AIChE

Synthesis and Characterization of Monodisperse Uniformly
Shaped Respirable Aerosols

Catherine A. Fromen
Dept. of Chemical and Biomolecular Engineering, North Carolina State University, Raleigh, NC 27695

Tammy W. Shen
Eshelman School of Pharmacy, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599

Abigail E. Larus
Dept. of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599

Peter Mack and Benjamin W. Maynor
Liquidia Technologies, Inc, Durham, NC 27713

J. Christopher Luft
Lineberger Comprehensive Cancer Center, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599

Joseph M. DeSimone
Dept. of Chemical and Biomolecular Engineering, North Carolina State University, Raleigh, NC 27695

Eshelman School of Pharmacy, Dept. of Chemistry, and Lineberger Comprehensive Cancer Center, University of
North Carolina at Chapel Hill, Chapel Hill, NC 27599

Sloan-Kettering Institute for Cancer Research, Memorial Sloan-Kettering Cancer Center, 1275 York Ave, New
York, NY 10065

DOI 10.1002/aic.14157
Published online June 25, 2013 in Wiley Online Library (wileyonlinelibrary.com)

The top-down, micromolding technique, referred to as Particle Replication in Nonwetting Templates (PRINT®), affords
a new opportunity for the generation of inhalation therapeutics. Powders were fabricated with predetermined particle
size and shape; when dispersed with a collision jet nebulizer, these particles resulted in monodisperse aerosols with
geometric standard deviations well below 1.2. Dynamic shape factors for this novel set of uniformly shaped particles
were determined by correcting the drag of nonspherical particles in the ultra-Stokesian flow conditions of the aerody-
namic particle sizer (APS). This convenient approach for shape factor determination agreed well with current literature
approaches and allowed for the correction of APS results for particles with known volumes. Determined shape factor
values of PRINT geometries were used to estimate the theoretical median aerodynamic diameters of individual aerosols,
which were then compared to actual inhalation powders. © 2013 American Institute of Chemical Engineers AIChE J,
59: 3184-3194, 2013
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Introduction typically multicomponent systems, which must be entrained
and deagglomerated in a desired manner before flowing
through complex airway geometries and depositing in a tar-
get area of the lung.H1 Unsurprisingly, performance of these
powders can vary dramatically. A key cause of this variabili-
ty stems from the limited understanding of the interplay
between an individual particle and its dynamic environment.
Few studies have been performed on powders of controlled
particle geometry, or even drug-only powder formulations, to
address these concerns. Current technologies used to gener-
ate powders for inhalation products typically involve bottom-
up approaches such as spray drying or precipitation reac-

Due to the drastic improvements in aerosol device and
particle engineering technologies in the past decade, the
delivery of pulmonary therapeutics from a dry powder has
become an area of great interest. Dry powder devices offer
many benefits including patient actuation, a capacity to
deliver a wide range of therapeutics, and the avoidance of
cold chain storage issues. Despite the encouraging prospects,
inhalation powders currently have limited application due to
the complexities of these systems. Inhalation powders are

u gg;ﬁ?lfe‘g}i‘;‘feg‘;mer“i“g this article should be addressed to J. M. DeSimone  tjong; these approaches often have restricted flexibility in
particle composition and size distribution.”® The ability to
© 2013 American Institute of Chemical Engineers engineer aerosols in a predetermined fashion with complete
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control over particle size, shape and composition, and, thus,
aerosolization is lacking. Owing to fabrication difficulties in
creating monodisperse particles, the creation of truly mono-
disperse aerosols for inhalation studies has only been
achieved in limited cases.”® A perfectly monodisperse aero-
sol would be comprised of a uniform population of identical,
unaggregated particles, indicated by a geometric standard
deviation (GSD) equal to 1. In practice, a GSD less than
1.22 is typically referred to as “monodisperse”.”® The for-
mation of monodisperse aerosols would lend insight into the
many physical principles at play in inhalation powders, con-
tributing to optimized performance and improved dose uni-
formity to the patient.

Of the many physical parameters at play in aerosol formu-
lations, particle shape is known to be a critical factor of
behavior, and yet, in practice, little has been experimentally
investigated.” Nonspherical aerosols in flow are not easily
described through analytic approaches and are typically char-
acterized in the aerosol community by a dynamic shape fac-
tor (;().9’ll A shape factor is used to correct for any
differences in particle motion resulting from a nonspherical
geometry by relating the drag of the nonspherical particle to
that of an equivalent volume sphere. This term is defined in
a Stokes’ flow regime (where Reynolds number Re, is less
than one), which is relevant to low-velocity airstreams
encountered in the bronchoalveolar regions of the lung
(branched generations 18 and higher).g’12 A particle’s
dynamic shape factor contributes to the definition of the par-
ticle’s aerodynamic diameter (D,g), the main predictor of
lung deposition.> *!" Determining an appropriate y for irreg-
ularly shaped particles is not trivial and much work has gone
into the determination of the y for specific geometries. A
limited data set for y determined through macroscale models
exists for simple geometric shapes and dusts, with empirical
relations extending for symmetric objects, such as spheroids,
oblates and prisms.”'*"'7 A broader approach to define y
using projected area and surface area has been established
which successfully predicts the current set of literature val-
ues.'® Finally, shape factors have been indirectly measured
through use of elutriation devices, or simultaneous measure-
ments of both an aerodynamic particle sizer (APS) spectrom-
eter and an Andersen cascade impactor (ACI).lg’19 However,
a rapid method for experimentally determining shape factor
is lacking.

