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ABSTRACT

Author: Song, Zhengtian. PhD

Institution: Purdue University

Degree Received: August 2019

Title: Second Harmonic Generation Microscopy and Raman Microscopy of Pharmaceutical
Materials

Committee Chair: Garth Simpson

Second harmonic generation (SHG) microscopy and Raman microscopy were used for
qualitative and quantitative analysis of pharmaceutical materials. Prototype instruments and
algorithms for sampling strategies and data analyses were developed to achieve pharmaceutical
materials analysis with low limits of detection and short measurement times.

Manufacturing an amorphous solid dispersion (ASD), in which an amorphous active
pharmaceutical ingredient (API) within polymer matrix, is an effective approach to improve the
solubility and bioavailability of a drug. However, since ASDs are generally metastable materials,
they can often transform to produce crystalline API with higher thermodynamic stability.
Analytical methods with low limits of detection for crystalline APIs were used to assess the
stability of ASDs. With high selectivity to noncentrosymmetric crystals, SHG microscopy was
demonstrated as an analytical tool, which exhibited a limit of detection of 10 ppm for ritonavir
Form II crystals. SHG microscopy was employed for accelerated stability testing of ASDs, which
provided a four-decade dynamic range of crystallinity for kinetic modeling. An established model
was validated by investigating nucleation and crystal growth based on SHG images. To achieve in
situ accelerated stability testing, controlled environment for in situ stability testing (CEiST) was
designed and built to provide elevated temperature and humidity, which is compatible with a
commercial SHG microscope based on our research prototype. The combination of CEiST and
SHG microscopy enabled assessment of individual crystal growth rates by single-particle tracking
and nucleation rates for individual fields of view with low Poisson noise. In addition, SHG
microscopy coupled with CEiST enabled the study of heterogeneity of crystallization kinetics
within pharmaceutical materials.

Polymorphism of APIs plays an important role in drug formulation development. Different
polymorphs of identical APIs may exhibit different physiochemical properties, e.g., solubility,

stability, and bioavailability, due to their crystal structures. Moreover, polymorph transitions may
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take place during the manufacturing process and storage. Therefore, analytical methods with high
speed for polymorph characterization, which can provide real-time feedback for the polymorphic
transition, have broad applications in pharmaceutical materials characterization. Raman
spectroscopy is able to determine the API polymorphism, but is hampered by the long
measurement times. In this study, two analytical methods with high speed were developed to
characterize API polymorphs. One is SHG microscopy-guided Raman spectroscopy, which
achieved the speed of 10 ms/particle for clopidogrel bisulfate. Initial classification of two different
polymorphs was based on SHG images, followed acquisition of Raman spectroscopy at the
selected positions to determine the API crystal form. Another approach is implementing of
dynamic sampling into confocal Raman microscopy to accelerate Raman image acquisition for 6-
folds. Instead of raster scanning, dynamic sampling algorithm enabled acquiring Raman spectra at
the most informative locations. The reconstructed Raman image of pharmaceutical materials has

<0.5% loss of image quality with 15.8% sampling rate.
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CHAPTER 1. INTRODUCTION

1.1  Background and Motivation: Pharmaceutical Materials Analysis
1.1.1  Crystallinity in Amorphous Solid Dispersions

An active pharmaceutical ingredient (API) with high aqueous solubility can be dissolved
in patients’ blood and/or gut. In addition, APIs are required to be permeable enough to pass through
cell membranes.! Therefore, solubility and permeability are two of main properties that affect the
bioavailability of APIs.? In the biopharmaceutics classification system (BCS), APIs and API
candidates are classified into four categories based on their solubility and permeability, shown in
Figure 1-1. Unfortunately, the majority of emerging APIs belong to either Class II or IV, which
show low aqueous solubility. Previous studies estimated that nearly 40% of potential new API
candidates are abandoned due to their low aqueous solubility.?

