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ABSTRACT: Single-particle tracking of crystal growth performed in situ enables substantial
improvements in the signal-to-noise ratio (SNR) for recovered crystal nucleation and
growth rates by nonlinear optical microscopy. Second harmonic generation (SHG) is
exquisitely sensitive to noncentrosymmetric crystals, including those produced by many
homochiral active pharmaceutical ingredients (APIs). Accelerated stability testing at
elevated temperatures and relative humidity informs design of pharmaceutical formulations.
In the present work, we demonstrate reduction in the Poisson noise associated with the ’
finite number of particles present in a given field of view through continuous monitoring =

Movie
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during stability testing. Single-particle tracking enables recovery of crystal growth rates of
individual crystallites and enables unambiguous direct detection of nucleation events.
Collectively, these capabilities provide significant improvements in the signal-to-noise for nucleation and crystal growth
measurements, corresponding to approximately an order of magnitude reduction in anticipated measurement time for recovery

of kinetics parameters.
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B INTRODUCTION

Production of amorphous solid dispersions (ASDs) offers a
broadly applicable approach for kinetically circumventing
solubility limitations of poorly soluble active pharmaceutical
ingredients (APIs). In an ASD, the API is cast in a glassy
polymer matrix with relatively high aqueous solubility, such
that the API is forced into solution upon dissolution of the
matrix.'~* When optimizing a polymer/excipient/API cocktail
for preparing final dosage forms, one critical consideration is
the long-term stability of the API within the ASD.
Concentrating the API in the ASD to minimize the total
mass load of the final dosage form is balanced by a desire to
also reduce the chances of API nucleation and crystallization
during storage of the ASD. For poorly soluble APIs, the
crystalline form often exhibits negligible bioavailability, passing
through the digestive tract for oral final dosage forms. In
intravital formulations, residual insoluble API particulates can
pose additional risks from inducing foreign body embolism.” ™
For these reasons, stability testing is widely used to inform the
optimization of final dosage forms. High-throughput testing
requires a host of different test materials, multiple replicates of
which at multiple time points are required for stability
assessment over long timeframes (up to year-long timeframes).
The high throughput, high sampling rate, and long incubation
times (weeks to months) can significantly complicate sample
preparation and storage capacities even when using accelerated
conditions.
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The duration of stability testing is ultimately dictated by the
sensitivity with which crystal formation can be quantified for
informing kinetic modeling, with a suite of methods currently
brought to bear to address this measurement challenge. These
include polarized light microscopy (PLM),”'" X-ray powder
diffraction (PXRD),'"'” differential scanning calorimetry
(DSC),'”">'* Raman spectroscopy,ls’16 Fourier transform
infrared spectroscopy (FTIR),">'”"® and solid state nuclear
magnetic resonance (sNMR).'>"” PLM is one of the most
common methods used for determining the presence of
crystalline content in stability testing. Despite its widespread
use, PLM can only provide qualitative information on optically
transparent samples and is commonly complicated by
interference from occlusions, contaminants, and crystalline
excipients.” As a consequence, PLM is challenging to integrate
into fully automated quantitative analyses of crystallinity.
PXRD is arguably the current “gold standard” for detecting
trace crystallinity within the pharmaceutical industry but
generally does not enable quantification at low crystallinity,
takes several minutes for sample preparation/analysis, and
requires several mg of material for analysis. A large dynamic
range with correspondingly low limits of detection has multiple
benefits in accelerated stability testing, including (i) improved
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Figure 1. (A,B) CEiST design, (C) IR thermal image of CEiST for validation of set temperature at 40 °C.

statistical confidence in kinetics parameters, (i) simplified
kinetic modeling without the need to account for depletion
effects, (iii) compatibility with low-API-load ASDs, (iv)
reduced volumes for sample storage during testing, and (v)
reduction in the timeframe necessary for decision-making in
stability assessments. For the majority of the methods routinely
used for API analysis, limits of detection are on the order of a
fraction of a percent, providing a relatively narrow dynamic
range in crystalline API detection; in some cases, the total drug
loading may only be on the order of a few percent.