It is important to emphasize that y is an approximation;
any contribution to drag experienced by the particle will be
lumped into this single correction term. As with any such
correction factor, it is worth briefly addressing the strengths
and weaknesses of this approach. The dynamic shape factor
approximation is commonly used in the aerosol literature to
reduce the otherwise complicated physical characteristics of a
nonspherical particle to a much simpler spherical one. By dis-
cussing particles in terms of equivalent spheres, as illustrated
in Figure 1, established properties of spherical aerosols can
be rapidly translated to nonspherical ones. In terms of respi-
ratory drug delivery, this enables predictions of particle depo-
sition in different lung regions based solely on D,g. In most
situations of aerosol work, this approximation is extremely
useful; long length and time scales in most flow applications
result in a reasonable simplification to spherical properties.
However, in cases where these length or time scales are
reduced, use of y will not appropriately account for individ-
ual particle dynamics. The precise drag of a nonspherical
particle depends on the geometry and the orientation of the
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particle, which are not differentiated using a shape factor
simplification.'®> Additionally, the influence of torque and lift,
known to contribute to aerodynamics of nonspherical par-
ticles, are not taken into account.'® While understanding of
individual particle dynamics based on geometry will be
increasingly influential to the literature, y characterization
will continue to be the standard in the aerosol community as
it is an extremely useful simplification.

By quantifying y for nonspherical particles, the role of
particle geometry can be investigated for entrainment, deag-
glomeration, flow and deposition in airways. For respiratory
delivery, particle geometry is also known to influence muco-
cilliary clearance, macrophage uptake and drug release
kinetics.****® Investigating particle behavior and shape
effects in each of these areas could lead to novel strategies
for the design of efficient inhaled drug delivery systems. As
such, there is an unmet need to create monodisperse shaped
particles to perform these studies. Knowledge gained on the
behavior of precisely shaped particles as powders and aero-
sols could be used to optimize performance in the various
stages of pulmonary drug delivery. PRINT, a top-down, roll-
to-roll nano- and micromolding technique has been used to
fabricate particles with unprecedented control over size,
shape and composition; this platform has been applied to the
creation of dry power formulations, with the application for
inhaled drug delivery.”>**® While previous work has
shown that the PRINT micromolding technique is capable of
fabricating monodisperse particles as dispersions in liquid,
their quality as dry powder aerosols has yet to be explored
in depth. The object of this work was to fabricate monodis-
perse particles relevant for dry powder therapeutics and
explore the influence of particle shape on flow and disper-
sion. Enabled by these inherently monodisperse particles, we
also explored a novel method for characterizing aerosol
shape factors through APS measurements in attempt to fur-
ther characterize aerosol behavior of nonspherical particles.

Theory
Shaped particles in Stokes’ flow

Aerosols of respirable size (Dsg ~1-5 um) that settle in
air are typically considered to fall under the assumption of
Stokes’ flow.? Under these conditions, an aerosol’s dynamic
shape factor is implemented to correct the drag force on non-
spherical particles from that of a sphere. In Stokes’ flow, the
drag force of a nonspherical particle becomes

FD—shaped:X : FD—sphere:X : %A (1)
c
where Fp is the drag force, u is the fluid viscosity, Dgy is
the diameter of a sphere with a volume equivalent to the
shaped particle, V is the particle velocity, and C¢ is the Cun-
ningham slip correction factor, defined as

2 1.1Dgy
=14+ —11.2574+04( — 2
Ce Dgy [ ( 22 )} @

where /. is the mean free path of the fluid, typically air.”!!

These expressions are valid for Re less than 1 and assumes a
no slip boundary condition at the surface of the particle. As
the particle size drops below 10 um, the no slip condition is
no longer valid; the C¢ term is needed to correct for slip in
this regime and its contribution becomes increasingly signifi-
cant as particle size decreases.” Eq. 2 is considered valid for
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Figure 1. Nonspherical particle and its equivalent spheres.

Parameters shared between the equivalent sphere and the nonspherical particle are highlighted. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]

particle sizes 10 um and below and, as it is a function only
of Dpgy, it can be reasonably applied to correct slip for non-
spherical particles.”!!

Dynamic shape factor is experimentally defined by meas-
uring the terminal settling velocity (Vrg) of a particle. Equat-
ing the Stokes’ drag force in Eq. 1 with the gravitational
force allows for the expression of Vg for an aerosol

_ rpDivsCc

Sy 3)

where p,, is the particle density, g is the acceleration due
to gravity. Equation 3 is valid over all particle sizes, assum-
ing Stokes’ flow.” From Eq.3, measurement of Vg for a non-
spherical particle in a situation of known fluid properties
allows for the determination of the corresponding dynamic
shape factor.?”?® Importantly, y can be used to determine the
particle’s D g through the following relation

pyCc(Dev) >1/2
)

4)
poxCc(Dag (

Dsp=Dry (

where p, is a standard particle density (1.0 g/cm?).’

Extension of dynamic shape factor in the non-Stokesian
flow of an aerodynamic particle sizer (APS)

The previous relation for particle drag can be applied only
for Re less than one. However, the APS used to size aerosols in
the following experiments operates at a flow rate which corre-
sponds to a Re between 0.01 and 160.%° Due to this operation
outside Stokes’ regime, corrections to the APS for errors meas-
uring coincidence events, particle density and shape have been
investigated in the literature.”'**33 As shown previously, the
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APS technique is known to undersized nonspherical par-
ticles.”'***=* To account for this and correct APS measure-
ments for nonspherical PRINT particles, an expression for
shaped particles outside Stokes’ flow must be considered.

As Re increases, the particle drag in Eq. 1 becomes
dependent on flow conditions. In the non-Stokesian regime,
an additional factor is included in the drag constant. For Re
less than ~100, which is within the conditions of the APS for
particles less than 10 um, there are a few commonly used
ultra- or near-Stokesian correction terms.?” In this work, the
following expression was used to describe the particle drag

3nuDgy

Ce (U=V)(1+0.155R" ) /e (5)

FD—shaped:X :

where U is the fluid Velocity.19 The sphericity term ¢ is
related to particle shape factor by

2.188
p="—""-1.275+0.0875> (6)

In the literature, the sphericity term in Eq. 6 has been vali-
dated for y ranging from 1 to 1.5. In this work, ¢ will be
considered over all shape factors, as other ultra-Stokesian
corrections assume empirical values that are equally untested
at y greater than 1.5.