Different from crystalline APIs in class II or IV, amorphous APIs can effectively improve
the bioavailability of poorly water-soluble drug. Scientists developed a strategy of formulation to
render the API as amorphous state within a polymer matrix to form amorphous solid dispersions
(ASDs).* ASDs have been demonstrated as an effective approach to increase the aqueous
dissolution kinetics.> However, amorphous APIs are in a meta-stable state, which has relatively
high potential energy.® Although in ASDs, the polymer matrix reduces the potential for the
conversion from amorphous state to the thermodynamically more stable crystalline form, such
amorphous formulations are still in danger of crystallizing over time.” Therefore, it is worthwhile
to investigate the stability and ultimately therapeutic effect of ASDs by quantifying the crystalline
API in ASDs. Additionally, during the study of ASDs manufacturing condition (e.g., temperature
for hot melt extrusion®, solvent for spray drying’), the ASD products may include residual
crystalline APL.!® The residual crystallinity of API may significantly reduce the bioavailability and
affect the dissolution kinetics of the formulation.!! Thus, analytical methods, which are capable of
sensitively and selectively detecting low levels of API crystallinity, are required in quantitative

analysis of crystalline API in ASDs and characterizing the stability and efficacy of the formulation.
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1.1.2  Polymorph Characterization of Active Pharmaceutical Ingredients

Polymorphism of an API plays a significant role in pharmaceutical formulation. Different
polymorphs of an API have the same chemical component but the crystal structures are different

12, 13 Therefore,

due to the probability of different molecular orientations and crystal lattice.
polymorphism can significantly affect the physical and chemical properties of APIs, including
thermodynamic stability, aqueous solubility, and bioavailability, which may change the ultimate
efficacy of the drug.'* A recent study demonstrated that more than 80% of APIs exhibit
polymorphism.!> Therefore, it is necessary to characterize API polymorphs during the formulation
development.

Based on Ostwald’s rule of stages, in most cases, thermodynamically less stable
polymorphs have a tendency to convert into the most stable form.!¢ Although a less stable
polymorph may crystallize first due to the combination of thermodynamics and kinetics, the most
stable polymorph will still be the dominant product under thermodynamic conditions with stable
temperature and prolonged time for crystallization. Moreover, the metastable polymorphs of APIs
are able to transform into the more stable crystal form via solid state phase transitions, which is
problematic for the pharmaceutical formulation development. A well-known case for
polymorphism trouble in pharmaceutical industry is ritonavir.!” Norvir®, which was a marketed
final dosage form of ritonavir packaged as capsule, consisted of ritonavir Form I with high
bioavailability and had been approved by the Food and Drug Administration (FDA). However, in
1998, the ritonavir drug had to be recalled, due to the discovery of ritonavir Form II with lower
bioavailability and slower dissolution kinetics.!” During the storage time, the meta-stable ritonavir
Form I transform into Form II spontaneously. The large-scale withdrawal of Norvir cost
manufacturer’s almost 250 million dollars. As a result of this case, the FDA now requires a
thorough characterization of API polymorphism when pharmaceutical companies file a new drug
application.!® Therefore, sensitive and selective analytical techniques are useful in not only
characterization of API polymorphs, but also in real-time monitoring of the polymorph transitions

during manufacturing process or storage.

1.1.3 Conventional Pharmaceutical Characterization Techniques

Several conventional analytical techniques are employed to quantify the crystallinity of

APIs from the early stage of drug formulation development to the shelf life of a final product'?,
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including powder X-ray diffraction (PXRD), differential scanning calorimetry (DSC), solid state
nuclear magnetic resonance spectroscopy (ssNMR), and Raman spectroscopy?’. Currently, PXRD
is the gold standard for solid-state analysis of pharmaceutical materials. However, in most cases,
detection of crystallinity lower than 1% is challenging for PXRD.?! DSC is capable of automated
data acquisition and providing thermal process information of solid-solid transitions, but its limit
of detection can only achieve 3% crystalline API in ASDs.?? Previous studies have shown that
ssNMR were used to quantitatively analyze all components in ASDs with limits of detection at
0.4% for carbon.? All of the above methods suffered from the high limits of detection, which limit
their applications in the early stages of crystallization. Furthermore, the existence of trace
crystallinity within an initially amorphous formulation can significantly affect drug dissolution
kinetics.?* Additionally, several microscopy techniques, such as, polarized light microscopy
(PLM), and scanning electron microscopy (SEM) can be utilized to detect crystallization in
pharmaceutical formulations. However, PLM can only deal with optical transparent sample,* and
SEM requires complicated sample preparation and provides no chemical information.?® Therefore,
quantitative analytical methods with low limits of detection have broad applications in
pharmaceutical materials analysis.

