for solution droplets with low Peclet number components but also low solubility, e.g.,

trileucine, the time to saturation, T Ortrue density, T is short compared to the droplet lifetime,

P’
Tp . Hence, the droplet surface becomes supersaturated early, leading to the nucleation of a solid phase
and early formation of a surface shell. The shell may also later collapse in the drying process through lack

of mechanical strength, forming wrinkled particles.

The two components used in this study, trehalose and trileucine, both have relatively low Peclet numbers

(Pe ~1) under the spray drying conditions listed in Table 1. The difference is that trehalose is highly

soluble in water with a solubility at 690 mg/mL, while trileucine has a very low solubility at 7 mg/mL. Three
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feed solutions of pure trehalose with different concentrations at 1 mg/mL, 5 mg/mL and 30 mg/mL, as

listed in Table 2, were prepared and spray dried. The characteristic times for trehalose to reach its true

density on the droplet surface are indeed close to the droplet lifetime with T /TD >90% for all the

cases. According to the particle formation theory introduced earlier, solid spherical trehalose particles are
expected and to be used as model particles.

Feed solutions with a fixed total solids concentration of 5 mg/mL but different trehalose-trileucine ratios
of 99.6:0.4, 99.0:1.0, and 95.0:5.0 were also spray dried to introduce difference levels of surface
roughness to the dried particles. The case with 0.4% trileucine and 99.6% trehalose corresponds to a
special case in which the surface concentration of trehalose reaches its true density almost at the same
time as trileucine reaches saturation on the droplet surface, meaning that the particle solidifies at the
same time as the trileucine surface concentration reaches supersaturation. As presented in Table 2,
trileucine reaches its saturation concentration at the end of the droplet drying process at 97.7% of the
droplet lifetime, which is right after trehalose reaches its true density at the droplet surface at 97.5% of
the droplet life time. Neglecting the effects of trileucine surface activity, trileucine is expected to form a
thin film of layer on the surface at the exact time point when trehalose starts to solidify at the surface.
Relatively smooth particles with a layered structure are expected for this case. According to the
calculation, the other cases with more trileucine are expected to force earlier shell formation and produce
particles with more surface rugosity.

Table 2. Feed solutions for monodisperse spray drying with calculated time for trileucine to reach

surface saturation normalized by droplet lifetime, time for trehalose to reach true density normalized by
droplet lifetime, and calculated true density of the mixture

Fee-d Trehalose Trileucine Te / 7 T, / T Pimix
solution (mg/mL) (mg/mL) (%) (%) (&/cm?)

1 1 - - 99.1 1.53

2 5 - - 97.5 1.53

3 30 - - 91.7 1.53

4 4.98 0.02 97.7 97.5 1.53

5 4.95 0.05 95.7 97.5 1.52
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6 4.75 0.25 87.4 97.6 1.50

2.2.3. Morphological and spectroscopic analysis
All monodisperse spray-dried particles before and after suspension in the propellant were analyzed using
a scanning electron microscope (EVO M10, Zeiss, Germany) to confirm particle morphology and a custom-
designed Raman spectrograph (41) was used to verify the solid state of the dried particles. For electron
microscopy, all spray-dried particles were sampled on standard SEM pin mounts (Ted Pella Inc., USA)
covered with double-sided adhesive carbon tape as substrates and further sputter-coated with gold
nanoparticles (Desk Il Sputter Coater, Denton Vacuum, NJ, USA). Collected particles were loaded into the
0.2 plL-cavity of an aluminum sample holder for Raman spectroscopic analysis. The Raman system utilized
a 671 nm diode-pumped laser (Ventus 671, Laser Quantum, UK) with a maximum power of 500 mW. All
measurements were conducted under a nitrogen atmosphere at room temperature (21 + 1 °C) and in dry
conditions (< 3% RH). Raw materials received from the manufacturers were measured directly as the
reference materials for crystalline leucine and trileucine, and spray dried trileucine and trehalose were
used as their corresponding amorphous reference materials.
2.2.4. Particle size measurement