In tandem with the flow profile present in an APS spec-
trometer, these expressions can be used to correct for the
aerodynamic effects of particles with known volume.*

Experimental
Particle fabrication

Particle Fabrication using PRINT. Particles were fabri-
cated using the PRINT micromolding technique, described in
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detail previously.”>° Highly crosslinked polymer networks
were chosen as a model particle composition to explore the
macroscale physical properties of shaped aerosols. PRINT
molds (Liquidia Technologies) were filled by a lamination
technique. A preparticle solution composed of 97 wt % 1,6-
hexanediol diacrylate (HDODA), 2 wt % methacryloxyethyl
thiocarbamoyl rhodamine B (PolySciences) and 1 wt %
diphenyl(2.,4,6-trimethylbenzoyl)phosphine oxide as a photoi-
nitiator was cast onto a sheet of poly(ethylene terephthalate)
(PET) and applied to the patterned PRINT molds. Open-
faced, filled molds were photocured under ultraviolet light in
a Nj-purged, UV-LED oven for 30 s. Solid particles were
then harvested onto a thin film of poly(vinyl alcohol) (PVA)
coated on PET and collected by dissolving the film in water.
Additional washes were performed to remove excess PVA.
Finally, particles were lyophilized from tert-butanol to obtain
dry powder samples. This process was repeated for each of
the 14 geometries investigated in these studies. All chemicals
and reagents were obtained from Sigma Aldrich unless
noted.

SEM Characterization. Particle uniformity and morphol-
ogy was confirmed using scanning electron microscopy
(SEM). Samples were sputter-coated with 1-5 nm of Au/Pd
(Cressington Scientific Instruments) and imaged (Hitachi
model S-4700). SEM micrographs were used to measure fea-
ture sizes of each shape using ImageJ.”> From these meas-
urements, geometric properties, such as particle volume Dgy,
and total surface area, were calculated.

Bulk Density Measurements. The density of the particle
matrix was assumed to be equivalent to the density of a bulk
sample of HDODA. Bulk samples were prepared by poly-
merizing 1 mL of preparticle solution on a glass slide in a
N,-purged UV-LED oven for 5 min. Samples were then
weighed in air and water using a density conversion kit for
an analytical balance (Mettler Toledo). Bulk density was
then calculated

Mair
pp:pBulk:]w—(pwa[er+pair)+pair (7)
water
where M,;, is the mass of the bulk sample in air, My, iS
the mass of the sample in water, Pyae, 1S the density of
water, and p,;, is the density of air.

Aerosol characterization

Aerosol Characterization using APS. Aerosol sizing was
performed using an APS spectrometer (Model £ 3321, TSI,
Inc.). An APS sizes aerosol particles by directing flow
through a nozzle past two parallel lasers, where scattering
events lead to measurements of a residence time; this resi-
dence time was calibrated to accurately size spherical aero-
sols of unit density. Particles were dispersed from methanol
using a collision jet-nebulizer (CJN, MRE 1-jet, BGI, Inc.)
which was connected to the APS through four feet of tubing
which acted as a drying column. Due to the propensity for
plastic tubing to charge aerosols through triboelectrification,
glass tubing was chosen to minimize electrostatic charging
of the aerosols and care was taken to ground the tubing.9 A
controlled leak was placed into the tubing to allow additional
air into the column, ensuring conditions for the methanol to
evaporate and resulting in methanol-free, monodisperse
particles entering the APS. The APS sampled the nebulized
aerosol for 5 min and readings of the number median aero-
dynamic diameter (NMAD) and GSD were recorded.
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Aerosol Characterization using an Andersen Cascade
Impactor (ACI). An Andersen cascade impactor (ACI,
ThermoScientific) was used to size powder aerosol samples.
Samples were dispersed by three different devices to evalu-
ate the effectiveness in creating aerosols. A PennCentury
insufflator device and a volume-calibrated hand pump (Penn-
Century, Inc.) were used to disperse dry powder samples,
with typical fill weights of 2-5 mg. A Monodose inhaler
device (Mod. 8, Plastiape SpA) was also used during ACI
sizing, with 10 mg of dry powder samples loaded into
hydroxypropyl methylcellulose (HPMC) capsules (Plastiape
SpA). Finally, a CJN was employed as a control method for
ensuring the creation of monodisperse aerosols.

ACI measurements were performed following standard
protocol.”” Before testing, collection plates were coated with
poly(ethylene glycol) 300 and, following assembly, the flow
rate was set and ambient conditions recorded. To avoid
charging, the ACI was carefully grounded. The dispersion
device was then attached to the ACI throat and tested at
28.3 L/min for 8 s. Deposited particles were collected from
the device, throat, collection stages, and filter using a known
volume of water. Polymer particles were analyzed through
fluorescence spectrometry (SpectraMax M5 plate-reader) to
obtain fluorescence intensities from the rhodamine B dye in
the particle matrix. This corresponded directly to the relative
mass deposited on each plate; from these, mass median aero-
dynamic diameters (MMADs) were calculated as the mid-
point diameter (dso) from the cumulative fraction
distribution. In a lognormal population, the geometric stand-
ard deviation (GSD) can be calculated from ratios of various
diameters of the cumulative fraction distribution

dss _dso  (dsg\'"
GSD:gg:ﬁ:ﬂ:(ﬁ) 8)

These expressions are equivalent for an ideal aerosol with
a lognormal distribution, which is not true of aerosols
with different distributions. As the aerosols studied here are
not expected to be lognormally distributed, reported GSDs
were consistently calculated using the first expression:
Gg = d84/d50.9

Determination of Shape Factors
Numerical APS model for shape factor calculation

As mentioned previously, the APS operates under non-
Stokesian flow conditions. The correction for shaped par-
ticles, as derived in Eq. 5, is not taken into account during
APS measurements and, as such, the APS incorrectly sizes
nonspherical particle:s.g’1424_26 For a particle of both
unknown size and unknown shape, it is difficult to correct
for this underestimation. However, with a uniformly shaped
particle of known dimensions, such as the particles made
with PRINT, particle volume can be established. Measured
APS results were corrected and the degree of underestima-
tion from these results was used to determine particle shape
factors. Following similar adjustments determined from pre-
vious work, we extended an appropriate model to account
solely for the deviation of particle shape and were able to
establish shape factors for PRINT geometries.