Similar analytical tools can also be used for polymorph characterization of APIs. PXRD is
widely used for polymorph determination as well.!” However, it suffers from its limit of detection
and analysis speed, which cannot be compatible with high throughput analysis and monitor the
polymorph transition in real-time. Some techniques for polymorph characterization are listed in
Chapter 3.1. It is necessary to develop analytical tools with high speed that are capable of real-
time characterizing of API polymorphs.

1.2 Second Harmonic Generation Microscopy

Peter A. Franken first demonstrated the phenomenon of nonlinear optics (NLO) in 1961%7
after the invention of the ruby laser?®. Second harmonic generation (SHG) is a second order
nonlinear optical process with the presence of an intense optical-electric field (e.g., at the focus of
laser). A schematic of second harmonic generation is shown in Figure 1-2. The induced molecular
polarization anharmonicity arises from the intense optical-electric field.?’ The distorted sinusoidal
oscillation (purple line) observed in the time domain is a combination of the sinusoidal wave at

the fundamental frequency (red line) with the second harmonic (green line). Therefore, the net
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induced polarization for isotropic or centrosymmetric samples is zero at second harmonic
frequency. As a result, the bulk selection rule for SHG requires noncentrosymmetric crystals.>’
Unordered materials, such as liquid, gas, and amorphous solid generate no coherent SHG signal.
SHG microscopy has been demonstrated as a powerful tool for detection and quantification
of noncentrosymmetric crystals.?! Recent studies have shown the applications of SHG microscopy
for high-throughput protein crystallization screening??, detection of organic nanocrystals®?, and
crystallization kinetics studies®. Especially, SHG microscopy has broad applications in
pharmaceutical materials analysis, including low-crystallinity API crystal detection (in ppm
regime)**, quantification of APIs and excipients in powder matrix*>, and rapid discrimination of
API polymorphs*®. However, SHG microscopy alone cannot provide chemical information, which
limits its applications in chemical identification of pharmaceutical materials.>” Thus, integration
of SHG microscopy with other orthogonal analytical techniques that can provide rich chemical

information has the potential to enable rapid characterization of pharmaceutical materials.

1.3 Confocal Raman Microscopy

The Raman effect was first observed in 1928 by Indian scientist Sir C. V. Raman.*® The
Raman effect correlated with the polarizability of electrons in a molecule. After the molecule is
excited to a virtual energy state, the scattered photon shifts to a different frequency with a
Stokes/anti-Stokes shift. Raman spectroscopy is known as a highly specific and chemical
information rich technique, which is widely used to acquire qualitative and quantitative chemical
information.’® In order to collect both spatial and spectral information, confocal Raman
microscope was developed.

Confocal Raman microscopy has proven to be a powerful molecular imaging technique for
the analysis of diverse pharmaceutical products.* Raman offers the advantage of non-destructive
analysis with minimal or no sample pretreatment or preparation. Additionally, it is an analytical
method that can be widely adopted for Process Analytical Technology (PAT) as the guideline
proposed by FDA since 2004.*! In a conventional point-scanning confocal Raman microscope, a
laser point-focus under a microscope is raster scanned across the specimen in two dimensions and
a full spectrum is recorded at each x, y position. This point-to-point mapping affords the ultimate
sensitivity, spatial resolution, image quality, and large spectral range capability. Due to the weak

nature of Raman scattering of molecules, typical image acquisition times can be on the order of 1
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s per pixel or longer and thus total imaging times can be significant.*? This drawback limits the
use of confocal Raman microscopy for pharmaceutical materials analysis. Therefore, methods to
effectively accelerate point-scanning confocal Raman imaging are beneficial for chemical

identification.