A time-of-flight aerodynamic particle sizer (APS) was used in-line during the spray drying processes to
measure the size distributions of the dried particles. The particle sizer was set to operate at a standard
flow rate of 5 L/min, taking a 20 s-measurement every 5 minutes. Volume equivalent diameter
distributions of the spray-dried pure trehalose particles were also measured by SEM image analysis
assuming perfectly spherical particles and fitting the particle edges using circles (Imagel 1.52d, NIH, MD,
USA). More than 300 particles for each of the spray-dried trehalose batches were counted and measured
to generate their corresponding count based cumulative particle diameter distributions, a method

possible only when the geometric standard deviation (GSD) of the particle size distribution is small.
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Aerodynamic particle size distribution and volume equivalent diameter distributions were compared to
confirm monodispersity and correct size measurement for dried particles.
2.2.5. Specific surface area measurement

To quantitatively compare the difference of surface roughness between the spray-dried powders, their
specific surface areas were measured using a 7-point BET (Brunauer—-Emmett—Teller) (42) method (Model
ASIQCUO000-5, autosorb iQ, Quantachrome Instruments, FL, USA). For each test, 0.2-0.4 g of monodisperse
spray-dried powder was first loaded into a sample cell (0.D. = 6 mm) and degassed at 50 °C for 30-120
minutes. Since relatively small specific surface areas were expected for the tested powder samples due to
the lack of internal void space, krypton (M.W. = 83.80 g/mol) was used as the adsorbate gaseous phase

and was assumed to have a single-molecule cross-sectional area of 20.5 A2 The krypton physisorption
analysis was then conducted for a relative pressure (P / F’0 ) range of 0.05-0.35 at the boiling temperature

of liquid nitrogen at -196 °C.

In addition to the specific surface area, the adsorbent-dependent BET constant was also determined. The
BET constant is known to be directly related to the adsorption energy for the first adsorbed layer and its
value is an indication of the magnitude of the adsorbent/adsorbate interactions (42). Therefore, the BET
constant in this study was used as a secondary evidence to support that the surface compositions of the
formed particles were as predicted by the theory of particle formation during spray drying.
2.2.6. Pressurized suspensions

Pressurized suspensions of the monodisperse spray-dried particles were prepared by weighing 50 mg + 2
mg of the dried powders into a glass vial, crimping an aluminum metering valve (DF30, Valois Pharma, NY,
USA) onto the glass vial, and then using a benchtop pMDI production station (2005/21, Pamasol Willi
Mader AG, Switzerland) to pressure-fill 22.0 g + 0.5 g of HFA-227ea propellant (UN3296, Mexichem Fluor
Inc., UK) through the valve into the vial. The glass vials used for stability measurement are custom-

designed round, flat-bottomed borosilicate glass vessels (Adams & Chittenden Scientific Glass, CA, USA)
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measuring 75.5 mm in height and 27.5 mm in outer diameter, and featuring a 900 kPa pressure rating,
with good transmissivity.

2.2.7. Suspension stability measurement
Suspension stabilities of the particles in propellant HFA-227ea were measured using a shadowgraphic
imaging method developed by Wang et al. (43). Briefly, the technique acquires high-resolution sequential

images of suspensions contained in transparent glass vials in a bright field and performs post image

processing to extract the time (1) dependent change of transmission intensity (T ) at different heights (h

. . . - . N
) along the suspension. The normalized relative transmission profiles, ATt n, are then calculated as

AT, TA-TE
ATy = Srver =137 )
AT T —Tin

Clear

in which ATt,h is the relative transmission profiles for the change of absolute transmission, Tt’ah, relative
to the initial transmission profile, Tt:’h . ATt'h is then normalized by its maximum value, ATt'hax , Which is

a
the difference between the transmission for clear propellant, Tc|ea,, and the initial transmission of the

sample being tested, Tt:,h' The normalized relative transmission profiles, ATt,h, provide semi-
guantitative information about the whole destabilization processes with abundant local details. In

addition, by integrating each of the normalized relative tranmission profiles, ATLh , according to:

o) =] |aT| ®

a single parameter, termed the instability index, O'(t) , is derived to account for the overall transmission
changes during the suspension destabilization processes and can therefore be used to quantitatively
compare and rank-order the stabilities of different samples. The instability index, o (t) , is a dimensionless
number ranging from O for extremely stable samples to 1.0 for suspensions that destabilize completely to

clear liquid at a time t, and its derivative dor(t)/dt indicates the rate of destabilization.
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In this study, stabilities of all the suspensions were measured within the same day of propellant filling to
avoid the effects of moisture ingress on the suspended particles. Immediately before each stability
measurement, the suspensions were agitated for 30 s in an external small-scale ultrasonic bath (M1800H,
Fisher Scientific Comp., Ottawa, ON, Canada) to redisperse the suspended particles and break up any
aggregated particles. The suspension tester was set to acquire shadowgraphic images at a frame rate of
0.5 Hz and an exposure time of 0.50 ms. The backlight LED was operated at a driving current of 1.0 A with
a pulse width of 1.0 ms. The stabilities of all suspensions were measured for 30 min immediately after the
ultrasonic agitation. The settings and operating procedures were kept consistent for all the suspension
stability measurements. Three suspension samples were prepared for each batch of spray-dried particles

and each suspension was measured three times.