The drag experienced by a shaped particle was shown in
Eq. 5. Applying Newton’s second law, the following expres-
sion for particle velocity in the nozzle was established'®*
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av_ 18 (U-V)
dx p,DE,Cc V

(14+0.155R" ™) s (9)

This again assumes a Re less than 100. Assuming inviscid,
isothermal, compressible flow and using the geometry of the
APS nozzle, an expression for the axial profile for air veloc-
ity through the nozzle U, was applied.3 * This background
profile is shown in Figure 2. Equation 9 was solved numeri-
cally to generate a particle velocity profile through the APS
nozzle as a function of physical parameters.*® The calculated
velocity within the APS nozzle for three different particle
types are also shown in Figure 2: a sphere of unit density
and two nonspherical particles, each with a y of 2 but with
different volumes. This figure highlights the error inherent to
the APS; not only does a particle of different y but equiva-
lent Dgy have a markedly different velocity profile in the
nozzle, but a particle of equivalent D,g also experiences a
different velocity profile due to the non-Stokesian flow
regime. This deviation accounts for the underestimation
attributed to the APS sizing of nonspherical particles.

In the numerical approach, two timing lasers were defined
at position 2.2 and 2.323 mm based on the APS nozzle
geometry. The residence time between the two lasers was
determined by integrating the particle velocity over the laser
positions.33

2323
T=J —dx (10)
22

The residence time T, for spheres of unity density was
then calculated to establish the base calibration used by the
APS; these residence time measurements are used by the
APS to define particle size. This calibration is shown by the
solid curve (y = 1) in Figure 3. However, varying the parti-
cle physical parameters, such as y or p, has a direct influ-
ence on APS residence time. Equation 9 can be used to
predict T as a function of y, Dgy and p. Figure 3 illustrates
the residence time of nonspherical particles as a function of
increasing y over a range of Dpy. Particles of a larger y will
travel through the timing region at a higher velocity (as in
Figure 2) and will obtain a smaller residence time (as in Fig-
ure 3). A few important points highlighting APS sizing

140

—— U(Air) —
120 — weeeees Dpe=3.5 pm, ¥=2, Dgy=5 pm

= = Dpe=5um, ¥=2, Dgy=7.1 pm /
100 —| —— Dag=5 pm, =1, Dgy=5 pm

80

60

Velocity (m/s)

40

20

0 0.5 1 1.5 2 2.5
Position in APS (mm)

Figure 2. Theoretical velocity profiles through the APS
nozzle.

The gray curve represents U, the background air profile.
Particle velocities shown for a sphere (solid black) and
particles with a shape factor equal to two with an equiv-
alent volume (short dash) and equivalent aerodynamic
diameter (long dash) to the spherical particle.
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Figure 3. Calculated APS residence times for particles
of different sizes with varied shape factor.

errors emerge from Figure 3. The deviation in residence
time between a spherical and nonspherical particle becomes
increasingly pronounced for larger particle volumes (Dgy).
Figure 3 also emphasizes that a given residence time can
correspond to numerous particle geometries, contrary to the
APS analytics. In a typical system of unknown particle size,
shape and density, this oversight cannot be easily corrected.
With particles of uniform size, shape and density, however,
the only unknown is particle shape factor.

In tandem with experimental measurements, particle shape
factors were determined by correcting APS measurements.
From the values of residence time of unit density spheres, a
calibration curve predicting D4ps Was generated, as shown in
Figure 3. Accordingly, for D,ps values measured experimen-
tally from monodisperse aerosols, a corresponding residence
time (Texpaps) Was determined. Assuming a known Dy from
SEM measurements and known particle density from bulk
sample measurements, shape factor was the remaining
unknown in Eq. 9 and 10. Solving numerically and iterating
over y values to fit calculated residence time to T.,,aps,
shape factors (y4ps) were determined for each geometry.-

Sedimentation Tank for Shape Factor Determination.
Experimental determination of shape factor in a sedimenta-
tion tank (ys.q) was performed following procedures similar
to those in the literature.'>*’*® A clear polycarbonate tank
(diameter 20 cm height 30 cm) was filled with high-viscosity
synthetic air compressor oil ISO grade 220, SAE grade 50
“Chemlube822” (UltraChem, Inc.) so that Re was maintained
less than 0.1. Macroscale models of PRINT aerosols were
created using a rapid prototyping method and were scaled
two thousand times the original dimensions (volumes ~0.25
cm?). Fluid viscosity was calibrated as a function of temper-
ature throughout the experiment using polystyrene spheres
(diameters ranging from 0.1 to 0.9 cm), which were timed
over a drop of 15 cm.”’ Spheres and macroscale models
were released ~5 cm beneath surface of the fluid and in the
center of the tank to neglect edge effects. Model parts were
released from a controlled orientation and timed over a 15
cm drop. Each trial was replicated 10 times for each starting
orientation, and then replicated over five copies of each
model part. Initial release included a horizontal position
(Exp-H) to maximize the surface area facing the bottom of
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the tank and a vertical position (Exp-V) to minimize the sur-
face area facing the bottom of the tank. Using Eq. 3, Vyg
was determined by dividing the known fall distance over
time. Assuming a C¢ of one, shape factor (ys.q) values were
computed.