1.4 Dissertation Overview

This dissertation focuses on using SHG microscopy and Raman microscopy for qualitative
and quantitative analysis of pharmaceutical materials. In order to obtain analytical methods with
low limit of detection and high speed, this dissertation includes not only the development of
prototype device and instrument, but also the implementation of an advanced algorithm for
sampling strategy and data analysis. For quantitative analysis, the main target is to detect the
crystalline API in ASDs during accelerated stability testing with low limit of detection by using
SHG microscopy. A kinetic model was built to illustrate the time-dependent crystalline fraction,
nucleation, and crystal growth process of APIs in ASDs. Moreover, the in situ accelerated stability
testing enables the investigation of individual single-crystal, which leads to the study of
heterogeneity of crystallization kinetics within ASDs. For qualitative analysis, this dissertation
focuses on API polymorph identification with high speed. Both of SHG-guided Raman
spectroscopy and confocal Raman microscopy coupled with a dynamic sampling algorithm can
significantly reduce the measurement time.

Chapter 2 describes kinetic modeling of accelerated stability testing enabled by SHG
microscopy coupled with particle counting algorithms. This chapter focuses on the study of
accelerated stability testing on ritonavir, a human immunodeficiency virus (HIV) protease
inhibitor. Under the condition for accelerated stability testing at 50°C/75%RH and 40°C/75%RH,
ritonavir crystallization kinetics from ASDs were monitored by SHG microscopy. This analytical
method yielded limits of detection for ritonavir crystals as low as 10 ppm (v/v), which is two orders
of magnitude lower than other methods currently available for crystallinity detection in ASDs.
Extensive stability testing is typically performed for ASD characterization, the time-frame for
which is often dictated by the earliest detectable onset of crystal formation. The four-decade
dynamic range enabled quantitative modeling with the JMAK kinetic model.

Chapter 3 introduces a prototype SHG-guided Raman instrument, which integrated SHG

microscopy for high speed screening and Raman spectroscopy for obtaining chemical information.
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This chapter mainly focuses on polymorph identification of clopidogrel bisulfate Form I and Form
II. Image registry algorithms enable automated identification of particles by bright field images,
followed by classification using SHG images. SHG microscopy enabled polymorph
discrimination with the speed of ~10 ms per particle. Complementary identification by Raman and
synchrotron XRD are in excellent agreement with the classifications made by SHG. Coupling these
capabilities with at-line monitoring may enable real-time feedback of polymorph characterization
during the pharmaceuticals manufacturing process.

Chapter 4 introduces the implementation of an advanced sparse sampling algorithm into
confocal Raman microscopy. The total number of data points required for image generation in
Raman microscopy was greatly reduced using the supervised learning approach to dynamic
sampling (SLADS), in which the preceding set of measurements informed the next most
information-rich sampling location. Using this approach, chemical images of pharmaceutical
materials were obtained with >99% accuracy from 15.8% sampling, representing a ~6-fold
reduction in measurement time relative to full field of view rastering with comparable image
quality. SLADS has the distinct advantage of being directly compatible with standard confocal
Raman instrumentation. Furthermore, SLADS is not limited to Raman imaging, potentially
providing time-savings in image reconstruction whenever the single-pixel measurement time is the
limiting factor in image generation.

Chapter 5 illustrates how to achieve in sifu accelerated stability testing of ASDs by a
compatible temperature and humidity control device with SHG microscopy. Single-particle
tracking of crystal growth performed in sifu enables substantial improvements in the signal to noise
ratio (SNR) for recovered crystal nucleation and growth rates by SHG microscopy. Moreover,
reduction in the Poisson noise associated with the finite number of particles present in a given field
of view through continuous monitoring during stability testing was achieved. These capabilities
provide significant improvements in the signal to noise for nucleation and crystal growth
measurements, with automated image acquisition and less requirements of samples.

Chapter 6 investigates growth rates for ritonavir crystallites seeded at the surface and
embedded in the bulk of supersaturated amorphous solid dispersions by in situ SHG microscopy.
In this study, “sandwich” materials were prepared, in which sparsely prepared seeds of ritonavir
single crystals were pressed between two identical ASD slabs to assess bulk crystallization rates.