3. Results and discussion

3.1. Morphological and spectroscopic analysis
SEM images of particles produced under different conditions are shown in Fig.2. This figure highlights that
uniform and spherical trehalose particles were produced using the monodisperse spray drying technique.
Because of the low Peclet number of trehalose and its high solubility in water, these particles were
expected to be solid inside with little or no internal void space, and with a density close to the true density
of trehalose (44). With the micro-jet orifice kept the same for all the spray-dried batches, and the feed
solution concentration increased from 1 mg/mL to 30 mg/mL, the diameters of the resultant particles also

increased as designed.
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Fig.2.

Because of the low Peclet number and low solubility of trileucine, the addition of trileucine changed the
morphologies of the spray-dried particles significantly as expected, as shown in Fig.3. These results prove
that trileucine caused early surface enrichment and shell formation during the drying process of the
monodisperse solution droplets. Starting from the spherical particles formed from the pure trehalose
solution at the top of the figure, the particles become more wrinkled the more trileucine is added, a result
similar to those observed in the literature (35). However, the special case of feed solution with 0.4%
trileucine and 99.6% trehalose produced particles that were generally smooth with only a slightly
increased rugosity, a result different from what has been reported and proving that the strategy to have
trileucine and trehalose precipitate at roughly the same time to form a layered surface structure was
successful. For the cases with 1.0% and 5.0% trileucine, trileucine shells were formed much earlier in the
particle formation processes and collapsed later due to lack of mechanical strength, causing the particles
to be more rugose, as planned. Theory according to Boraey and Vehring (40) allows a rough estimate of
shell thickness assuming that all the trileucine is on the surface. The thickness was estimated to be on the
order of 10 nm, which Raman results later confirmed to be amorphous. Therefore, it is plausible that this
thin shell had enough residual mobility to fold when formed initially and collapsed in the subsequent
drying processes. No significant morphology changes were found for the particles extracted from the
propellant, SEM images shown in Fig.A2, proving that no dissolution or disruption of the particles occurred

during the timeframe of the stability measurement.
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The results of solid phase analysis by Raman spectroscopy are shown in Fig.4. Reference Raman spectra
of amorphous (a-Tre) and crystalline (c-Tre) trehalose show different features in the displayed spectral
region (70 — 1600 cm™, 2800 — 3200 cm). For the first time, to our knowledge, the Raman spectra of
amorphous (a-Leus) and crystalline (c-Leus) trileucine are also presented and compared. In general,
crystalline materials have sharper and better-defined peaks because of the more isolated vibrational
energy levels of their molecular bonds, while the Raman peaks are broadened due to the higher degree

of disorder in amorphous materials (45, 46). In comparison with the reference spectra of both amorphous
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and crystalline trehalose, a 100% amorphous state was confirmed for the three batches of spray-dried
pure trehalose presented in Fig.2. Because of the low concentration of trileucine in the spray-dried
trehalose-trileucine particles, a subtraction process was used for the solid-state identification. As a
demonstration, the bottom trace in Fig.4 is a residual spectrum after subtracting amorphous trehalose
from the spectrum of the spray-dried sample with 95% trehalose and 5% trileucine. The residual spectrum
is similar in shape to the reference spectrum of amorphous trileucine, and no trace of crystalline trehalose
or trileucine can be found, proving the completely amorphous state of trehalose and trileucine in the dried
particles. The solid state of trehalose and trileucine in the other cases was similarly determined to be

100% amorphous.

c-Tre

a-Tre

Intensity (a.u.)

c-Leu,

a-Leu,

es.

200 400 600 800 1000 1200 1400 2800 3000 3200

Raman shift (cm™)
Fig.4.
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3.2. Size distributions of spray-dried particles
Three typical mass-based aerodynamic particle size distributions measured by the in-line particle sizer for
the feed solutions with different initial concentrations are presented in Fig.5. These were in good
agreement with the monomorphic particles observed from the SEM morphological analysis, all having

narrow geometric standard deviations (GSD < 1.2), meaning that the dried trehalose particles were

uniform and monodisperse. It is known that aerodynamic diameter, da , of spray-dried particles is related

to the feed solution concentration, C;, such that

(9)

in which Op, g, and do are the particle density, unit density, and initial droplet diameter respectively.

