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Abstract

Demonstration of content uniformity (CU) is critical toward the successful development of dry powder inhalers (DPIs).
Methods for unit dose CU determination for DPI products are well-established within the field of respiratory science.
Recent advances in the area include a uHPLC-MS method for high-throughput uniformity analysis, which allows
for a greater understanding of blending operations as the industry transitions to a quality-by-design approach to
development. Further enhancements to this uHPLC-MS method now enable it to determine CU and sample weight at
the single agglomerate level, which is roughly 50x smaller than a unit dose. When coupled with optical microscopy-
based agglomerate sizing, the enhanced uHPLC-MS method can also predict the density and porosity of individual
agglomerates. Expanding analytical capabilities to the single agglomerate level provides greater insights and

confidence in the DPI manufacturing process.
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Introduction

Demonstration of content uniformity (CU) is critical
toward the successful development of drug products,
irrespective of the dosage form. For example, tablets,
transdermals, suspensions, emulsions, gels, solids, sup-
positories, and inhalation products each require dem-
onstration of CU'. Typically, these dosage forms rely on
assay values as measured by high-performance liquid
chromatography (HPLC). Current regulatory guidance
suggests direct HPLC assay-based CU methods of analy-
sis for dry powder inhalers (DPI) as the gold standard
method of analysis, performed at sample sizes of one-
to-three times the unit dose**!°. Within the field of DPI
product development, there is significant diversity in
drug product formulations and delivery systems®. For
some inhalation products, a single unit dose can be on
the order of 1 mg, with individual components compris-
ing <10% of the total drug loading, presenting a unique
challenge for analysts to prepare samples accurately
and reproducibly. Previously, we have demonstrated a
uHPLC-MS-based mathematical approach to CU analy-
sis that greatly increased the throughput of analysis to

support the incorporation of quality-by-design (QbD)
principles to pharmaceutical development. The method
was designed to remove the dependency on accurate
sample weight and to increase the overall throughput
of the uniformity analysis®. The approach was further
expanded for use as an at-line process analytical tech-
nology (PAT) tool to gain a greater understanding of
blending operations’.

A single unit dose of the Twisthaler® DPI platform
consists of stabilized agglomerates of spherical clusters
that are ~500 pm in diameter. The agglomerate particles
contain a blend of micronized primary particles in fixed
ratios®. Although CU at the unit dose level has been
well-established and its effects studied and understood,
a method capable of determining the CU, weight distri-
bution, and other bulk physical properties at the single
agglomerate level will provide valuable insights into the
manufacturing process. A typical unit dose of 2mg con-
tains a single dose composite of approximately 50-80
agglomerates. Probing CU at the single agglomerate level
allows for determination of whether unit dose unifor-
mity is achieved through the summation of non-uniform
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agglomerates or whether the manufacturing process pro-
duces agglomerates that themselves are uniform.

The uHPLC-MS CU method accurately predicts the
analytical sample weight when the volume of dissolu-
tion was both known and held constant®. The percent
agreement between the values was utilized as a metric
to demonstrate the suitability of the uHPLC-MS-based
approach to uniformity analysis®. By accurately control-
ling the volume of sample dissolution to much lower vol-
umes than used for the unit dose analysis, it is possible to
determine the weight of individual agglomerates. Due to
the high-throughput nature of the method, it is therefore
possible to readily determine weight-based distributions
of agglomerates, which through other direct measure-
ment approaches would be tedious and prone to error.

As an additional means of bulk physical characteriza-
tion, optical microscopic analysis was coupled with the
individual agglomerate weight to determine the spheri-
cal volume of the agglomerates. This allowed for rapid
estimation of individual agglomerate density and poros-
ity, which are closely linked to performance of the final
product. Since the agglomerate particles are generally
spherical in nature, their volume can be mathematically
estimated from their cross-sectional area’. Bulk property
methods such as loose or tap bulk density provide essen-
tial information related to the packing of the agglomerate
particles. However, development of an analytical meth-
odology for determination of single agglomerate density
provides a unique opportunity for insights into the physi-
cal properties of the individual agglomerates.

