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Assessing Colloidal Stability of Pharmaceutical Suspensions with a Shadowgraphic Imaging Method

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 (Johnson, 1996;
Rogueda, 2005). Therefore, suspension-based pMDIs with non-aqueous propellants are mainly

governed by the attractive van der Waals forces and are inherently unstable.

Due to the absence of electrostatic double layers, polymeric surfactants are also commonly
used to introduce steric repulsion forces between particles to stabilize suspensions (Ashayer et al.,
2004; Wang et al., 2013; Wu et al., 2011). The surfactants are usually amphiphilic non-ionic
polymer molecules with long tails that can adsorb onto the surface of the drug particles and form
a molecular layer of barrier that prevents the particles from approaching each other, thereby
stabilizing the suspensions. Surfactants commonly used 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 “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 (Selvam et al., 2006). 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 (Myrdal et al., 2014).

This thesis starts with an introduction to the dispersed system, the applications of
suspensions in the pharmaceutical field, the colloidal stability issues associated with solid
suspensions, and the approaches that have been employed for the stabilization of these

suspensions, followed by the introduction to the development of a new shadowgraphic imaging
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method for the qualitative and quantitative analysis of colloidal stability of, but not limited to,
pressurized pharmaceutical suspensions. With the developed shadowgraphic imaging technique,
an important factor that has been overlooked during stability assessment, the effect of initial
agitation, is then evaluated by comparing various agitation methods using different suspension
formulations. With the assistance of the shadowgraphic imaging technique, a systematic study of
the effects of particle surface roughness on the colloidal stability of pressurized pharmaceutical
suspensions is conducted to evaluate the applicability of this surfactant-free and propellant-
independent approach of suspension stabilization. Impact of the work conducted in this thesis is

iterated in the end with a few directions for further study.
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CHAPTER 2 Characterization of the Suspension Stability of
Pharmaceuticals Using a Shadowgraphic Imaging Method

A new shadowgraphic imaging method and an associated instrument for analyzing the
colloidal stability of pharmaceutical suspensions are introduced in this chapter. The new
suspension tester consists mainly of a high-resolution camera that takes sequential shadowgraphic
images of emulsions or suspensions and a 2D collimated LED for simultaneous whole-sample
illumination in a bright field, and the acquired images are analyzed for changes in transmission
intensity profiles over time. Suspension stability testing results in the form of normalized
transmission profile and instability index plot provide both qualitative and quantitative description
of the entire destabilization processes. Simultaneous illumination of the complete suspension, a
high image acquisition rate, and convenient cross-sample comparison are features that make this
new suspension tester a suitable and more reliable instrument for investigating the stability of
pressurized pharmaceutical suspensions, filling the blank left by the missing technique dedicated

to the stability analysis of pressurized pharmaceutical suspensions.

2.1. Introduction

In seeking to overcome the challenges of developing stable pharmaceutical suspensions for
reliable and consistent drug delivery, researchers have employed various indirect stability
characterization techniques as a means of improving formulation development (Ooi et al., 2015).
Atomic force microscopy is one such technique widely used to measure the interaction forces
between drug particles and the various components of a pMDI system, e.g. other drug particles,
the canister, and surfactants. This technique has identified the presence of strong interaction forces

between different pMDI components as a factor responsible for physical instability and even poor

CHAPTER 2 10 H. Wang












Assessing Colloidal Stability of Pharmaceutical Suspensions with a Shadowgraphic Imaging Method

The wrinkled particle morphology is formed mainly through the accumulation of the DSPC on the
surfaces of solution droplets during the drying processes (Vehring, 2008). Geometric sizes of the
freshly spray dried lipid particles from the SEM images are in accordance with the particle size
characteristics measured by the aerodynamic particle sizer. By contrast, thin sheets of lipid instead
of well-defined particles were found for the aged suspension. The dimensions of the lipid sheets

were as large as 10 um along their long axes — much larger than the original particles.

Figure 2.14. SEM images of DSPC particles extracted from the fresh (a — b) and the aged (c — d)

suspensions show significantly different morphologies and dimensions.