As designed, the three different batches of spray-dried trehalose showed very distinct mass median
aerodynamic diameters (MMAD), and the final particle size increased with the trehalose solution

concentration.
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Fig.5.

Fig.6 shows the cumulative distributions of the measured trehalose volume equivalent diameters and
fittings of the data with a least square regression method. All three cases also had good monodispersity
with GSD < 1.2, which is in a good agreement with the results of direct aerodynamic size measurement.
According to the central limit theorem, the obtained volume equivalent diameters after measuring more
than 300 particles for each sample were within small intervals (£0.11, £0.15, £0.16) around the population
median diameters with a high confidence level (99%), making this method of assessing the particle size

distributions feasible. The count-based median volume equivalent diameters were compared to the APS-
measured MMAD by first converting the volume equivalent diameter, dve , to aerodynamic diameter, da

, according to Eqn.(1) assuming that the particle density was the same as the trehalose true density. The
calculated aerodynamic diameter was thus equivalent to the count median aerodynamic diameter, CMAD.
The CMAD was then used to calculate the MMAD using the Hatch-Choate Eqn.(10) (47), which is practical
only for monodisperse or near monodisperse particles. Otherwise, a large bias error will be inevitable with
this method for particles with a large GSD unless a very large number of particles are measured.
Uncertainties of the calculated CMAD and MMAD were estimated by assuming that the particle density is
within £5% of its true density and the measured geometric standard deviation has a 10% uncertainty.
MMAD = CMAD -exp(3In° o) (10)
The comparison in Table 3 shows that the calculated MMAD based on the volume equivalent diameter
was close to the MMAD measured directly by the APS, indicating that the spray-dried particles were
indeed monodisperse and their particle size distributions were correctly measured separately. These
findings also mean that there was little or no void space, as expected. Using the particle size measured
for the dried particles and a simple relation of solute mass conservation, the initial droplet diameters were

also calculated to be within the predicted droplet size range of 50 um — 65 um. The asymmetrical and



bimodal shape of the distributions indicating the existence of exceptional sized particles is observed in

410 both Fig.5 and Fig.6, and is a known phenomenon likely caused by doublets, triplets, etc., due to droplet
coalescence in the spray. However, these larger particles caused by the droplet coalescence are negligible
in their count-based size distributions and are expected to settle much faster than the particles with
primary sizes, hence their effects on the suspension stability measurements are expected to be minor.

Table 3. Comparison of particle size distributions measured using different methods
d, um o, d,, confidence 0,(CMAD)+& MMAD-Calc.£6 MMAD-APS d; (um)
interval (99%) (um) (um) (um)
5.10 1.14 0.11 6.31+£0.21 6.65 £ 0.57 5.98 58.8
8.12 1.16 0.15 10.04 £ 0.33 10.74£1.01 10.10 54.7
13.52 1.13 0.16 16.72 £ 0.48 17.49 £+ 1.37 15.50 50.2
415
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Aerodynamic particle size distributions for the spray-dried formulations with different trehalose-trileucine

ratios are presented in Fig.7. All batches show good monodispersity with narrow geometric standard
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deviations (GSD < 1.2). The four batches of particles with the same solids concentration show similar mass
median aerodynamic diameters. A slight shift of the MMAD towards the lower end from 10.1 um to 8.7
um is also observed. This is because particles with a higher level of rugosity lead to lower particle density,
and therefore smaller aerodynamic diameters, according to Eqn.(9). Overall, particles with different

surface rugosity and similar size were successfully produced as designed.
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3.3. Specific surface area analysis
In addition to the qualitative particle roughness information provided by the SEM images, specific surface
areas of the monodisperse spray-dried powders were measured to provide quantitative confirmation.

Shown in Fig.8 is a comparison of the surface rugosities for the spray-dried formulations with different

trileucine concentrations. The real specific surface area ( A, ) was directly measured from the BET method,
and the geometric specific surface area (Ag ) for each sample was calculated based on the particle size

presented in Fig.7 and assuming perfectly spherical and smooth particles for all the four cases. The surface
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rugosity for the pure trehalose sample is slightly higher than 1.0, which is expected and is likely to be
caused by the particles not being perfectly monodisperse and smooth spheres. On the other hand, the
rugosity being close to the theoretical value of 1.0 in turn proves a good monodispersity of the dried
particles.