In addition to the limited dynamic range, the majority of
these common analysis tools probe only ensemble-average
behaviors, masking possible intrinsic heterogeneity in crystal
nucleation and growth kinetics. For example, it is well-
established that the nucleation and growth kinetics can differ
substantially for crystals generated on the surfaces of ASD
particles and glassy APIs relative to the bulk.'®”° Even in
homogeneous media, subtle differences in local environment
can produce variance in crystal growth rates.”’ The impact of
this variance in growth kinetics on subsequent performance
remains unresolved, due in part to the dearth of methods
currently available to quantitatively inform the inherent
variation in single-particle growth kinetics.

Nonlinear optical imaging has the potential to provide the
limits of detection required for investigating single-particle
growth kinetics and fill this knowledge gap. Nonlinear optics
has recently gained traction in the pharmaceutical industry for
sensitive detection and quantification of trace crystalline
content within amorphous formulations.'"**7>® Second
harmonic generation (SHG) describes the coherent conversion
of light to twice the frequency, which is symmetry-forbidden in
centrosymmetric media but allowed in assemblies of lower
symmetry, including the large majority of noncentrosymmetric
crystals. SHG provides a near background free measurement of
the crystalline fraction of an ASD, since the disordered,
amorphous material will not produce coherent SHG. Due to
the sensitivity and selectivity of SHG, routine measurements
can be made with a limit of detection in the ppm regime.”’
Utilizing the sensitivity of SHG to crystalline content for
identification of regions of interest, the detection limits for
Raman””® and XRD"” have been lowered into the ppm regime
as well. The low limits of detection of SHG microscopy
enabled quantification of crystallization kinetics in ASDs
spanning a 4 order of magnitude range in crystallinity.””*’
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In this work, the quantitative capabilities of SHG analysis are
substantially improved further, while the total sample volume
and storage burden are dramatically reduced through in situ
analysis. A controlled environment for in situ stability testing
(CEiST) was developed to leverage the sensitive, non-
destructive analysis capabilities of SHG for continuous
monitoring of individual crystallites during nucleogenesis and
growth. The CEiST platform allowed for single-particle
tracking over hours to days under accelerated stability
conditions typical for ASD analysis. Monitoring the same
fields of view over time lowered noise in determinations of the
nucleation rates and crystal growth rates obtained from
accelerated stability tests while simultaneously lowering the
amount of sample required.

B EXPERIMENTAL METHODS

ASD samples of ritonavir (15%), sorbitan monolaurate (10%),
copovidone (74%), and colloidal silicon dioxide (1%) were
prepared at AbbVie as spray dried dispersions (SDDs) and hot
melt extrudates (HMEs). Samples without the sorbitan
monolaurate were also made, in which the copovidone weight
percent was increased to 84%. HME samples were milled prior
to use. The extrudates were made using a lab scale Thermo
Scientific Process 11 Hygienic Parallel twin-screw extruder fed
gravimetrically at 0.750 kg/h with a screw speed of 250 rpm.
Temperatures in the heating zones ranged from 15 to 150 °C.
The extrudates were milled using a Fitzmill L1A at 6000 rpm
and a screen size of 0.033 in round hole. The ASDs by SDD
were made using a Biichi B-290 spray dryer with an inert loop
using methanol as the solvent. The feed solution flow rate into
the two-fluid nozzle (1.4 mm diameter) was 20 g/min, with
nitrogen atomizing gas. The nitrogen process gas was set to 30
kg/h. The inlet and outlet temperatures were 90 and ~50 °C,
respectively, while the condenser was held at —20 °C. All
powder samples were placed into the CEiST chamber or into a
standard stability chamber as thin layers (~300 pm).