Particles before and after aging were also measured with Raman spectroscopy and compared
to the spectrum of DSPC precipitated from its solution. Recorded Raman spectra are presented in
Figure 2.15. Differences in the measured Raman spectra verify that the phospholipid particles

underwent structural changes during the aging study. In a comparison between the fresh, aged, and
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precipitated DSPC particles, spectra of the aged and slowly precipitated DSPC particles showed
sharper peaks in the fingerprint region (200 — 1000 cm™), indicating a more ordered structure,
while broadened peaks observed in the spectrum of the freshly spray dried particles represent a
greater level of disorder (Wang et al., 2014). An increase of the peak intensity ratio of the peaks
at 1460 cm™ and 1436 cm! in the CH2 deformation region (1400 — 1500 cm™) from 0.73 to 0.79
during the aging study further proves an increase of lattice order in the lipid particles (Goodrich et
al., 1991). The greater level of disorder in the fresh DSPC particles was likely caused by the rapid
spray drying process in which the DSPC molecules, reaching saturation concentration in
evaporating ethanol droplets, did not have enough time to achieve their most stable solid phase
before collection of the dried particles (Vehring et al., 2007). While suspended in the propellant,
the DSPC molecules gained a certain level of mobility and reoriented to form their more favored

layered structure, as shown in the SEM images.

The dimensions of the lipid sheets are much larger than the originally spray dried particles.
As a consequence, these re-formed now larger particles cream much faster, mostly because of the
dependence of settling velocity on particle size described in Eqn.(1.1). Even though the suspension
destabilized rapidly within minutes, the new suspension tester was still able to provide an adequate
resolution (1.0 fps) and instability indices with high sensitivity to suspension stability changes to
resolve the whole creaming and clarification processes, a capability not currently afforded by any

commercially available instruments.
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CHAPTER 3 Effects of Agitation Method on Pharmaceutical
Suspension Stability

With the shadowgraphic imaging technique developed in CHAPTER 2, effects of the initial
agitation method are discussed here to ensure that standardized and comparable colloidal stability
testing results can be produced. Three agitation methods, wrist action shaking, vortex mixing, and
ultrasonic agitation, were used to disperse custom-made model suspensions with a wide range of
colloidal stability. It was demonstrated that the measured suspension stability is highly dependent
on the employed agitation method, with ultrasonic agitation being the most efficient in dispersing
the aggregated particles to their primary sizes in order to achieve their desired suspension stability.
It is therefore recommended that cross-sample stability comparisons be based on consistent initial
agitation and that suspension stability analysis results be presented together with a detailed
description of the applied agitation method for any measurement of suspension stability to be fully
meaningful. From the perspective of instrument design, a built-in ultrasonic bath was prototyped
for controlled and quantified sample agitation and is presented with its application to commercial

pMDI suspension stability testing.

3.1. Introduction

The colloidal stability of pharmaceutical suspensions contained in pressurized metered dose
inhalers (pMDIs) is a crucial attribute for considerations of dosing uniformity (Ivey et al., 2015)
and subsequent product quality. It is essential that the colloidal stability of the suspensions be
carefully characterized during the stage of formulation development. Due to the inherently
unstable nature of suspensions, especially pharmaceutical suspensions in non-polar propellants,

any suspension stability measurements must be preceded by a redispersion process to agitate the
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t"l
ot)=0y, —— 3.1
( ) Max k" + t" ( )
Table 3.2. Methods and settings used for initial agitation of suspensions. “Osc/min” stands for

oscillation per minute; “RT” stands for room temperature.

Agitation Method Setting Time (s) Brand Model
Wrist A-ctlon 385 Osc/min @ 15°, RT 30 Burrell Sci. 75-CC
Shaking
Vortex Mixing 3200 rpm, RT 30 Fisher Sci. 02215365
Ultrasonic Agitation 100 Watts @ 42kHz, RT 30 Branson 2510-R-MTH

3.2.2.4. Built-in ultrasonic agitation — a prototype

Instead of using external devices for the initial agitation of the suspension samples, a built-
in transparent ultrasonic bath was designed to provide controlled ultrasonic agitation to the samples
of interest. Laser-cut thin sheets of clear cast acrylic (8560K257, McMaster-Carr, Cleveland, OH,
USA) with a thickness of 3.2 mm were used as the front and back walls of the ultrasonic bath for
their lower optical interference. The bottom and side walls of the tank were made with 4.8 mm-
thick acrylic sheets (8560K219, McMaster-Carr) for greater mechanical strength. A piezoelectric
ultrasonic transducer (BJC2560T-59HS-PZT-4, Beijing Ultrasonic Co. Ltd., Beijing, China) with
a rated power of 60 W and a resonance frequency of 25 kHz was glued to the side wall of the
acrylic tank to provide the ultrasonic agitation. As shown in the schematic in Figure 3.2, along
with the suspension tester design introduced in CHAPTER 2, the ultrasonic bath is positioned in
between the camera and the backlighting LED and is filled with 2.2 L of water during the
experiment. A second output channel of the function generator, in combination with an RF
amplifier (2100L, Electronics and Innovation Ltd, Rochester, NY, USA), supplies adjustable

driving power to the transducer.
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Figure 3.2. Schematic layout of the new suspension tester with the built-in ultrasonic agitation
device.