These sandwich materials were compared and contrasted with analogously prepared “open-faced”
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samples without the capping film to assess surface crystallization rates. Single particle analysis by

SHG microscopy time-series during in situ crystallization were employed to calculate average

growth rates.
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Figure 1-2 Representation of second harmonic generation
a) Distortions of induced molecular polarization in time domain; b) the distorted oscillation
(purple line) can be recovered by the fundamental frequency (red line) and second harmonic

frequency (green line).
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CHAPTER 2. KINETIC MODELING OF ACCELERATED STABILITY
TESTING BY SECOND HARMONIC GENERATION MICROSCOPY

Adapted with permission from Song, Z., Sarkar S., Vogt A. D., Danzer G. D., Smith C. J., Gualtieri
E.J., Simpson G. J. “Kinetic modeling of accelerated stability testing enabled by second harmonic
generation microscopy”, Anal. Chem., 2018, 90(7), 4406-4413. Copyright 2018 American
Chemical Society.

2.1 Introduction

Many emerging drug candidates exhibit low aqueous solubility, which can directly impact
bioavailability and ultimately efficacy. In such cases, the bioavailability of an active
pharmaceutical ingredient (API) is routinely improved by rendering the API amorphous within a
polymer matrix to form an amorphous solid dispersion (ASD).!> However, ASDs are generally
metastable systems; spontaneous crystallization of the API during storage at elevated relative
humidity, for example, or processing can negatively impact the bioavailability of the API. The
effective dose of a formulation may be lower than the intended dose. Furthermore, residual crystals
present upon dissolution may serve as nuclei for re-crystallization following dissolution under
conditions of supersaturation.® To mitigate these complications, extensive accelerated stability
testing methods are currently performed to quantify trace crystallinity present in ASDs under
stressed conditions, as stability testing under ambient conditions is prohibitively time-consuming.*
5

In principle, kinetic modeling at elevated temperatures and humidity can be used to predict
stability under ambient conditions, which is ultimately the defining property of interest.>” Two
key kinetic processes are most directly relevant: molecular diffusion, and crystal
nucleation/growth. Parameterized models for nucleation and growth allow prediction of time-
dependent crystallization under ambient conditions. Given the exponential dependence of the
crystallinity on many of the recovered parameters, experimental uncertainties can have large
impacts on the predicted behaviors. Confident determination of reliable kinetic parameters is most
directly obtained through acquisition over a large range of concentrations, suggesting the need for
sensitive methods capable of quantification at the early stages of crystallization. Kinetic modeling
is arguably simplest to interpret from measurements acquired in the low crystallinity regime, in

which local depletion and concentration gradients are negligible. The relatively low drug loading
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present in many ASDs further exacerbates the challenges in acquisition of kinetic data over a large
dynamic range.

The most common benchtop methods for characterizing crystallinity in situ for kinetic
modeling routinely exhibit limits of detection within an order of magnitude of the total drug
loading, greatly reducing the accessible dynamic range for quantifying crystallinity. A suite of
methods is typically brought to bear to inform stability assessments of ASDs, including polarized
light microscopy (PLM)’, differential scanning calorimetry (DSC)!%-!!, X-ray powder diffraction
(XRPD),'? and solid-state NMR spectroscopy (ssNMR)!*!4, PLM is arguably the most common
method currently used to detect crystallinity in ASDs during stability testing. However, it only
provides qualitative information of optically transparent samples for Boolean assessments and
routinely exhibits interferences by occlusions, contaminants, and other crystalline excipients.’
DSC can provide information about thermal processes such as solid-solid transition, but lacks the
sensitivity to allow trace detection.!> XRPD, the current gold-standard method for crystallinity,
detection also suffers from a relatively high detection limit.!¢ Detection of crystallinity below 1%
is challenging for the above analytical techniques.!® Solid-statt NMR has been used to
quantitatively determine all components in ASDs!3 with detection limits as low as 0.4% for
carbon'*. However, ssNMR is costly and requires a relatively long sample analysis time.

Nonlinear optical imaging has recently emerged as a successful method in the
pharmaceutical field for the sensitive detection of trace crystallization in amorphous systems.!”-!?
Second harmonic generation (SHQG), in particular, is a scattering process, in which the incoming
light is converted to light of twice the frequency.?’ The particular symmetry properties of SHG
only permit this second-order process in non-centrosymmetric systems such as chiral crystals,
whereas amorphous systems do not generate coherent SHG signal and negligible background.?!->?
SHG microscopy has been demonstrated as a powerful method for the detection of non-
centrosymmetric crystals with low detection limits, which shows high potential for accelerated
stability testing of ASDs.!”