The CEiST’s design is shown in Figure 1. The CEiST
consists of an aluminum block machined to house two sections
separated by greased O-rings. Each compartment was kept at
different RHs depending on the saturated salt solution put into
the two reservoirs within each compartment and by sealing
each compartment with a plexiglass window and aluminum
sleeve held in place by screws. The aluminum sleeve was
machined to allow imaging through each well in the main body
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Figure 2. SHG images for time-dependent crystal growth of 15% HME ritonavir in (A) standard chamber and in (B) CEiST. (C) The plot for
average particle areas shows good agreement between the two different methods.

of the CEiST, while heat was provided to the outside of the
plexiglass to prevent condensation. Both compartments of the
device were kept at an elevated RH of 75% through all
experiments by using a saturated NaCl solution. The RH in
each compartment of the CEiST was validated using reversible
Moisture Indicator strips (Indigo Instruments, 33813-2080).
Once each compartment was validated, the indicator strips
were no longer used during experiments. The temperature was
controlled by using two Tempco low-density cartridge heaters
(LDC00003) placed at different locations on the CEiST and a
thermocouple in the center for feedback control by a custom
controller built by the Johnathan Amy Facility for Chemical
Instrumentation at Purdue, depicted in Figure 1(A). An IR
thermal image of the CEiST in Figure 1(C) confirmed uniform
temperature within +2 °C of the set point temperature.
Samples were placed onto coverslips and then onto one of the
10 wells within the CEiST. For comparative purpose, a
standard stability chamber was made by placing saturated
sodium chloride solution into the bottom of a desiccator
wrapped in heat tape. The temperature of the entire chamber
was monitored by thermocouple feedback.

Accelerated stability tests were performed using a SONICC
microscope from Formulatrix (Bedford MA) for SHG imaging
that was modified in house for epi detection.”® For the in situ
stability testing, samples in the CEiST chamber were
maintained at an elevated temperature and humidity during
SHG imaging. For samples maintained in the standard stability
chamber, aliquots were sampled at select time points, analyzed
by SHG under ambient conditions, and then discarded. The
time from stability chamber removal through testing was about
10 min. Experiments were performed using ~200 mW
excitation laser power at the sample and 890 ms exposure
time, repeated every hour (duty cycle of 2.8 X 107™*). SHG was
measured in the transmission direction due to the high
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transparency of samples in the CEiST through hygroscopic
water uptake by the ASD. SHG was collected in the epi
direction for powdered samples before being subjected to
elevated temperature and humidity. For samples within the
standard chamber, three fields of view were used for each time
point. For samples within the CEiST, several fields of view
were selected from each of the three wells prepared for each
ASD.

B RESULTS AND DISCUSSION

The performance of the CEiST was evaluated relative to a
conventional temperature and humidity controlled chamber
through side-by-side comparisons of accelerated stability
testing of 15% DL (w/w) ritonavir ASDs with HME at S0
°C/75%RH, the results of which are summarized in Figure 2.
The amorphous excipients present in the HME ASDs did not
produce significant coherent SHG signal. In contrast, ritonavir
crystals adopted an SHG-active noncentrosymmetric lattice
upon crystallization, enabling selective detection of crystalline
ritonavir in HME ASDs using a particle counting algorithm.*’
SHG images at four representative time points are shown in
Figure 2(A) for ASDs stored in a standard chamber at elevated
temperature and humidity and in Figure 2(B) for ASDs stored
in the CEiST under identical target conditions. For
quantitative comparison of ritonavir crystallization between
the two platforms, the average crystal area at each time point
was recovered by particle counting, shown in Figure 2(C). The
error bars in Figure 2(C) represent the standard deviations of
three fields of view for each time point. The SHG micrographs
and the average crystal areas observed for both the standard
chamber and the CEiST platform were in excellent agreement,
suggesting that the conditions produced in the CEiST platform
are representative of those experienced in conventional
temperature and humidity controlled chambers.
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Figure 4. Individual crystal growth distribution in the CEiST for (A) HME with surfactant, (B) SDD with surfactant, (C) HME without surfactant,
and (D) SDD without surfactant. Each plot has 20 different crystals tracked along the entire time trace and selected from different FOVs. The inset
in each plot shows the dispersion in growth rates with the average growth rates shown in each plot as a dashed line.