The commercial suspension was tested as a proof of concept for suspension stability
characterization based on in situ ultrasonic agitation and also to demonstrate the effects of initial
agitation on the stability of suspensions, this time using the customized ultrasonic bath. Two sets
of measurements with different agitation methods were conducted and their results compared. In
one case, the suspension was first re-dispersed by continuous shaking on a wrist action shaker
(Model 75, Burrell Sci., Pittsburgh, PA, USA) for 30 s to simulate the manual shaking motion of
pMDI users, and the sample was then quickly submerged in the water bath immediately prior to
measurement. In the other case, the suspension was first submerged in the water bath and then
continuously agitated for 30 s by the ultrasonic transducer prior to measurement. The transducer
was driven by a fixed input power of 42 W from the RF amplifier at its resonance frequency of
25 kHz. In both cases, the suspension stability was measured for 10 minutes at 1.0 Hz immediately
after agitation with the camera exposure time set to 0.15 ms and LED power set to 1.0 A. Three

repeated measurements were conducted for each agitation method.
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3.3. Results and Discussion

3.3.1. Monodisperse spray-dried particles
3.3.1.1. Morphological analysis

According to the SEM images shown in Figure 3.3, spherical saccharide particles were
produced from both trehalose and lactose solutions as expected, and their morphology resembles
that of typical spray-dried sugar particles (Vehring et al., 2007). Therefore, uniform particles with
the same size and morphology were produced using the monodisperse spray drying technique.
Solid particles with little or no internal void space and particle densities close to the true densities
of the raw materials are expected for both cases because of the low Peclet number ( Pe <1), which
is a ratio of the solvent evaporation rate to the diffusion rate of solute commonly used as an

indicator to predict the final particle morphology.

Lactose Trehalose

Lactose Trehalose

Figure 3.3. Monodisperse spray-dried trehalose and lactose particles show good uniformity and

are spherical as expected.
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3.3.1.2. Particle size distribution

Aerodynamic particle size distributions measured in-line by the time-of-flight acrodynamic
particle sizer are presented in Figure 3.4. Both cases show very narrow geometric standard
deviations (GSD < 1.2), proving that uniform particles with good monodispersity were produced
and that these are also in good agreement with the morphological analysis results by SEM. Since
the same 30 pm-orifice and a fixed 5 mg/mL solution concentration were used for the spray drying,

both the trehalose and the lactose particles show close primary particle diameters.
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Figure 3.4. Aerodynamic size distributions of the spray-dried trehalose and lactose particles

show high monodispersity with narrow distributions (GSD < 1.2) and similar particle diameters.

As an independent method of verifying the particle size distributions of the spray-dried
particles, geometric diameters of more than 450 particles were measured from the SEM images of
both trehalose and lactose by fitting the particle edges using circles (ImageJ 1.52d, NIH, MD,
USA); the cumulative distributions are plotted in Figure 3.5. To compare the two independent size

measurement results, the rearranged form of Eqn.(1.1) in the form of Eqn.(3.2) was used first to
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convert the count-based volume equivalent diameters, d ., to the aerodynamic diameters, d, , in

ve’

which p, is the particle density, p, is the unit density, and solid spherical particles were assumed

(¢=0, y=1). The aerodynamic diameters were calculated to be 10.8 um and 10.4 pm based on

the volume equivalent diameters for lactose and trehalose respectively, which also agrees well with
the APS measurement, proving that the particles were monodisperse and their sizes were correctly
measured separately. Particles smaller than the primary particle size are observed in the geometric
size distribution of lactose and are likely caused by the formation of satellite droplets by the droplet

generator, a known issue for the monodisperse spray drying technique (Ivey et al., 2018).