Shape Factor Determinations from Additional Literature
Approaches. An additional approach existing in the litera-
ture for shape factor determination involves a relationship
between the projected area and surface area.'® This approach
makes use of two additional equivalent spheres; for each
nonspherical particle, a sphere of equivalent surface area and
equivalent projected area is defined in addition to those
shown in Figure 1. Empirical relationships have been estab-
lished to relate these four equivalent spheres to calculate
shape factor, which fit to previously determined shape fac-
tors in the literature. Calculations for shape factor (ypga) of
PRINT geometries were evaluated by assuming the maxi-
mum projected area of a given particle, the equivalent to ori-
entation Exp-H in the settling tank experiment. Using SEM
measurements of particle geometries, equivalent spheres
were established and yps4 calculated using the expressions
derived by Leith.'®

The final comparison of shape factor determination was
performed by approximating each shape as an oblate
(;(()blm).13 Empirical expressions exist for the drag on oblate
geometries; a common approach in the literature is to
assume oblate dimensions which can encase nonspherical
particles in order to apply these expressions. This approach
is somewhat similar to the use of equivalent spheres, but is
instead relating to an equivalent oblate. Calculations for
Zoblare fOor PRINT particles were performed by assuming
dimensions of an oblate which completely encapsulated the
PRINT particle dimensions. PRINT particle dimensions were
determined through SEM measurements and yopae Wwere
evaluated for two orientations of the encapsulating oblate
using expressions by Loth."?

Results and Discussion
Particle fabrication

Particles were fabricated using the PRINT molding plat-
form, yielding high fidelity particles. A total of 14 shaped
particles were investigated in these studies; representative
SEM micrographs of these shapes are shown in Figure 4.
The most basic of these shapes was a cylinder and a two-
dimensional (2-D) ellipsoid. Increasing in shape complexity,
two overlaid ellipsoids comprised the Lorenz particle design.
A series of pollen-mimic particles was inspired to replicate
the highly dispersable properties of pollen spores. Figure 4A
shows the cylinder, ellipsoid, Lorenz particles and the
pollen-mimic series. To investigate the effect of fenestrations
or macrosized pores, a series of three toroids of increasing
diameter, as well as a hexagon with a circular cut-out
dubbed “hexnut”, were fabricated. Finally, a “ball-and-stick”
family of four shapes, referred to as a lollipop, v-boomerang,
I-dumbbell and helicopter, was fabricated to explore effects
of asymmetry. Figure 4B shows the fenestrated series and
Figure 4C shows the ball-and-stick family. Measurements
from these and similar micrographs produced particle
dimensions. These are shown in Table 1, along with calcu-
lated values for Dpy and surface area. Length and width
measurements listed represent the maximum dimension
needed to enclose the particle in a solid oblate.
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Figure 4. SEM micrographs of PRINT microparticles.
4A Curvature series and pollen-mimic series. Al) cylin-
der, A2) ellipsoid, A3) Lorenz, A4) small pollen-mimic,
AS5) medium pollen-mimic, A6) large pollen-mimic. 4B
Fenestrated series. B1) small toroid, B2) medium toroid,
B3) large toroid, B4) hexnut. 4C Ball-and-stick family.
C1) v-boomerang, C2) lollipop, C3) helicopter, C4) I-
dumbbell.

Bulk density measurements established the sample density
to be 1.17 g/em®. This value was assumed for the density of
PRINT particles.

Aerosol characterization

Shaped PRINT particles were aerosolized with a CJN and
sized with an APS. The CJN nebulizes a solution through a
single jet, which collides with the chamber wall. This
decreases the resultant liquid aerosol droplet size to 2.5 um
with a GSD of 1.8, as reported by the manufacturer.”® For
our purposes, the liquid droplet features did not control final
aerosol properties, as the methanol droplet completely
evaporated to liberate particles. To confirm this, a simple
calculation was performed to determine the rate of evapora-
tion of a pure methanol droplet in dry conditions; the calcu-
lated lifetime of the droplet was ~3 ms.” The lengthy drying
column and placement of controlled leaks in the tubing
ensured favorable conditions for evaporation. By adding a
dilute suspension of particles in the liquid reservoir of the
CIJN, single particles were encapsulated in the emitted liquid
droplets, which resulted in the creation of a monodisperse
aerosol upon methanol evaporation. A complete listing of
APS results is shown in Table 1, with representative results

DOI 10.1002/aic 3189



Table 1. Measured and Tabulated Particle Characteristics

GEOMETRIC DIMENSIONS

AEROSOL PROPERTIES

APS Sizing

Length Width Height Surface Corrected
Name (m) (m) (um) Area (um?) Dgy (im) NMAD (um) GSD Dyg (m)
Cylinder 1.21 1.21 0.78 5.29 1.20 1.262 1.079 1.26
Ellipsoid 6.49 3.62 0.97 52.53 3.24 2.679 1.070 2.88
Lorenz 5.98 5.98 0.97 63.54 3.37 2.452 1.075 2.69
Small Pollen 1.45 1.45 0.60 4.69 1.02 1.120 1.121 1.11
Medium Pollen 3.39 3.39 0.35 17.51 1.63 1.215 1.201 1.27
Large Pollen 10.90 10.90 0.43 117.2 3.48 2.163 1.109 222
Small Toroid 1.26 1.26 0.74 6.25 1.13 1.111 1.100 1.12
Medium Toroid 3.36 0.36 0.87 28.09 2.41 2.088 1.066 2.19
Large Toroid 6.36 6.37 1.93 108.07 4.73 3.529 1.071 3.98
Hexnut 2.79 2.79 0.95 15.01 1.88 1.636 1.089 1.70
Lollipop 7.16 391 0.95 48.91 3.04 2.590 1.076 275
V-Boomerang 10.05 3.62 0.95 48.25 2.85 2.073 1.103 2.24
L-Dumbbell 6.19 4.05 0.88 41.16 2.71 2.184 1.073 2.33
Helicopter 6.11 6.11 0.88 47.57 2.74 1.978 1.103 2.14

Physical dimensions (length, width and height) for each geometry obtained through SEM measurements, with calculated values for surface area and Dpy. Aero-
sol properties are also shown, with APS sizing results for particles dispersed from a CJN and corrected D4 corrected using the APS model.