Using the CEiST platform, 10 trials of in situ accelerated in different ASDs at 50 °C and 75% RH. The ASDs were
stability testing were run in parallel for ritonavir crystallization prepared with different components and different manufactur-

772 DOI: 10.1021/acs.molpharmaceut.9b00937
Mol. Pharmaceutics 2020, 17, 769-776


http://dx.doi.org/10.1021/acs.molpharmaceut.9b00937

Molecular Pharmaceutics

(A) HME with surfactant
. 2 . 3
#9000 Nucleation Rate: (24 + 3)x10" particles/ mm’ hr.
35000 e )
=
. 30000
£
E 25000
T 20000
QL
G 15000
=
10000
5000
0
0 4 8 12 16 20 24
Time (hrs.)
© .
HME with surfactant
. . 3
1600 Nucleation Rate: 48 + 8 particles/ mm™ hr.
1400
. 1200
£
£ 1000
< 800
% 600
* 400
200

o

(B) SDD with surfactant
2% Nucleation Rate: (12 £ 2)x10 /““
. 3 ax

2000 particles/ mm *hr; d e
£ 1500 ~——u/d j—
= e //
g 1000 /F/&h
s} ’\\A’V

500 2 AM/‘/'(‘
&0
o ompmtutut=t
0 4 8 12 16 20 24
Time (hrs.)
(D) .
SDD with surfactant
. . 3

1400 Nucleation Rate: 45 + 9 particles/ mm *hr.

1200
«_ 1000
£
§ 800
g 600
; 400

200

Time (hrs.)

Time (hrs.)

Figure 5. Average nucleation rates and single-FoV trajectories in the CEiST for (A) HME with surfactant, (B) SDD with surfactant, (C) HME

without surfactant, and (D) SDD without surfactant.

ing techniques (see Experimental Methods). The ASD powder
samples were examined by SHG microscopy and initially
showed no detectable epi-SHG signal (i.e., no continuous
regions of interest with at least three contiguous pixels of at
least three counts). From previous studies using SHG to
interrogate ASDs, this criterion corresponds to a lower limit of
detection of 10 ppm crystallinityf’0 indicating that the initial
crystallinity in all cases was less than this lower limit of
detection.

The SHG images and corresponding bright field images
were automatically collected every hour starting from 0 to 48
h. Four sets of representative SHG images at five different time
points are shown in Figure 3. All of the images are shown with
the same brightness scale for comparison. Based on the time-
dependent SHG images, the incorporation of surfactant (Span
20) increased the ritonavir nucleation rate and crystal growth
rate in ASDs. In this case, the addition of Span 20 resulted in
more crystals and larger crystal size in accelerated stability
testing, consistent with the presence of Span 20 significantly
reducing the stability of ritonavir against crystal formation in
both hot melt extruded and spray dried ASDs. Compared with
SDD ASDs, HME samples showed a greater number of crystals
and lower induction times in the accelerated stability testing.
Images for later time points (25—48 h) are shown in Figure S1.

When accelerated stability testing was performed by using
the standard temperature and humidity control chamber, the
sample aliquots were taken out of the controlled environment
to enable SHG imaging under ambient conditions. Since
temperature and humidity cycling can significantly change the
crystallization kinetics (Figure S2), all the samples using the
standard chamber were discarded following SHG imaging. The
perturbations associated with temperature cycling are
attributed to a two-step process: (i) increase in supersaturation
upon cooling to room temperature, resulting in increased
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nucleation rate, followed by (ii) increased diffusion upon
return to elevated temperature and humidity, resulting in
increased crystal growth rates. Multiple aliquots of sample were
therefore required to collect images at different time points
using conventional stability chambers to avoid kinetic artifacts
from temperature cycling. This practice was in stark contrast to
measurements performed using the CEiST system, which
supported continuous monitoring of the same fields of view
within a sample under controlled conditions.