d, = [Pd, (3.2)
Po
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Figure 3.5. Cumulative volume equivalent diameter distributions of the spray-dried trehalose

and lactose particles measured directly from the SEM images based on more than 450 particles.
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3.3.2. Effects of agitation methods
3.3.2.1. Suspension stability comparison by transmission profiles

Both trehalose and lactose particles were suspended separately in three different propellants,
HFA227, HFA134a, and HFO1234ze, producing the 6 different suspensions. Each suspension was
tested three times in duplicate after each initial agitation method, i.e., the mild wrist action shaking,
intermediate vortex mixing, and vigorous ultrasonic agitation. The normalized relative
transmission profiles for the different combinations of suspension formulation and applied
agitation method are presented in Figure 3.6, demonstrating the destabilization processes for each
case. The change in transmission intensity at different time points of the stability measurement up
to 30 minutes is represented by the different colors indexed in the color bar. Based on the profiles,
sedimentation of particles happened in all cases as indicated by the reduced transmission intensities
at the bottom of the vials. Clarification of the suspensions was also observed as the transmission
intensity increased in the top regions of the samples for all cases. These results were expected since

both trehalose and lactose have densities higher than the liquid propellants.

A notable dependence of the extent of clarification on the agitation method after 30 minutes
was observed for the suspensions in HFA227, whose normalized transmission intensity changed
the most: up to ~ 80% after wrist action shaking. However, the normalized change in transmission
intensity was lower than 50% after ultrasonic agitation. Also, no such dependence was found for
the suspensions is the other propellants, meaning a similar end state of the suspensions after 30

minutes regardless of the applied agitation method.

CHAPTER 3 50 H. Wang



Assessing Colloidal Stability of Pharmaceutical Suspensions with a Shadowgraphic Imaging Method

o2+ ——fUuA a02—————fUA
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 04 0.6 08 10 230,00
Normalized height Normalized height '

25:00
20:00

2 2

w0 w

=4 c

2 2

£ £

& = 15:00

173 [}

2] ]

£ £

W) [}

c c

z g

g _g 10:00

k. ©

] [ ;

g2+ uA goor———fUuA

N 00 0.2 04 06 08 10 N oo 0.2 04 08 08 10

5] ; . 5] . - 05.00

£ Normalized height £ Normalized height

(=] (=]

=4 =
00:00

Time (mm:ss)

0o 02 04 06 08 10
Normalized height

00 02 04 06 08 10
Normalized height

Figure 3.6. Normalized relative transmission profiles for different combinations of suspension

formulation and applied agitation method.

The dispersion of the color profiles can be used as a qualitative way to evaluate the different
rates of destabilization. Take the suspension with trehalose in HFA227 as an example: the evolving

profiles stopped increasing 5 minutes after wrist action shaking, as indicated by the dominant
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purple profiles in the plot. However, after vortex mixing and ultrasonic agitation, the profiles kept
evolving for a longer time, as indicated by the more dispersed color profiles. A similar pattern was
observed for all the other samples. Therefore, as anticipated, more agitation energy applied to the
suspensions by different agitation methods did indeed slow down the rate of destabilization,
especially for the samples in HFA227. The wavy profiles for some of the samples, e.g.,
lactose/trehalose-HFA227-WAS, indicate that aggregated particles adhered to the glass vials and
did not settle to the bottom of the sample vessels, while smooth profiles, e.g., trehalose/lactose-
HFA134a-VM/UA, indicate that no such glass wall adhesion was observed. These differences are
likely related to the properties of the propellants. Thus, the transmission profiles can be used to

reconstruct the destabilization processes of the suspensions in abundant detail.

3.3.2.2. Suspension stability comparison by instability index curves

Corresponding instability index plots derived from the above normalized relative
transmission profiles are presented in Figure 3.7. Each combination of suspension formulation
and applied agitation method was measured three times in duplicate, hence the 6 curves. The
instability index values at a specific time point demonstrate the overall extent of destabilization
for each sample and can be used for a stability comparison between different samples. The slopes
of the instability index curves stand for the rate of destabilization. For all the cases, the instability
index plots overlap well for repeated measurements, proving good repeatability of the samples and
methods. Due to the whole-sample illumination configuration of the suspension tester and the high
frame rate (0.5 Hz) used for the shadowgraphic image acquisition, the rapid destabilization process
was well-resolved with high temporal resolution even for the suspensions in HFO1234ze, where

the destabilization was completed within 1 — 2 minutes.
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Figure 3.7. Instability index plot, o(%), for different combinations of suspension formulation and

applied agitation method.
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There is a clear dependence of the destabilization process on both the agitation method and
the suspension formulation. In agreement with the observation from the transmission profiles, the

instability indices after 30 minutes observation, o (¢ =30 min) , decreased substantially when

more agitation energy was applied by switching from wrist action shaking to vortex mixing and
ultrasonic agitation for the suspensions in HFA227, indicating improved colloidal stability.