for three toroid particles plotted in Figure 5. For all shaped
particles tested, aerosol samples were highly monodisperse,
yielding narrow distributions. As demonstrated in Figure 5,
slight variations in geometry resulted in finely tuned
NMADs. Reported GSDs for all shapes were less than 1.20,
indicating that all samples displayed monodisperse character-
istics in aerosol form. Even highly nonspherical particles,
such as the large pollen-mimic, resulted in a GSD of less
than 1.22. This characterization demonstrated that under
proper dispersal conditions, PRINT particles can result in

Shape factor determination with APS model

The APS numerical approach was utilized to determine
yaps and correct D,p from APS measurements. Corrected
D,g are shown in Table 1 for each geometry. In Figure 7,
measured values of D,pg are plotted against corrected D,g,
emphasizing the importance of correcting APS values for
nonspherical aerosols. Also included in Figure 7 are two

A.

truly monodisperse aerosols. 1 | mMonodose
Additionally, two PRINT particle types were aerosolized ‘ mPennCerit
using three aerosol devices and sized with an ACI. ACI 3 0.8 +
measurements are the gold standard for obtaining aerody- 5 0.6 ‘DCJN
namic diameters, especially in the pharmaceutical industry, S )
as results can directly correlate to lung deposition.*’ Figure 3 0.4
6A and B show ACI mass distributions of small and large Q: ’
pollen-mimic aerosol samples, with MMAD and GSD >~ 0.2
reported in Table 2. Differences in dispersion device greatly ’ 1
impacted the quality of the aerosol sample; these devices 0 ==L .I,.._.L.. . i_nl__ﬁl
will be discussed further following shape factor results. "~ N A
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Figure 5. APS number results for fenestrated toroid each stage for (A) small pollen-mimic, and
series. (B) large pollen-mimic powder samples.
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Table 2. ACI Results for Small and Large Pollen-Mimic Powder Samples, Dispersed from Three Different Device Types

CIN PennCentury Monodose
Shape Dgv Dg Predicted MMAD GSD MMAD GSD MMAD GSD
Small Pollen 1.92 1.11 1.73 1.18 2.45 1.79 2.29 1.49
Large Pollen 3.48 222 4.35 1.23 4.72 1.32 4.34 1.32

reference curves predicted by this model: the relation of
Dps with D for (1) a sphere, which, by APS calibration
has a slope of 1, and (2) a nonspherical particle with y of 2.
These curves were generated using the APS model over a
range of particle sizes. The deviation between Dz and Dapg
increased as the particle volume increased, agreeing with
previous results.'”*?=* Nonspherical PRINT particles fall
within a range of the two reference curves, illustrating the
difference between the APS measurement and the corrected
DAE.

This approach uniquely utilizes APS measurements to
determine shape factors for a particle of known volume. Val-
ues for ypg ranged from slightly over one, to a maximum of
2.88 for the large pollen-mimic particles; y4ps for all shapes
are reported in Table 3. The smallest deviation between
D,ps and D, was observed for the cylinder particle, while
the smallest reported shape factor was predicted for the
small pollen-mimic. The size series of toroids and pollen-
mimic particles exhibited increasing yaps values with
increasing particle diameter. Here, increase in overall vol-
ume emphasizes drag differences due to shape. The fenes-
trated design feature, such as those of the toroid series,
resulted in increased particle y4ps as compared to a cylinder.
However, intentional mass asymmetries from the placement
of unequal arm lengths, such as the lollipop and l-dumbbell,
did not result in increased yps. More symmetric analogs,
such as the helicopter and v-boomerang, were determined to
have a larger y4ps.

An increased shape factor offers unique opportunities spe-
cifically for respiratory drug delivery. A large shape factor
will reduce the D,r while maintaining a certain volume.
Larger volume particles can deliver an increased therapeutic
payload, leading to increased efficacy and dose sparing,
while particles of a smaller D,z can penetrate deeper into
the lung parenchyma at higher efficiencies.'’ This has been

Dpps (um)
™)
i

—_—=1
——y=2
4 Non-spherical
PRINT Particles

1 1.5 2 2.5 3 35 4
Corrected D g (pm)

Figure 7. Relation between experimentally measured

Daps values plotted against corrected D4g.
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established using spray dried, large porous particles where
the particle density modulates the D,z.*" Here, particle shape
is instead implemented to modulate D,z through enhance-
ment of particle shape factor. Controlled geometry has other
potential implications for respiratory drug delivery, as the
interaction between the particle and the local lung environ-
ment will be heavily dependent on particle geometry. Par-
ticles with large shape factors will be capable of delivering a
higher therapeutic deeper into the lung as compared to a
spherical particle. From these results, flat, symmetric designs
and fenestrated features contributed to increased shape fac-
tor; future designs combining these two qualities may yield
even more sizeable shape factor predictions.

To validate these findings for shape factor on this set of
particle geometries, comparisons can be made to the litera-
ture. There is a limited set of accepted shape factors for spe-
cific particles; these shape factors have generally been
established for regular geometries and dust particles using
sedimentation experiments.”'*'7 From this limited collec-
tion, some correlations can be made to APS numerical model
results. In the literature, the dynamic shape factor for a cyl-
inder with an aspect ratio of 2 is reported to range from 1.01
(vertical orientation) to 1.14 (horizontal), with the averaged
orientation 1.09. This averaged value matches exactly with
the shape factor reported by the APS model. Further compar-
isons to shape factors reported in the literature can be made
between talc powder and the symmetric, plate-like particles,
such as the large pollen-mimic and helicopter geometries.
Talc particles are thin symmetric plates with a high aspect
ratio and large-surface area, resulting in reported experimen-
tal shape factors as high as 2.3. Additionally, a plate-like
geometry has been theorized to yield shape factors approach-
ing 3 for certain orientations.'* These values correlate well
with the large shape factor value of 2.88 for the large
pollen-mimic geometry, which closely resembles a flat plate.