Ritonavir is an active ingredient in many successful anti-HIV formulations with
extensively studied crystallization kinetics.?*?* Given the rich phase behavior of ritonavir, a
substantial body of literature has accumulated for modeling crystallization of amorphous ritonavir,
both as a pure compound and as an amorphous formulation. In a recent study centered on

crystallization of ritonavir and formulations containing amorphous ritonavir, Zhu et al®
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performed a series of stability experiments to develop predictive models for ritonavir
crystallization behaviors, as a case study. The kinetic modeling was performed based on
determination of the induction time, corresponding to the minimum time required to detect onset
of crystallization.

In this work, we seek to significantly expand upon the results of the preceding studies with
ritonavir to interrogate the early stage (<< 1%) crystalline regime by SHG microscopy.
Accelerated stability testing has been carried out on a model ritonavir-ASD to determine the
detection of limit of SHG microscopy and assess the utility of the approach for informing kinetic
modeling of crystal nucleation and growth. Specifically, the primary objective of the present work
is the development of parameterized models for early-stage crystal nucleation and growth kinetics

that can be used for quantitatively assessing the anticipated stability under ambient conditions.

2.2 Methods

Amorphous ritonavir extrudate with 15% (w/w) ritonavir (manufactured by AbbVie),
copovidone (BASF), plasticizer/surfactant and silicon dioxide was prepared by hot melt extrusion,

as previously described?’-2

and then milled to a powder. The dry glass transition temperature of
the milled extrudate was 56 °C, as measured by DSC. For the studies described herein, samples
were prepared by placing powdered extrudates on the glass slides as a thin layer (~300 um) over
a sample area of ~1 ¢cm?. For accelerated stability testing, samples were stressed at 50°C/75%
relative humidity (RH) or 40°C/75% RH. SHG microscopy was used to observe the crystallization
of stressed amorphous ritonavir at early times (Ohrs. — 24hrs.). At this RH, the extrudates exhibited
low turbidity, suggestive of temperatures above the glass transition temperature. High RH is
known to suppress the glass transition temperature of copovidone?’.

SHG images were acquired by using a commercial SONICC (second-order nonlinear
optical imaging of chiral crystals) microscope (Formulatrix, Inc.), modified in-house for
compatibility with powder analysis. Specifically, the instrument was redesigned to allow epi-
detection of SHG (details shown in supporting information). The system was powered by a
Fianium FemtoPower laser (1060 nm, 170 fs, 50 MHz). A resonant mirror (8 kHz) and a
galvanometer mirror are used for beam scanning to generate SHG images. The Formulatrix

SONICC instrument was modified from its original configuration to be able to detect SHG signal

in the epi direction while maintaining its capacity to perform epi-detected two photon excited UV



31

fluorescence (TPE-UVF) and transmission-detected SHG. This was accomplished by replacing the
existing pre-objective dichroic mirror with a thin film 45degree polarizer (Advanced Thin Films,
PO1045-DY). This polarizer passes p-polarized 532 nm light and reflects the orthogonal
polarization. This enabled the transmission of the incident light in TPE-UVF measurements and
reflection of a large fraction of the doubled frequency light in SHG measurements (1064 nm
incident). Additionally, a replacement dichroic mirror (1” round long pass dichroic, cutoff
wavelength at ~410 nm) capable of reflecting TPE-UVF (red shifted from 266 nm) was spatially
collocated with the thin film polarizer. Because the instrument lacked sufficient space to
immediately image the signal onto an additional PMT, a liquid light guide was used to direct the
light to a PMT positioned in empty space in the back of the mechanical loading system. The
existing epi PMT was also moved from its original location and placed at the exit of the liquid
light guide. The original pre-objective dichroic mirror was used to separate SHG and TPE-UVF
wavelengths to these respective PMTs (post-liquid light guide). The added PMT was a Hamamatsu
E990-501 with appropriate band pass filters for SHG. An external power supply was used to power
the added PMT.