The specific surface area slightly increased from 0.45+0.02 m?/g for the pure trehalose particles to
0.51+0.01 m?/g and 0.55+0.01 m?/g for the cases with 0.4% and 1.0% trileucine respectively, and further
significantly increased to 1.28+0.04 m?2/g with higher trileucine concentration at 5.0%, which corresponds
to a surface rugosity that is almost three times higher than the pure trehalose particles, proving that
highly-rugose particles were produced. These results also agree with our prediction by the particle
formation theory as well as SEM images that the particles gained higher level of rugosity slowly when a
small fraction of trileucine was added just enough to form a thin film, while the increase of surface
roughness become more significant when the shells formed much earlier in the particle drying process

upon the addition of more trileucine, the shell former.

3.0

w(Leu,) A(m*ig) | A (m*g) fl
0% 0.45+£0.02 0.40 1.12+0.06
0.4% 0.51+0.01 0.40 1.27+0.03 }

1.0% 0.55+0.01 041  1.35+0.03
251 5.0% 1.2840.04 046 2.77+0.08

A, and Ay real and geometric surface area

2.0

1.51

Surface rugosity (f;)

104

Trileucine mass fraction (%)
Fig. 8.
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Along with the specific surface area, the BET constant that is directly related to adsorbent-adsorbate
interaction energy for the first layer was also determined. Therefore, in the current study, the BET
constants are indicators of the surface compositions of the formed particles. The BET constants for the
samples with 0.4%, 1.0% and 5.0% trileucine were determined to be close at 13.7+0.6, 9.7£0.6, and
11.2+0.7 respectively, indicating similar surface compositions. However, the BET constant for the pure
trehalose sample was determined to be different from the other three samples at 23.3+0.6. This is an

indication that trileucine indeed accumulated on the particle surfaces as designed.

3.4. Effects of particle size on the suspension stability
To study the effects of particle diameter, the stabilities of suspensions with monodisperse trehalose
particles of different sizes but the same concentration at 0.23% (w/w) were first measured and compared.
Three suspensions were prepared for each batch of spray-dried particles and each suspension sample was
measured three times for 30 min immediately after ultrasonic agitation. As their normalized relative
transmission profiles show in Fig.9, the time-dependent transmission intensity changes over the entire
height of the suspensions. Along the height axis, the profiles start at the bottom of the vial, at a normalized
height of 0, and end at the top of the suspension, at a normalized height of 1. Intensity of the transmission
change is also a normalized value in the range of 0 to 1. The suspensions with small, medium, and large
trehalose particles destabilized very differently during the 30min-observation time. In all cases, a thin
layer of settled particles was detected at the bottom of the vial, indicated by the reduced transmission
intensities close to the normalized height of 0. Different levels of clarification were observed for the three

different suspensions, and the level of clarification after 30 min increased substantially from less than 10%
for small particles ( da =6.0 um) to about 60% for large particles ( da =15.5 um). The clarification processes

occurred uniformly across the whole suspension for all the cases indicated by the simultaneously

increasing transmission intensities over the whole suspension sample.
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Plotted in Fig.10 are the corresponding instability indices described in Eqn.(8) for the suspensions with
monodisperse trehalose particles of different sizes. Each data point corresponds to a shadowgraphic
image acquired at a specific time point, and the high temporal resolution (0.5 Hz) of the suspension tester
enables monitoring and comparison of the suspension stability at any time point of the destabilization
process. There is a clear trend of decreasing suspension stability when the suspended particles become
larger. In combination with the transmission profiles shown in Fig.9, the lower level of clarification for the
suspension with small particles corresponds to the lower instability index plot in Fig.10, and vice versa.
Based on the slopes of the plots, the destabilization process for the sample with large particles started
rapidly from the beginning of the measurement, while the other two samples experienced slower
transitions. After 30 minutes of observation, the rate of destabilization for large particles started to slow
down and the instability index approached 0.7. However, the destabilization processes for the other two

samples were still ongoing at the end of the observation period and showed little sign of slowing.
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To quantitatively illustrate the dependence of suspension stability on particle diameter, final instability
indices at the end of the 30 min stability measurement, o(t =30min), are presented in Fig.11. The extra