A single agglomerate uniformity method will provide
a means for rapid, reliable, and high-throughput deter-
mination of CU, weight-based distributions, and density
and porosity estimates for agglomerate-based DPI prod-
ucts. In addition, a method capable of determining the
CU at the single agglomerate level will provide insights
into whether the Twisthaler® DPI platform consists of
fundamentally uniform agglomerate particles.

Materials and methods

Materials

The samples utilized for the current study were chosen
to demonstrate the extremes of uniformity analysis. The
three components of the drug product used in this study
will be referred to as carrier (80%), drug substance A (DS-
A: 5%), and drug substance B (DS-B: 15%). Details of the
formulation and batch production will not be provided in
this manuscript as the analytical methods will be the pri-
mary focal points of the current discussion. Acetonitrile
(optima grade), methanol (optima grade), formic acid
(FA), trifluoroacetic acid (TFA), and glacial acetic acid
(HPLC grade) were obtained from Fisher Scientific
(Pittsburgh, PA).

Instrumentation and chromatography
A Waters (Waters Corporation, Milford, MA) Acquity™
BEH C18 (1.7 pm particle size, 2.1 cm x 50 mm ID) column
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was used for all separations. The mobile phase consisted
of 0.05% FA in 95% water:5% ACN (solvent A) and 0.05%
FA in 95% ACN:5% water (solvent B). A Waters Acquity™
Ultra Performance LC-MS System consisting of the fol-
lowing components was utilized for data collection:
Acquity™ Binary Solvent Manager, Acquity™ Sample
Manager, Acquity™ UPD Photo Diode Array Detector,
and a MicroMass Quattro Micro™ mass spectrometer
fitted with a Z-spray electrospray source.

UHPLC-MS analysis

The chromatographic separation comprised of a gradi-
ent with an initial condition of 5% solvent B, followed by
a linear rise to 95% solvent B over 2.0 min with a 1 min
allowance for re-equilibration to starting conditions. A
constant 0.7 mL/min flow rate with an isothermal column
temperature of 40°C and a 2 pL partial loop injection were
used. The MicroMass Quattro Micro mass spectrometer
was coupled in-line with the chromatography system
with a 50:50 flow split at the MS source. MS detection was
accomplished through segmented single-ion recording
(SIR) to detect only the ion of interest at specified times
in the chromatographic run.

Microscopy and image analysis

Agglomerates were imaged wusing transmission
microscopy (Olympus BX60 5x objective, Diagnostic
Instruments Inc., SPOT Insight Mosaic 3.2 camera
with SPOT 4.7 acquisition software). From the images,
spherical volumes were calculated using two methods.
The first approach uses the longest dimension, as mea-
sured across the agglomerate, to calculate the volume
according to 4/3m(d/2)®. The second approach uses an
automated Matlab image processing routine for edge
detection, image binarization, and area determination
through pixel counting. Based on the calibrated dimen-
sions of the field-of-view and the number of pixels, the
single pixel area of the CCD camera was determined to
be 1.48 um?. Pixels were selected as either being related
to the agglomerate or background through the careful
selection of thresholding criteria. The circle equivalent
radius was calculated from the formula: Area=mr?, where
area=number of pixelsx (area per pixel)?. The spherical
volume was calculated from the circle equivalent radius
according to 4/3mr®. A comparison of values between the
spherical volumes from the two methods demonstrated
a high level agreement (>90%) and further demonstrated
that the agglomerates are highly spherical in nature with
aspect ratios of ~1. The circle equivalent radius approach
for determination of spherical volume was used for all
subsequent analysis.

Results and discussion

Development of a single agglomerate uniformity
method

When expanding the uHPLC-MS method for CU to
individual agglomerates, there was a significant challenge
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related to the handling and preparation of samples due to
the microscale nature of the technique. Typical agglom-
erates weigh <100pug and have particle sizes <1 mm.
To overcome the challenge, a method of sampling was
developed that utilized the tip of a modified needle for
direct sampling of individual agglomerates from the bulk
material with the aid of visual magnification. To remove
analytical bias, a large number of samples needed to be
evaluated. For the current study, a sample size of 1000 or
more was determined to be sufficient to demonstrate the
utility of the uHPLC-MS CU approach to single agglom-
erate analysis, corresponding to roughly twice the mass
typically analyzed in unit dose applications.