However, this parameter, o(r =30min), was not affected by the agitation method for the

suspensions in HFA134a and HFO1234ze, implying a similar state of the samples after 30 minutes.
Differences become more evident when all the instability index curves are compared. The rate of
destabilization for all the suspensions slowed down to some extent when the agitation energy was

increased, as indicated by the decreased slope do(¢)/ dt . The exact extent to which the suspension

stability was affected by the agitation method varied from formulation to formulation: for example,
the suspensions in HFO1234ze were less affected than the samples in HFA227. Therefore, the
instability index plots are especially useful for quantitatively comparing the states of the

suspensions at specific time points of the measurements and their rates of destabilization.

3.3.2.3. Formulation and agitation dependent suspension stability

In addition to the normalized transmission profiles for the detailed destabilization process
comparison and the instability index plots for the quantitative rate of destabilization comparison,

a time constant defined as the time for the instability index to reach 0.5, (o =0.5), was used as

the single suspension colloidal stability indicator. Presented in Figure 3.8 is a summary of the
derived time constants for all the tested suspension formulations after different agitation methods.
For more direct comparison, inset shadowgraphic images were added to show the states of the

suspensions after 5 minute of observation.
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Figure 3.8. Time for the instability index to reach 0.5, 7 (¢ = 0.5), plotted against the agitation
method for different suspension formulations. Inset shadowgraphic images show the states of

the suspensions after 5-minute observation.

A clear dependence of suspension stability on the agitation method was observed when
considering each suspension formulation. After wrist action shaking, all suspensions show
similarly low stability, likely because aggregated particles were not fully dispersed and thus settled
at high velocities regardless of the propellant type. Increasing the agitation energy by vortex
mixing and ultrasonic agitation led to improved suspension stability, especially for the suspensions
in HFA227ea. For these, the time constants increased from 4 min = 1 min after wrist action shaking
to 33 min + 6 min after ultrasonic agitation, indicating a significantly improved suspension
stability. Because ultrasonic agitation is much more efficient than shaking in breaking up large

agglomerates, the greater extent of de-agglomeration introduced by the ultrasonic agitation led to
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more stable suspensions. Less improvement of colloidal stability by higher agitation energy was
observed for suspensions in HFA134a and HFO1234ze, likely because of the higher settling

velocities for primary-sized particles in these propellants.
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Figure 3.9. Time for the instability index to reach 0.5, 7 (6 = 0.5), plotted against particle setting
velocity/propellant for different agitation methods. Inset shadowgraphic images show the states

of the suspensions after 5-minute observation.

By plotting the time constants against the particle settling velocity, which is equivalent to
propellant type, as shown in Figure 3.9, a clear dependence of suspension stability on the
propellant type can be observed when the same agitation method was applied. Lower particle
settling velocities in HFA227 were correlated with more stable suspensions, especially when the
particles were fully dispersed to their primary sizes using ultrasonic agitation. Such stability

dependence on primary particle settling velocity was weakened when the suspensions were not
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agitated enough using vortex mixing or wrist action shaking because larger particle aggregates
settle at a significantly higher speed according to Eqn.(1.1). The trehalose and lactose particles
behaved similarly when suspended in the same propellant and agitated using the same method,

indicating similar particle-propellant surface interactions.