point at (0, 0) represents a virtual suspension sample with infinitely small particles, which will therefore
be extremely stable and show no transmission changes at all; hence, the constant instability index at 0.
The error bar for each data point stands for the variation between the three repeated measurements for
each suspension sample. All are relatively small, proving reproducible stability measurements. A certain
level of cross-sample variation can be also observed between the suspensions containing particles of the
same size, shown as the three data points for each particle diameter. Nevertheless, the instability index
strongly depends on the diameter of suspended particles and demonstrated that the larger the particles
the less stable the suspensions become. The suspensions with particles smaller than 5 um remain
relatively stable for at least 30min. However, increasing particle sizes beyond 5 um will greatly impact the

stability of the corresponding suspensions, and this can be explained by much faster settling velocities for



495 the larger particles according to Eqn.(1), in which settling velocity is proportional to daz. However, the

guestion remains whether or not aggregation plays a role. This question will be addressed in the next

section.
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3.5. Improved suspension stability with surface modification
500 The stability of the suspensions with particles exhibiting different levels of rugosity were also measured,
and their normalized relative transmission profiles are presented in Fig.12. Similar to the suspensions of
pure trehalose, a layer of settled particles was observed in all cases, as indicated by the reduced
transmission intensity at the bottom, and the top portions of the suspensions all clarified to a certain

extent after 30 minutes. The formulations with 0.4% trileucine destabilized similarly (p > 0.1) to the
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suspension with pure trehalose, and the difference started to become significant (p < 0.01) when the
fraction of trileucine was increased to 1.0%. The formulation with 5.0% trileucine is the most distinctive
case, showing little change over the 30 min measurements and thus manifesting a significantly improved
(p < 0.002) suspension stability.

According to Eqn.(1), particles with similar true densities and aerodynamic diameters should have close
settling velocities and produce suspensions with similar colloidal stabilities. However, some of the
suspensions tested here showed significantly different stabilities, proving that particle aggregation is
making the difference in the destabilization process of the different suspensions. Considering that all the
suspensions have the same concentration and the particles have a similar frequency of collision, it must
be the changes in cohesive forces, either through surface energy or surface roughness, that is causing the
different level of aggregation. Based on our earlier discussion of the theory of particle formation and also
the work of Lechuga et al. (35), trileucine is likely to be on the surface of the particles in all the formulations
with 0.4%, 1.0%, and 5.0% trileucine. However, only an insignificant stability improvement (p > 0.1) was
observed for the suspensions with 0.4% trileucine when compared to the suspension of pure trehalose,
indicating that surface composition of the particles is not the main factor here. This, leaves surface
roughness as the only factor significantly affecting the suspension stability. It has been shown that surface
roughness of microparticles is indeed the most important factor in determining the inter-particle cohesive
forces (31, 48), and the change in suspension stability become significant when short-range roughness

increases, as in the cases with 1.0% and 5.0% trileucine.
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Normalized transmission intensity

In accordance with the transmission profiles, typical instability index plots for the different formulations
in Fig.13 also show different rates of destabilization as indicated by their different slopes. By comparison,
the suspension with pure trehalose particles exhibiting relatively spherical and smooth surfaces
destabilized the fastest. The instability index goes beyond 0.25 after 30 minutes of observation. As more
trileucine was added to the formulation and the dried particles became more rugose, the suspension
stability improved gradually. The 5.0% trileucine — 95.0% trehalose case that showed the best suspension
stability corresponded to the most highly corrugated particles and remained stable for the entire 30

minutes. The final instability index at 30 min stayed below 0.03, which is much lower than the other cases.
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A guantitative stability comparison between the suspensions is shown in Fig.14 with the corresponding
final instability indices at 30 min, o (t =30min), plotted against trileucine mass fraction. The change in
surface roughness caused by a small amount of trileucine in 0.4% already makes a difference in the
stability of the corresponding suspensions. When the trileucine concentration was increased to 1.0% and
5.0%, the suspension stability was significantly improved by the increased surface rugosity and the
instability index dropped substantially from 0.27+0.02 to 0.18+0.01 (p < 0.01) and 0.0310.01 (p < 0.002)
respectively. This result further proves that aggregation plays a major role in the settling of pure trehalose
particles and is not just a factor of density difference and particle size. It is likely that the particles