In many cases, direct comparisons to existing shape factor
values cannot be performed due to the lack of existing data;
alternative approximations must be taken to determine shape
factors of a given geometry. To further validate the y4pg
approach, shape factors for the novel shapes presented here
were compared to three existing approaches (1) use of a sed-
imentation tank (yseq), (2) calculation of shape factor using
projected and surface area relations (ypsa), and (3) calcula-
tion of shape factor by approximating geometries of PRINT
aerosols to an oblate (Yoplae). Results from the three
approaches are compared to those of the APS model in
Table 3. As is readily apparent from Table 3, these four
approaches yield variable results for shape factors of non-
spherical PRINT particles. Shape factors determined through
the sedimentation tank and oblate approximation should
reflect the maximum (Exp-H, Oblate-H) and minimum
(Exp-V, Oblate-V) values for shape factors. Generally, the
sedimentation tank is considered the gold standard as actual
geometries are considered. APS model shape factors from a
dynamic flow were anticipated to fall somewhere between

DOI 10.1002/aic 3191



Table 3. Shape Factor Results Determined from APS method, Compared to Results Determined from other Literature Meth-
ods: the PSA Method, Oblate Approximations, and Tank Sedimentation

7 Sedimentation

7 Sedimentation

Shape 7 APS Exp-H Exp-V 7 PSA 7 Oblate -H 7 Oblate -V
Orientation Averaged l’ ‘ "’ ‘ .’
Cylinder 1.09 - - 1.06 1.08 1.00
Ellipsoid 1.48 1.31 1.00 1.34 1.61 1.20
Lorenz 1.82 1.31 1.16 1.40 1.57 1.18
Small Pollen 1.03 - - 1.15 1.20 1.01
Medium Pollen 1.91 - - 1.55 1.82 1.31
Large Pollen 2.88 1.60 1.21 1.94 2.49 1.71
Small Toroid 1.22 - - 1.17 1.10 1.00
Medium Toroid 1.44 1.05 1.00 1.28 1.36 1.08
Large Toroid 1.69 1.44 1.21 1.25 1.30 1.05
Hexnut 1.46 - - 1.16 1.26 1.04
Lollipop 1.43 - - 1.35 1.68 1.23
V-Boomerang 1.87 1.70 1.52 1.39 1.87 1.34
L-Dumbbell 1.57 1.52 1.23 1.37 1.64 1.21
Helicopter 1.91 2.01 1.69 1.43 1.63 1.21

these two extremes. As anticipated, y4ps Were larger than the
values for all yseq and jyopae in the vertical drag Exp-V/
Oblate-V orientations; however, yaps was also generally
larger than those from horizontal Exp-H/Oblate-H orienta-
tions. Similarly, yaps values were also generally larger in
magnitude than ypgs. The largest disagreement between ypg
and the three other approaches was always observed for the
large pollen-mimic geometry, with the fenestrated particles
(toroids and hexnut) and the Lorenz particles also consis-
tently larger than the three literature predictions. However,
this model did agree very well with simpler particle geome-
tries. This agreement was especially true for cylindrical
shaped particles, the most spherical shape tested, in which
spsa and yopiaee fell within 3% of yaps.

The slight overestimation of the APS model might stem
from a few sources. It is worthwhile to consider limitations
of the mathematical expressions used for the model; the
expression for sphericity in Eq. 6 has only been extended for
shape factors ranging from 1 to 1.5, a range which is often
exceeded with these highly nonspherical particles. Adding
further complications, the particles tested here likely exhib-
ited tumbling and rotational properties by design, which
implies behaviors not represented in a single-shape factor.
Rotation of particles, especially nonspherical ones, tremen-
dously influences particle aerodynamic properties and their
behavior under flow.'® Furthermore, dynamic shape factors
do not take into account particle orientation in the flow
stream. These are two major considerations which are not
included in any shape factor classification. Indeed, the stand-
ard approaches for determining particle shape factor used as
validation here also fail to capture dynamic behavior. Values
of shape factor determined by each of the three commonly
implemented methodologies also do not account for rotation
of particles in flow. For example, the simplification of par-
ticles to an oblate approximation based on the maximum
length, width, and height of the particle removes any possi-
ble effect of mass asymmetry and will fail to capture realis-
tic particle motion of the true geometry. Additionally, these
three literature approaches all relate to macroscale models,
rather than true aerosols; yps4 and yoplae Were derived to fit
Ysed literature results. Poor agreement for shapes which are

3192 DOI 10.1002/aic

Published on behalf of the AIChE

increasingly nonspherical, such as the pollen-mimic and tor-
iods that have geometrical design features such as fenestra-
tions and high aspect ratio, contributed to the hypothesis that
these asymmetric PRINT particles were exhibiting character-
istics which cannot be well represented with current
approaches of shape factor.

Despite these discrepancies, characterization of shape fac-
tor still holds value as a characterization parameter for non-
spherical PRINT aerosols. The rapid conversion to
aerodynamic diameter and the ability to harness knowledge
of particle deposition, especially for respiratory delivery,
makes shape factor a powerful tool. Indeed, knowledge of
particle geometries which are no longer well described by
shape factors will aid in additional research focuses and
design parameters. Future studies into particle dynamics of
unique geometries will be required to adequately model the
individual features of each design. Computational approaches
using a Lagrangian framework and solid body dynamics can
provide insight to the complicated relations between particle
geometry and surrounding flow; an accurate model of such a
system would consider fluid-particle coupling and the role of
torque and lift on a single particle.'®** This more complex
approach would account for these potentially considerable
influences and support the hypothesis that nonspherical par-
ticles presented here are exhibiting interesting dynamic
behavior. Such a model would also provide guidelines of
particle geometries where a reduction to a single shape fac-
tor value would be no longer useful. Despite the limitations
of using a dynamic shape factor, the rapid screening
approach presented here yielded reasonable and descriptive
shape factors for these novel shapes and likely captured
more of the dynamic behavior of a true aerosol under flow
than standard approaches used for comparison. Fitting to
experimental APS results is also preferable to the tedious
experiments involved with a sedimentation tank.