For each sample in the CEiST system, single-particle
tracking was performed to monitor the growth rates of
individual particles, representative results of which are shown
in Figure 4(A—D), selected from four to six different fields of
view. The long axes of the needle-like ritonavir crystals (Form
II) were used to quantify crystal size. The dispersion in crystal
growth rates is shown in the inset plots of Figure 4. For
individual crystals, error bars in the growth rates were assessed
from the standard error of the slope of crystal size versus time.
From inspection of the histograms of single-crystal growth
rates and the standard errors, it is clear that the dispersion in
growth rates exceeds experimental uncertainties and therefore
reflects an intrinsic diversity in single-crystal growth kinetics
within the samples.

Single-particle tracking enabled by the CEiST platform
provided substantial signal-to-noise benefits in nucleation
kinetics as well. The average nucleation rates were found
from the linear growth regime shown in Figure S(A—D) by
linear fitting of nucleation events from four different fields of
view. The uncertainties reported in each plot arise from the
variabilities of the fields of view. The linear region for fitting
was marked by the dashed line. The nucleation rate in HME
ASDs in Figure S(A) is 1 order of magnitude higher than in the
SDD shown in Figure 5(B), in the presence of 10% Span 20 in
the ASDs. The residual nuclei present in HME ASDs might be
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Figure 6. (a) The anticipated signal-to-noise ratio of the nucleation rate for in situ vs conventional stability testing based on the Poisson statistics of
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comparison between the results from a standard chamber and the CEiST. The different FOV represents the standard chamber where four time
points were taken from four different repititions of the same experiment, and the single FOV is from a single experiment in the CEiST.

responsible for producing this higher nucleation rate. However,
without the presence of Span 20, the ritonavir nucleation rates
are similar in both HME and SDD at the RH and temperatures
evaluated.

The substantial improvement in signal-to-noise for nuclea-
tion rate determination in the CEiST can be understood
considering the Poisson statistics associated with crystal
genesis in combination with the sensitivity of SHG imaging
to support single-particle tracking. Nucleation rates using a
standard stability chamber were calculated from the differences
in the number of crystals between multiple independent
samples analyzed at different time points. Because each sample
is statistically independent, the number of crystals in any given
field of view (FOV) is given by a Poisson distribution. As a
result, the nucleation rate is generated from the difference
between two Poisson-distributed numbers acquired at different
time points. In the linear kinetics regime, the number of
previously nucleated crystals contributes to the uncertainty in
the number of new particles, rapidly degrading the precision to
which the number of new particles can be determined based on
Poisson statistics. In contrast, the nucleation rates in the
CEiST chamber were calculated from the differences in the
numbers of new crystals within the same single FoV, removing
all statistical uncertainties regarding the number of pre-existing
crystals. As such, uncertainty in the nucleation rate is defined
only by the Poisson statistics for the number of new particles
within a given FoV. The signal-to-noise advantage associated
with nucleation rates determined from analysis of single
samples versus stochastic sampling is shown in Figure 6.
Following the initial onset of nucleation, Poisson-distributed
uncertainties in the differences in particle numbers between
independent samples rapidly degrade the precision to which
nucleation rates can be determined. However, no such
statistical loss in SNR is expected from repeated analysis of a
single FoV.

Interestingly, the SNR improvement afforded by single-
particle tracking pairing SHG microscopy with the CEiST
platform provides a simultaneous advantage in reducing sample
volume requirements. Stability testing of pharmaceutical
formulations can extend over several weeks, months, or even
years, for each of potentially many different formulation
candidates.””*” The temperature cycling complication coupled
with the Poisson statistics limitations of standard crystal
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analysis pose cost challenges associated with archiving large
volumes of identical replicate samples in controlled environ-
ments for testing times spanning multiple months or years.
Continuous in situ monitoring of a single field of view over the
entire time course of a stability assessment (e.g, by SHG
microscopy) provides reduction in sample volume require-
ments proportional to the number of time points used for
kinetics assessments. For example, in the present study with up
to 48 time points recorded for a given sample, the total assay
volume is correspondingly reduced up to 48-fold.