In this study, all of the SHG images were acquired with 350 mW excitation laser power at
the sample and each field of view was ~2.0 mm x 2.0 mm. This power level is significantly higher
than typically used in NLO microscopy measurements of tissue samples. However, the power
density at the sample was relatively low, as all measurements were acquired with a low numerical
aperture objective (NA = 0.3) over a large field of view (>4 mm?). Furthermore, the use of a fast-
scan (8 kHz) resonant mirror with the beam blocked at the turning points reduced the single-pass
exposure for each pixel to ~50 ns (or approx. 2-3 laser pulses) per scan, then allowed for 1/30 s of
thermal relaxation prior to subsequent sampling. For unstressed samples, the SHG signal was
collected in the epi direction (i.e., back through the same objective used to deliver the infrared
beam), as powders typically generate little signal in transmission due to optical scattering. For the
ritonavir milled extrudate samples stressed at either 50°C or 40°C with 75%RH, SHG signal was
collected in transmission. Two replicates of each sample were prepared, and three different
positions of each sample were observed for a total of six fields of view obtained for each time-
point. ImageJ was used to analyze the SHG images based on particle counting analysis as described

previously."”
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2.3 Theory

Crystal growth rates can be independently and self-consistently modeled in terms of
nucleation and diffusion-limited growth. Parameterized models for nucleation and fundamental
models for growth allow prediction of time-dependent crystallization. The overall crystallization
kinetics under isothermal conditions can be described by JIMAK (Johnson, Mehl, Avrami and
Kolmogorov) theory in terms of volume fraction of the new phase under the assumption that
nucleation and growth rates are constant throughout the transformation.’® In this theory, the
volume fraction of the new phase, « is proposed by Equation 2-1, in which ¢ represents time, 7 is
the induction time and is defined as the earliest detection of an SHG signal, / is the nucleation rate,

and U is the crystal growth rate.

o(t—1,)=1-exp —gJ.I(t‘){JU(t")dt"} dr' (2-1)

fo
For spherical crystals, the shape-factor g is 41/3. For steady-state homogeneous nucleation,
nucleation and growth rates are considered to be constant; therefore, Equation 2-1 can be rewritten
as Equation 2-2.

_M}

Ot(t—to):l—exp[ 4

(2-2)

The assumption of constant nucleation and growth rates are only expected to rigorously
hold at the early stages of crystallization (<<1%), for which the concentration of amorphous API
is not significantly affected by the crystalline fraction. The assumption of approximately spherical
particles may initially appear to be questionable given that pristine single crystals exhibit diverse
habits. For high aspect ratio needle-like crystals, this assumption will no longer be valid. However,
the ritonavir particles studies in the present case exhibit aspect ratios of less than 3, which is
common in many pharmaceutically desirable materials given the challenges of manufacturing
associated with needle-like crystals. In this range, the error introduced by assumption of
approximately spheroidal particles is insignificant relative to the Poisson uncertainty introduced
by the finite number of discrete crystals sampled.

The volume fraction of the transformed material can be recovered by simplification of the
more general form of the JIMAK equation as shown in Equation 2-3 by grouping constants and

generalizing the exponential to an adjustable parameter.*°
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a(t —ty) =1 —exp(—=K( —tx)™) (2-3)
The parameter n is the Avrami coefficient and depends on both nucleation and crystal
growth rates and thus from the formulas N oc (¢-#9)*and r oc (¢-t9)™, which describe the variation in
crystal number (V) and crystal size () with time.?° The Avrami coefficient can be given by the
following Equation 2-4.
n=k+3m (2-4)
The preceding expressions hold at a particular temperature, but stability testing is most
commonly performed at as function of temperature in order to induce phase transformations in
practical timescales. Connecting these accelerated stability test results back to room temperature
behavior can be performed by considering the temperature dependence of diffusion and crystal
growth. The growth rate of an individual crystal U (described by m in Equation 2-4) can be
parameterized and related back to diffusion and the Gibbs free energy of crystallization through
Equation 2-5.%° In that equation, AGy is the thermodynamic Gibbs free energy per unit volume of
crystal, a is an average (effective) size parameter of the molecules building the crystalline phase,
ks is Boltzman’s constant and fis a dimensionless parameter describing the different growth modes.
For the continuous growth mechanism, which is assumed that the interface between the growing
crystal and the surroundi/ng medium displays a sufficiently high concentration of growth sites, f=1.