3.3.3. Built-in ultrasonic agitation for stability measurement

It has been demonstrated that agitation method is crucial to the colloidal stability of
suspensions. A built-in agitation device offering controlled ultrasonic agitation to the samples was
prototyped and tested for an application. The single-component suspension (fluticasone propionate
in HFA-134a) extracted from the commercial pMDI to the glass vial was agitated using two
different methods and analyzed for 10 minutes to test the effects of the initial agitation method on
its physical stability. Normalized relative transmission profiles for the two different scenarios of
wrist-action shaking and ultrasonic agitation are plotted in Figure 3.10. The suspension
destabilized rapidly after initial agitation by the wrist action shaker, with the top of the suspension
quickly clarifying to ~ 60% of its maximum transmission intensity and the suspended particles
settling to the bottom of the glass vial. The destabilization process was almost complete within the
first minute even after 30s of vigorous wrist-action shaking. This timescale of suspension
destabilization is comparable to that of a pMDI patient use scenario, meaning that the rapid
destabilization can potentially cause inconsistencies between delivered doses if the pMDI is not
agitated properly. To prevent such inconsistencies, the delivery devices need to be actuated shortly
(< 10s) after shaking the pMDI canister to ensure that a representative aliquot of the bulk
suspension fills the valve metering chamber for the subsequent dose. By comparison, the same
suspension after ultrasonic agitation with the built-in transducer at 42 W for 30 s showed improved

stability through weaker clarification, indicating much slower settling speed of suspended
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particles; less than 10% of the maximum transmission intensity was reached at the end of the 10

min measurement.
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Figure 3.10. Normalized relative transmission profiles of pressurized suspension from a

commercial pMDI show different stabilities when agitated differently.

As the instability index plots show in Figure 3.11, the suspension stability is significantly
different after agitation by different methods. The improved suspension stability is likely due to
the higher level of de-agglomeration after ultrasonic agitation. Wrist action shaking as an agitation
method disperses agglomerated particles by creating turbulence in the propellant that exerts drag
forces on the aggregates along different directions to pull the aggregates apart (Finlay, 2001). By
contrast, dispersion by ultrasonic agitation is a consequence of microscale turbulence caused by
the fluctuation of high and low pressures and, most importantly, cavitation. Cavitation refers to
the phenomenon by which gas bubbles formed during low-pressure cycles collapse violently in

high-pressure cycles (Sesis et al., 2013). Such bubbles can penetrate even into the void space of
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loose aggregates. The extremely high-intensity energy released locally as microscale shockwaves
during the bubble implosions can be very effective in disrupting suspended particle agglomerates

(Taurozzi et al., 2011).
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Figure 3.11. Instability index plot for analysis of commercial pMDI suspension after wrist-

action shaking and ultrasonic agitation. Inset shadowgraphic images represent different end

states of the suspension.

Since ultrasonic agitation is much more efficient in breaking up large agglomerates than is
shaking, it is likely that the greater extent of de-agglomeration introduced by the ultrasonic
agitation process led to smaller aggregates and particles. According to Eqn.(1.1), these smaller
particles move at much lower terminal settling velocities in the propellant than the less
disassociated and larger agglomerates after wrist action shaking, hence the better suspension

stability after ultrasonic agitation as presented in Figure 3.11. This example demonstrates that the
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CHAPTER 4 Particle Surface Roughness Improves Colloidal

Stability of Pressurized Pharmaceutical Suspensions

Selected effects of particle morphology on the colloidal stability of pressurized
pharmaceutical suspensions are investigated in this chapter using monodisperse spray-dried
particles produced by a custom-designed micro-jet atomizer. Suspension stabilities of the model
suspension systems with pure trehalose particles were measured and compared to study the effects
of particle size. It was found that suspension stability improved significantly as the particle size
decreased. The surface properties of trehalose particles were then systematically changed by
adding different amounts of trileucine as a shell former to the feed solutions while maintaining the
particle size with a constant total solids concentration. The spray-dried particles became
increasingly corrugated as the trehalose-trileucine concentration ratio decreased. With the stability
change caused by particle size difference taken into consideration, the stability of suspensions with
more rugose particles was found to be much higher than that of particles with smoother surfaces.
Therefore, surface modification was demonstrated to be a promising method of improving the

stability of pharmaceutical suspensions in pressurized metered dose inhalers.

4.1. Introduction

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 (Adi et al., 2008). The adhesive

and cohesive forces between particles have been measured using atomic force microscopy and
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no dissolution or disruption of the particles occurred during the timeframe of the stability
measurement. This is essential to the explanation that the increased surface roughness is directly
transferred to the weaker inter-particle cohesive forces and eventually lead to improved colloidal
stability rather than any changes of surface tension or surface energy of the suspensions caused by

particle dissolution being responsible for the improved suspension stability.

The results of solid phase analysis by Raman spectroscopy are shown in Figure 4.4.
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 (Hédoux,
2016; Wang et al., 2014). In comparison with the reference spectra of both amorphous and
crystalline trehalose, a 100% amorphous state was confirmed for the three batches of spray-dried
pure trehalose presented in Figure 4.1. Due to 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 Figure 4.4 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.
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Figure 4.4. Reference spectra of crystalline trehalose (c-Tre), amorphous trehalose (a-Tre),
crystalline trileucine (c-Leus), and amorphous trileucine (a-Leus). The 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.