Overall, the model presented here for determining shape
factors by correcting APS results agreed reasonably with
existing approaches, with generally only slight overestima-
tion of dynamic shape factors for most geometries. The
agreement between jysps and literature values, ypgs, and
Zoblae TOr the cylinder validate the APS numerical approach
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and allowed for classification of these nonspherical PRINT
particles.

Application of Determined Shape Factors. Determining
shape factors for nonspherical particles allowed for the pre-
diction of D, for a given particle geometry. This is valuable
when evaluating more realistic powder samples, such as the
small and large pollen-mimic samples aerosolized in Figure
6 and Table 2. Dispersing dry powders and overcoming
aggregation for particles of this size range remains a chal-
lenge for formulation scientists; electrostatics and van der
Waals forces play a significant role in powder agglomera-
tion. To assess which device more adequately dispersed dry
powder samples, sizing results of these true dry powder aero-
sols were compared to the theoretical prediction of the same
shaped monodisperse particle. In combination with ACI siz-
ing, the various aerosol dispersion devices resulted in aerosol
populations with larger MMADs than the predicted monodis-
perse aerosol. This can in part be attributed to the low reso-
lution of the ACI stage cutoff values, highlighting
discrepancies between aerosol sizing techniques. From previ-
ous APS sizing, the aerosol resulting from the CIN was
assumed to be monodisperse; indeed, the large and small
pollen-mimic aerosols dispersed from the CJN had the small-
est MMADs of the three devices and GSDs of about 1.2.
Interestingly, the monodisperse large pollen-mimic aerosol
deposited evenly on stages 3 and 4, which contributes to the
increased MMAD. Compared to these monodisperse aero-
sols, samples dispersed from either the Monodose inhaler or
the PennCentury exhibited increased signs of aggregation.
Both devices resulted in larger MMADs than predicted for
the two particle geometries; of the three, the MMAD
increase for aerosol samples created by the PennCentury was
the most substantial. However, deposition on earlier stages
and the ACI throat was indicative of larger agglomerates
present in aerosols from both devices. These trends were
apparent in the distribution presented in Figure 6 and sup-
ported by the elevated MMAD, but were not necessarily
apparent through comparison of each sample’s GSD, the typ-
ical indicator of aggregation. Comparison to the predicted
monodisperse D,r for each particle geometry allowed for
more detailed evaluation of these devices by providing a the-
oretical reference.

Defining a deviation from the theoretical monodisperse par-
ticle lends qualitative insight as to the nature of the aerosols
produced. This will be especially useful in comparing disper-
sion of nonspherical aerosols and predicting deposition.
Future compositions of the same physical particle geometry
can be evaluated against the theoretical monodisperse value.
Establishing baseline features of individual particle dynamics,
including properties such as D4g, is critical to probing more
complicated processes of realistic samples. The ACI results of
dry powder PRINT samples illustrated that agglomerates were
still present, but also that a large fraction of both samples
behaved as individual particles, indicated by deposition on the
same stage as the monodispersed aerosol. Establishing the the-
oretical monodisperse D, allows for differentiation of the
dose fraction comprised of individual particles. Deagglomera-
tion under dynamic conditions is representative of typical
respiratory doses; larger agglomerates will impact in the
throat and liberated individual particles will deposit in the
lung as predicted by D4z Typical ACI sizing which does not
compare to a monodisperse sample artificially inflates the
MMAD and fails to identify the fraction of the dose which
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deposits in the region of interest. While initial dispersion from
the inhaler device is important, deposition in the target lung
region will be achieved by individual particles. Following
deposition, the rate of mucocilliary clearance, cellular interac-
tions, macrophage uptake, and drug release kinetics will also
be a function of individual particle properties. As such, the
physical, chemical, and aerodynamic characterization of indi-
vidual particles holds tremendous value. In this context, our
method for determining shape factors of nonspherical novel
geometries provides a rapid approach to better characterize
well-defined aerosol particles. This methodology further can
be applied to any aerosol of controlled particle geometry, as
only Dgy of a uniform population is required.

Conclusion

The work presented here introduces a class of novel
shaped aerosols; using PRINT technology, truly monodis-
perse shaped aerosols were generated. From this complete
control over particle uniformity resulting in a known particle
size, a correction to APS sizing techniques was employed to
characterize particle shape factors for this series of particles.
This approach yielded shape factors in reasonable agreement
with the limited approaches present in the literature. Limita-
tions of using particle shape factor as a descriptive parameter
were also discussed, which will be critical in further design
approaches to nonspherical aerosols. As more complex geo-
metries of aerosol particles are explored, additional charac-
terization parameters will be required to accurately represent
dynamic behavior. However, modifying the APS use as
described enables a rapid classification technique for deter-
mining useful and translatable features of shaped particles,
which can be implemented for respiratory delivery indica-
tions. Classifying shaped particles with a dynamic shape fac-
tor allows for a quick calculation of a theoretical D,
deviation from which lends insight to sources of particle
aggregation when aerosolized from standard inhalers.

Implementing designed nonspherical particles for respira-
tory drug delivery offers unique aerodynamic properties;
increasing shape factor will lead to decreased Dx and deeper
lung deposition. Improving our analysis of this set of non-
spherical PRINT aerosols enhances their applicability to
address increasingly complicated questions in aerosol and
respiratory topics. Controlling particle shape of a dry powder
formulation allows for the opportunity to create monodisperse
shaped aerosols with potential to systematically optimize the
effect of shape on the many stages of drug delivery. Ideally,
a priori knowledge of particle behaviors of a given formula-
tion and dispersion method could be used to design a con-
trolled therapeutic response. Future directions for our work
include addressing how particle shape can mitigate powder
agglomeration and aid in appropriate cellular delivery. We
also intend to explore advanced modeling approaches to bet-
ter describe the role of geometry in particle aerodynamics in
the lung. Overall, this approach for predicting and character-
izing particle shape factor on calibration quality particles
extends our knowledge of particle interactions as aerosols
and may ultimately be used to better guide the design and
engineering of particles for pulmonary delivery.
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