The collective results of the single-particle tracking experi-
ments provide insights into the molecular connections between
stability, method of preparation, and composition of ASDs.
The higher observed crystal growth rate in SDD relative to
HME ASDs suggests a fundamental difference in the molecular
diffusion coefficient within the matrices, as the ritonavir growth
rate is diffusion limited in this regime. The origin of this
disparity in diffusion coefficients may potentially be attributed
to the desolvation step in SDD generation, which may
potentially produce a higher density of microscopic voids in
the final products and higher molecular diffusion. Presence of
Span 20 in ASD formulations of ritonavir contributes to
processability but dramatically increases molecular diffusion,
with corresponding increases in single-crystal growth rates.
Specifically, the surfactant Span 20 increased the crystal growth
rate by ~5 times for the HME and ~3 times for the SDD.

The surfactant, Span 20, induced ~50-fold and ~20-fold
changes in nucleation rates for HME (2400 + 300 to 48 + 8
particles/mm*hr) and SDD (120 + 20 to 45 + 9 particles/
mm>hr), respectively. The nucleation kinetics are also
distinctly different between SDD and HME ASDs in the
presence of Span 20, with nucleation rates about an order of
magnitude higher in HME. This difference in nucleation rate
may potentially arise from the presence of residual nuclei
within the melt in the HME materials from incomplete
melting.>* Optimization of conditions for HME preparation
strikes a balance between the competing desires for higher
temperatures to remove residual nuclei and lower temperatures
to minimize pyrolysis. As such, the presence of trace residual
nuclei within the HME is arguably more likely than in the SDD
materials, consistent with the observations made by single-
particle tracking by SHG microscopy.
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Recovery of the crystal growth rate distribution from single-
particle tracking suggests the presence of subtle but significant
heterogeneity within the samples at microscopic scales. From
inspection of the individual single-particle growth curves in
Figures 4, it is clear that the particle-to-particle differences in
growth rates exceed experimental uncertainties of the fits,
indicating that the differences are statistically significant.
Several mechanisms were considered for potentially explaining
the observed variance in crystal growth rates. Ritonavir is well-
known to adopt multiple crystal polymorphs, each of which
would presumably adopt unique growth kinetics. However,
previous studies of similarly prepared ritonavir samples
confirmed by IR and XRD the exclusive presence of Form
I1°° Furthermore, the ritonavir crystals all exhibited similar
aspect ratios and crystal habits, consistent with expectations for
the presence of a single-crystal form. As an alternative
explanation for the variance in single-particle growth kinetics,
the influence of crystal orientation was considered. Experi-
ments were performed in which crystals serving as seeds were
placed on the surface of a 15% ritonavir HME film, such that
the rod-like crystals were similarly oriented with the long axis
within the surface plane. Despite the monodispersity in
orientation, individual crystals still produced statistically
distinct growth rates, suggesting that orientation was not a
primary factor for the variance in single-particle growth kinetics
(Figure S3). This intrinsic variability in growth rates for
nominally identical crystal forms suggests heterogeneity in
local diffusivity within the surrounding matrix. The growth rate
dispersion might result from subtle variation in local density,
hydrophobicity, chemical composition, and so on. The
diversity in growth rates and correspondingly diversity in
local environments is similar between different formulations.

B CONCLUSION

The CEiST platform developed in this work enabled single-
particle tracking during accelerated stability testing of ritonavir
ASDs by SHG microscopy. The high selectivity of SHG to
crystalline content provides high-contrast images over a large
dynamic range of crystallinity for kinetics analysis. The
advantage of monitoring the same field of view over time
facilitated substantial signal-to-noise improvements for nucle-
ation and growth rate assessments, supported single-particle
tracking, and reduced the sample volume requirements by ~50
fold. From the single-particle tracking measurements by SHG
microscopy, the heterogeneity in crystal growth rates within
the ASDs suggests subtle but non-negligible local diversity in
physical and/or chemical characteristics of the sample.

B ASSOCIATED CONTENT
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Figure S1: SHG micrographs for later time traces for
HME and SDD without surfactant. Figure S2: Temper-
ature/RH cycling effect on ASD crystallization kinetics.
Figure S3: Crystal growth rates from seeded crystals all
aligned on the same plane. (PDF)
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