4.3.2. Size distributions of spray-dried particles

Three typical mass-based aerodynamic particle size distributions measured by the in-line
aerodynamic particle sizer for the feed solutions with different initial concentrations are presented
in Figure 4.5. 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, d,, of spray-dried particles is related to the feed solution concentration,

C,, such that
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Pr 1%
da=,6/—',3/—'d 4.13
Lo \Po ' “.13)

in which p,, p,, and d,, 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.

MMAD=5.98 GSD=1.13
[S555] MMAD=10.10 GSD=1.12
MMAD=1550 GSD=1.09

¢, = lmg/mL =5mg/ml. ¢, =30mg/mlL
3 5 10 15 20 25 30
Aerodynamic particle diameter (um)

Figure 4.5. 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 pm to 15.5 um with increasing feed solution concentrations.

Figure 4.6 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
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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, d

to aerodynamic diameter, d, , according to

Eqn.(1.1) 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.(4.14)
(Hinds, 2012), 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 (+ 6) 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.
2
MMAD = CMAD - exp(3 In Gg) (4. 14)

The comparison in Table 4.3 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 pm — 65 pm. The asymmetrical and bimodal shape of the distributions indicating
the existence of exceptional sized particles is observed in both Figure 4.5 and Figure 4.6, and is

a known phenomenon likely caused by doublets, triplets, etc., due to droplet coalescence in the
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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.
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Figure 4.6. 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.

Table 4.3. Comparison of particle size distributions measured using different methods.

dve confidence da (CMAD)£d MMAD-Cale.+6  MMAD-APS
d,(um) o, o (nm)
interval (99%) (um) (nm) (nm)
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
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Aerodynamic particle size distributions for the spray-dried formulations with different
trehalose-trileucine ratios are presented in Figure 4.7. All batches show good monodispersity with
narrow geometric standard 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.(4.13). Overall, particles with different surface rugosity and similar

size were successfully produced as designed.
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Figure 4.7. 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%.
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controlling the output power from the amplifier to the transducer, the actual energy coupled to the
suspension remains unknown. Therefore, for controlled and quantified agitation, it will be a
significant improvement if the actual energy delivered to the suspensions can be measured either

directly or indirectly.

As briefly mentioned in CHAPTER 3, other than the agitation method, only the density and
viscosity of the propellant were considered to affect the particle settling velocity and hence
suspension stability. No evidence proving the effects of surface interaction was found because the
tested model saccharide particles have very similar surface properties and morphology. The
surface properties of the propellants, such as surface tension, can be important in determining the
suspension stability as well as the corresponding aerosolization performance. A further study on
this topic can contribute to the ongoing transition to novel pMDIs with more environment-friendly

propellants.

Only the first-order factors affecting suspension stability, including particle size and surface
roughness, were addressed in CHAPTER 4, but many of the other factors, such as API type, long-
term storage, propellant type, excipient, and surfactant, are worthy of some attention and deserve
to be studied further in the future. For example, for the proposed approach to be applied in
pharmaceutical products, long-term storage stability of the shell-former must be tested for each
propellant. It will also be useful to expand the candidates for shell formers that can be used to

introduce controlled surface rugosity to the particles.
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Based on the hill function, o,,,, is the predicted maximum instability index, & is the time it takes
for the instability index to reach half of the predicted maximum instability index since
o(t=k)=0.50,,, . According to the simulated plots of hill functions and their derivatives shown
in Figure V.4, n determines the slope and shape of the increasing instability index plots that lower
value corresponds to earlier initiation of the destabilization process as indicated by the larger
slopes. It should be noted that the fitting parameter o,,, has a theoretical upper limit of 1.0. For
similar suspensions, the value of » is usually close to 1 and shows no significant differences, while

the value of £ provides a single time constant that can be used to differentiate different samples.

The time constant, (o =0.5), used in CHAPTER 3 for comparing the colloidal stability of

multiple samples is defined similarly. The hill function fitting can prove useful for cross-sample

comparison and predicting the destabilization trend of samples.
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Figure V 4. Fitting parameters of the hill function.
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Figure V.5. The front panel of the SI Data Analysis GUI code for post data processing.
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