In order to enable high-throughput analysis, it was
essential to limit the number of handling steps in the
analytical procedure. To accommodate the large num-
ber of samples, the sampled agglomerates were directly
loaded into a 96-well plate format for subsequent dis-
solution in 100 pL of sample solvent. The samples were
directly injected onto to the uHPLC-MS system without
further dilution. An injection volume of 2 pL was cho-
sen to ensure that the sample concentrations would fall
within in the calibrated range of method.

The previously reported uHPLC-MS unit dose CU
method was designed to bracket a specified range of
analytical sample weights centered on a target 2mg unit
dose. Through the use of volumetric approximation, the
weight of the resulting analytical samples did not vary
significantly from this target. As a result, the calibration
covered a relatively narrow range of 25-200% of the target
analytical concentration of 0.2 mg/mL. With this narrow
calibration range, it was possible to simplify the math-
ematical calculations through inverse polynomial fitting.
To ensure accuracy and proper polynomial bracketing,
the calculated analytical sample weight was utilized as
a suitability requirement to ensure that the result was
within the calibrated range®.

When the method was expanded to analyze individual
agglomerates, it became necessary to cover a broader
calibration range. This broader range accounted for the
analytical sample weight covering the entire distribution
of agglomerates present in the sample set. In addition,
the potential for large variations in percent composition
at the single agglomerate level warranted a larger range
to ensure proper polynomial bracketing. A standard
concentration ranging from 0.01 to 200 mg/mL allowed
for only the most extreme outliers to deviate beyond
the bracketing standards. To ensure the accuracy of the
resulting data, any points that deviated outside of the
calibrated range were excluded from further analysis.
No samples from a uniform batch were excluded via this
criterion, and <5% of the samples from a non-uniform
batch were excluded. Evaluation of the chromatograms
revealed that all excluded points resulted from particles
containing very high levels of a single component
causing significantly overloaded chromatographic peaks.
Furthermore, optical microscopy confirmed that the out-
liers were not the result of agglomerate size.

Although adjustments to injection or sample dilu-
tion volume could be used to bring the outliers into the
calibrated range, it was found to be deleterious as further
dilution would cause a large number of agglomerates to
be below the limit of quantitation for the carrier com-
ponent due to its low electrospray ionization efficiency.
This would result in the exclusion of a significantly larger
number of agglomerates from both the uniform and
non-uniform batches. To coincide with the calibration
range that covers 5 orders of magnitude, it was necessary
to calculate the final mathematical results through stan-
dard polynomial fitting with conventional root analysis.
For the unit dose method, the narrow calibration range
resulted in polynomial fitting by either the inverse or
root analysis approaches providing comparable data. All
other method characteristics were as previously reported
for the unit dose level uHPLC-MS CU method®.

Single agglomerate uniformity

Through implementation of the modifications described
in the previous section, the percent composition of each
component in individual agglomerates was determined.
Due to the high-throughput nature of the method, the
determination of uniformity was accomplished on many
replicates in a short period of time. For perspective, it
takes ~15min to prepare a 96-well plate of individual
agglomerates for analysis with a 3-min uHPLC-MS run
time per sample. To demonstrate the utility of the
approach, twelve 96-well plates were prepared and
analyzed resulting in 1152 samples per batch. The total
number of agglomerates tested is roughly twice the total
combined mass that typically tested for the unit dose
application. In this way, it was possible to evaluate how
the sample scale impacts the relative standard deviations
(RSD) of the batch manufacturing process and to what
level uniformity is achieved.