aggregate and settle with a larger volume equivalent diameter of the aggregate.
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Taking into consideration the change of instability index that could be caused by their slightly different
particle sizes as detected and shown in Fig.7, the instability indices for the relatively smaller particles with
0.4% and 1.0% trileucine were expected to be slightly lower—in the range of 0.27+0.02—assuming that
the dependence of suspension stability on particle size plotted in Fig.11 is applicable in this case. However,
the decrease in the instability index from the suspension with pure trehalose particles to the suspension
with 0.4% and 1.0% trileucine is much more substantial than what might be caused by particle size
difference. It is more obvious that the case with 5.0% trileucine, whose final instability index at 30 minute
was 0.03+0.01, is even more stable than the suspension case with much smaller pure trehalose particles
(MMAD = 5.98 um), whose 30 min-instability index was 0.07+0.01, as shown in Fig.11. In comparison with
the specific surface area measurement presented in Fig.8, the trend of improved suspension stability

agrees well with the trend of increased rugosity, which is directly related to particle surface roughness,
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demonstrating that that the increased surface roughness is indeed playing an important role in

stabilizing the suspensions.

The significant improvement to suspension stability caused by increased particle surface rugosity can be
explained by the weaker van der Waals forces of rough-surfaced particles than of particles with smooth
surfaces both in air (26, 31) and propellant (30) as outlined earlier. When the particles become more
corrugated, the increased surface roughness leads to a substantially reduced contact area between
particles as they collide during movement in the suspension. Consequently, the macroscopic inter-
particle cohesion forces are also reduced. The reduced cohesion forces in turn lead to lower chances of
particle aggregation upon collision. Because of the increased surface roughness, the particles settle
individually at a much slower speed with less chance of particle aggregation, and the suspension
stability is much improved as a result. There may also be a tendency for the flocs to break up again if

they are held together by weak forces, which may limit the maximum floc size.

4. Conclusions

The batch production of monodisperse particles using a custom-designed micro-jet atomizer offers a
great opportunity to study the effects of each individual factor on suspension stability without the
complications caused by polydisperse particles. For the first time, the effects of particle surface
roughness on the stability of pressurized pharmaceutical suspensions are isolated and investigated
in this study using monodisperse spray-dried trehalose-trileucine composite particles. The stability
trend of the model suspensions of monodisperse trehalose particles with different median diameters
demonstrates that the suspension stability can be significantly improved by reducing the sizes of
suspended particles, which is expected based on the slower settling velocity of smaller particles.
However, flocculation of particles is a key factor in suspension stability. Therefore, factors
affecting flocculation, such as suspension concentration and particle cohesiveness in the propellant,

need to be monitored carefully. Trileucine with



580

585

590

595

low solubility and surface activity is an effective shell former, such that a small amount of trileucine (<
5.0% w/w) can change the trehalose particle morphology substantially, and the final particle surface
rugosity can be significantly improved by spray drying feed solutions with higher trileucine-trehalose
ratios. More importantly, the suspension stability of the particles whose surface has been modified by
trileucine shows a clear dependence on the surface rugosity of the suspended particles: more corrugated
particles lead to more stable suspensions, and all of them are more stable than suspensions containing
pure trehalose particles with relatively smooth surfaces. Therefore, in respiratory drug delivery scenarios
where the drug particle diameters are restricted within a certain range (1-5 um) for the best delivery
efficiency, increasing the surface roughness of the particles, for example, by using shell formers like
trileucine, is potentially a promising technique that can be used to stabilize their suspensions. This
approach is likely not very dependent on the type of propellant and does not require use of a surfactant.
By avoiding solubility issues with surfactants in novel propellant, this approach could prove highly useful

in the transition to more environmentally friendly pMDls.
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Appendix

The Brunauer-Emmett-Teller (BET) Method

According to the BET equation Al,

1 _c-1p 1
P .. mC'P’” mC (A1)
m(E_l) o 0 o

where M is the weight of adsorbed gas at a relative pressure P/PO , M, is the weight of adsorbate

constituting a monolayer of surface coverage for each unit mass of sample, and C is the BET constant

that is indicative of the adsorbate-adsorbent interaction energy, the krypton adsorption isotherm is
P . , o -
plotted as m(;—l) against P/P,, leading to a linearized BET plot shown in Fig.A1. From Eqn.(A1),

the slope, S, and intercept, i, of the plot can be obtained as:

S_C—l A
nC (A2)
and
i— L A3
G (A3)

The weight of adsorbate gas for a monolayer coverage can therefore be calculated by combining

equations (A2) and (A3) that:

1
m,=—-: (A4)
S+1
and the BET constant is:
S
C :1+T (AS)

|
Specific surface area of the tested sample, S, can therefore be determined as:

S — mONA’%r

M (A6)

Kr



in which N, is the Avogadro’s constant, A, and M, is the cross-sectional area of a single adsorbate

gas molecule and the gas molecular weight respectively. Listed in Table Al is the measured data and

calculated results.