To demonstrate the utility of the method in determining
differences in uniformity, two test batches were selected
including a uniform and a non-uniform batch. Both
batches are from the same development program and are
identical in composition and starting materials (80% car-
rier, 5% DS-A, 15% DS-B). The uniformity differences arise
from optimization of the manufacturing process during
development and are outside of the scope of the current
study. The uniform batch was determined to have unit dose
uniformity values of 0.6%, 7.4%, and 2.2% RSD for carrier,
DS-A, and DS-B, respectively. Values that are below 10%
RSD are considered to be uniform at the unit dose level for
the purposes of the current study. The non-uniform batch
was determined to have RSD values of 1.6%, 25.8%, and
4.4% for carrier, DS-A, and DS-B, respectively, thus result-
ing in the assessment of non-uniformity. The higher RSD
values for DS-A in relation to DS-B and the carrier were
consistent with expectation due to its relatively low percent
composition (5%) in relation to the other components.

The uniform and non-uniform batches were subjected
to single agglomerate uniformity analysis on 1152 individ-
ual agglomerates. The method demonstrates significant
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differences between the batches with low deviation for
DS-A in the uniform batch (Figure 1A, 16.9% RSD) and rel-
atively large deviation for DS-A in the non-uniform batch
(Figure 1B, 173.7% RSD). The data are presented in rank
order of agglomerate size showing that the percent com-
position is relatively unaffected by the particle size of the
agglomerate. The cumulative mass plot reveals a median
particle weight of ~65g in either the uniform or non-
uniform batch. It is also of interest that deviations from
uniformity are not restricted to only the smallest agglomer-
ates in the batch. For the non-uniform batch, the variabil-
ity is spread across the weight range of the agglomerates.
In addition, the data also show that there is no significant
difference in the variability of DS-B between the uniform

A uHPLC-MS approach to single agglomerate analysis 1211

(13.3%) and non-uniform (12.3%) batches. However, as
previously described there are significant differences in
the variability for both DS-A and the carrier thus indicat-
ing potential interaction between the carrier and DS-A as
likely the source of the variability between batches.

Optical microscopy and estimation of spherical
volume

Microscopy images of single 96-well plate of agglomerate
samples from both the uniform and non-uniform batches
are shown in pictorial composite form in their well plate
locations in Figure 2. This figure demonstrates the par-
ticle size range and spherical nature of the particles, both
of which are highly similar between the two batches.
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Figure 1. Content uniformity analysis demonstrating the percent component of a typical uniform batch (A) and a non-uniform batch (B)
at the single agglomerate level for 1152 individual agglomerates per batch.
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Figure 2. Optical microscopic images of the 96 samples in their uHPLC-MS well plate locations.

When comparing the particle size with the calculated
agglomerate weight, it was necessary to convert the two-
dimensional agglomerate image to a three-dimensional
representation of spherical volume. The approximation
of spherical volume using the longest or average diam-
eter can cause ambiguity and can vary based upon the
selection of the value. Additionally, it does not take into
account any deviation from sphericity.

A Matlab image processing routine was used to calcu-
late the area of the agglomerate through an automated

approach and convert to spherical volume directly
from the area value. By converting the images to their
binarized mathematical representations in Matlab and
directly reading pixel values, the inherently subjective
nature of image analysis was removed. Some care was
taken in selecting the appropriate threshold values to
ensure consistent edge detection from image to image
within the data sets. Since the camera was focused on
spherical agglomerates, some blurrings occur toward the
agglomerate edges, giving a slight hazy appearance. The
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threshold was selected such that the outer edge of the
agglomerate haze was the boundary condition. A bina-
rized visual representation was generated and compared
with its original transmission microscopy image to ensure
the program appropriately measured the agglomerate.

Relationship of agglomerate weight and particle size

To characterize the single agglomerate method’s abil-
ity to determine accurately the weight of individual
agglomerates, there was a need for a comparative primary
analytical method. One approach employed was to weigh
a 2-mg sample and count the number of agglomerates
present. A typical unit dose was found to contain between
50 and 80 agglomerates resulting in an average weight of

A uHPLC-MS approach to single agglomerate analysis 1213

individual agglomerates between 25 and 40 pg. An addi-
tional approach was to evaluate the relationship between
calculated agglomerate weight and spherical volume.
Aspreviously discussed, an additional output of the uni-
formity method is the prediction of the analytical sample
weight. For the unit dose scale, this weight was used for the
purposes of system suitability to ensure that the sample
was within the calibrated range of the instrument. In the
case of a single agglomerate analysis, this calculated weight
represents the weight of the individual agglomerate. The
method allowed for a very rapid determination of agglom-
erate weight, generating enough data to derive an agglom-
erate weight distribution in a fraction of the time thatwould
be required for microbalance-based approaches. The
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Figure 3. Agglomerate weight (A) and size (B) distributions for both a uniform and non-uniform batch demonstrating the robustness of the

analytical method and batch manufacture.
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distribution of agglomerate weights demonstrates a small
deviation in normality, as shown in Figure 3A. However,
it is of interest that the uniform and non-uniform batches
show very similar weight distributions thus demonstrating
the robustness of the agglomeration process in producing
consistently sized agglomerates.

The distribution of agglomerate spherical volume,
as determined in the previous section, is shown in
Figure 3B. In similar fashion to weight distribution,
there is very little difference in the overall spherical vol-
umes observed between the uniform and non-uniform
batches. This data further evidenced that in regard to
manufacturing of reproducibly sized agglomerates the
agglomeration process is both robust and not specific to
the final uniformity of the blending operations. However,
as previously discussed there is need for optimization

of the blending operations to ensure that the result-
ing agglomerates are uniform in percent composition,
which is vital for the final performance of the product.

The relationship between particle weight and spheri-
cal volume was further evaluated. As shown in Figure 4,
except for a few outlier agglomerates, there is an increase
in the weights of the agglomerates with increased spheri-
calvolumeforboththeuniformandnon-uniformbatches.
This relationship would not be present if the calculated
agglomerate weight from the method were not trending
in the proper fashion. There is a small amount of curva-
ture present indicating a potential decrease in particle
density with increased spherical volume. Although there
are many potential causes for this behavior, further stud-
ies will be required to determine if the effect is real or
caused by mathematical deviations in the model.
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Figure 4. Correlation between the spherical volume (calculated from optical microscopy) and particle weight (determined from the

uniformity method) for both a uniform and non-uniform batch.
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Estimation of agglomerate density

Many different approaches are used to determine the
density of powder-based products including bulk and
tap density. Each of these approaches includes void
spaces that are present in the bulk powder. By taking
the unit-converted values of particle weight (g) and
dividing by the spherical volume (mL), it is possible to
approximate the true density of the individual agglom-
erates. For reference purposes, the tap densities of the
uniform and non-uniform batches are 0.34 and 0.35g/
mL, respectively. The individual density values for
each of the agglomerates are shown both as a function
of particle size in Figure 5A, and in histogram form in
Figure 5B. A decrease in particle density can be observed
with increases in particle size with the average density of

A uHPLC-MS approach to single agglomerate analysis 1215

0.7-0.8 g/mL for both batches. Considering the density
of the largest component, which comprises 80% of the
blend, is ~1.5g/mL, one can estimate the porosity of the
agglomerates to be ~50% by comparison with the aver-
age density of the particles. In addition, the estimated
density value is situated between the tap and true den-
sity values as would be predicted.

Conclusion

The method for uHPLC-MS-based CU has been
expanded to the single agglomerate level to provide
insights into how changes in the manufacturing process
influence the individual agglomerates that comprise
a typical dose from the Twisthaler® DPI platform. The
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Figure 5. Approximating single agglomerate density for the uniform and non-uniform batches: (A) density as it relates to particle size and

(B) density histogram.
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method is capable of rapid determination of percent
composition and weight distributions on thousands of
representative samples at an analytical scale that was
previously unachievable by traditional assay techniques.
Furthermore, when agglomerate weight calculations are
coupled with optical microscopy it is possible to rapidly
estimate the density and porosity values of individual
agglomerates, properties that are closely linked to
performance of the final product.

The method provides a tool for the analysis of dry
powder agglomerates and provides valuable information
for formulation and process development. The method
demonstrated that unit dose CU for Twisthaler® agglom-
erates was not the result of a mixture of non-uniform
agglomerates combining to achieve uniformity, but
resulted from an optimized manufacturing process that
produces fundamentally uniform agglomerates.
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