Table Al. Data used for the determination of particle specific surface area and BET constant

Weight of

Samole Slobe. S Int ¢ R2 BET Specific surface
P P& ntercept, monolayer, M, (mg) constant, C area, S (m%/g)
0% Tri 3148+20 141+4 >0.999 0.3040.01 23.3+0.6 0.45+0.02
0.4% Tri 2682173 211+14 0.996 0.351+0.01 13.7+0.9 0.51+0.01
1.0% Tri 2397489 275116 0.992 0.37+0.01 9.740.6 0.55+0.01
5.0% Tri 1053+35 103+6 0.993 0.87+0.02 11.2+0.7 1.28+0.02
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Morphology of Particles Extracted From the Propellant
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Legend to Figures

Fig.1. Schematic of monodisperse micro-jet atomizer.

Fig.2. Morphology of the spray-dried pure trehalose particles shows a high level of sphericity and good
monodispersity. Particle size increased with the feed solution concentration.

Fig.3. Morphology of the monodisperse spray-dried particles gradually changed from smooth to highly
rugose when the concentration of trileucine was increased from 0% to 5.0%.

Fig.4. Reference spectra of crystalline trehalose (c-Tre), amorphous trehalose (a-Tre), crystalline trileucine
(c-Leus), and amorphous trileucine (a-Leus). Bottom trace is a residual spectrum (Res.) arrived at by
subtracting amorphous trehalose from the spectrum of trileucine-modified trehalose particles (95.0%Tre-
5.0%Tri), proving the amorphous state for both trehalose and trileucine.

Fig.5. Aerodynamic size distributions of the spray-dried trehalose particles show high monodispersity with
narrow distributions (GSD < 1.2). The corresponding MMAD increased from 6.0 um to 15.5 um with
increasing feed solution concentrations.

Fig.6. Cumulative volume equivalent diameter distributions of the spray-dried trehalose particles
measured directly from the SEM images. The results agree well with the aerodynamic diameter
distributions measured by the aerodynamic particle sizer.

Fig.7. Particle size distributions of the spray-dried trehalose-trileucine particles show high monodispersity
for formulations with different trileucine mass fractions. The mass median aerodynamic diameters
decreased slightly due to the increased particle rugosity caused by the increase in trileucine mass fraction
from 0% to 5.0%.

Fig. 8. Surface rugosity ( f, = A/Ag ) of the monodisperse spray-dried particles increased gradually as

more trileucine was added to the feed solution. Insert table shows the real and geometric specific surface
area used for the calculation of rugosity. Dotted base-line corresponds to a rugosity of 1.0 for perfectly
smooth and spherical particles.

Fig.9. Normalized relative transmission profiles of the pressurized suspensions indicate that suspension
stability strongly depends on the diameter of suspended particles. The suspension with large particles
destabilized much more, and much faster, than those with smaller particles.

Fig.10. Instability index plots for suspensions of different trehalose particles show that larger particles
lead to faster destabilization of the corresponding suspension.

Fig.11. Comparison of the final instability indices at 30 min, o (t =30min), for different suspensions

shows a strong dependence of suspension stability on particle diameter. Three independent suspension
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samples were prepared for each group of particles, and each suspension was measured three times for
its suspension stability. Inset shadowgraphic images represent end state of the suspension after 30
minutes measurement.

Fig.12. Normalized relative transmission profiles indicate a slower destabilization process as more
trileucine is added to the formulation and the suspended particles become more wrinkled.

Fig.13. Instability index plot for suspensions of particles with different rugosity show that the increased
surface roughness by trileucine improves suspension stability and reduces the rate of the destabilization
process.

Fig.14. Instability indices o(t =30min) for suspensions with particles of different rugosity. The

suspension stability improves as the trileucine mass fraction increases and particles become more
wrinkled. Inset shadowgraphic images represent end state of the suspension after 30 minutes
measurement.

Fig. Al. Linear region of the krypton adsorption isotherm used for the determination of specific surface
area and BET constant

Fig. A2. Images of particles extracted from the propellant showing no significant changes of morphology.
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