U is the crystal growth rate, which is the slope from a plot of the mean crystal radius with time.

3 2-5
oosBleo 152 N

In practice, the expression in Equation 2-5 can often be simplified if either diffusion limits
the growth rate (in which case D dictates the overall kinetics) or if the Gibbs free energy term in
the exponential represented by AGy dictates the crystallization rate. Since the supersaturation
decreases with increasing temperature, growth rates would be expected to decrease at elevated

temperatures for crystallization under thermodynamic control. Under diffusion-limited growth

conditions, the kinetics obey standard Arrhenius behaviors for diffusion D = DOe_Ea/ kT at
intermediate and lower temperatures.

The expression in Equation 2-5 allows prediction of the growth rates at temperatures other
than those measured. Extrapolation from elevated temperature behavior to ambient conditions can

provide a means for evaluating potential stability of ASDs, provided that no additional phase
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transformations arise over temperatures not interrogated experimentally. The JIMAK theory was

implemented into kinetic model of ASD accelerated stability testing.

2.4 Results and Discussions

Under the condition for accelerated stability testing at both 50°C/75% RH and 40°C/75%
RH, crystal growth kinetics from the 15% w/w amorphous ritonavir milled extrudate was recorded
by collecting SHG images on a scheduled basis. Ten representative SHG images and
corresponding bright field images are shown in Figure 2-1. All of the images are shown with the
same brightness scale for comparative purposes. The SHG micrographs even at the earliest stages
shown in the figure yield signals well above the noise floor of the instrument (i.e., particles with >
3 contiguous pixels exhibiting counts > 3 counts). The time-zero samples showed no detectable
SHG, with the onset of detectable SHG at five hours for samples stressed at 50°C/75% RH and
40°C/75% RH. Compared with SHG-active particles shown in Figure 2-1B, the number and the
average size of SHG-active particles are larger as shown in Figure 2-1A, which form the basis of
more detailed kinetic analysis (see below).

The 15% drug loading (DL) ritonavir milled extrudate samples contained only amorphous
ritonavir and copovidone. Neither of the components is SHG-active. Ritonavir crystals are non-
centrosymmetric and SHG active.?? 3 For SHG images in Figure 2-1, the SHG-active areas
represent ritonavir crystals. Based on the comparison of Figure 2-1A and Figure 2-1B, after the
same stressed time, the milled extrudate stressed at 50°C/75% RH developed more ritonavir
crystals with larger size than did the sample stressed at 40°C/75% RH.

A particle counting approach was used to quantify crystallinity at levels from ppm regime
to 10%, which corrected particle-particle overlap. In brief, the volume of each individual crystallite
was estimated based on the cross-sectional area of the particle. This approach removes noise
associated with variance in the SHG intensity from differences in crystal orientation. Bias
introduced from particle overlap for crystallinities >1% was removed using a size-distribution
dependent correction algorithm detailed elsewhere.’? Although the algorithm as described is
formally derived assuming spherical particles, the aspect ratio of the ritonavir particles (~3:1) is
sufficiently low to allow reliable application of the method in the present study. A minimum crystal
cross-sectional area of 45 um? (corresponding to three contiguous pixels) was implemented in the

algorithm to ensure statistical confidence in crystal identification by image analysis. Based on the



35

volume sampled as set by the depth of field and the field of view, this algorithm places a practical
lower limit of ~0.5 ppm for detection of crystallinity. This limit is substantially higher than has
been reported previously based on the minimum detectable radius of 100 nm. However, Poisson
statistics associated with the stochastic nature of crystallization were found to be the dominant
noise source in the analysis, which were minimized by maximizing both the depth of field and
field of view. Despite the high limit of detection (LOD) imposed by the particle-counting algorithm
relative to previous work, SHG still produced LOD which is several orders of magnitude lower
than practically achievable by alternative routine benchtop methods.

Figure 2-2 shows the volume fraction of crystallinity from 15% amorphous ritonavir milled
extrudate stressed at 50°C/75% RH (red) or 40°C/75% RH (blue) and corresponding fits to
Equation 2-3. The crystallization rates were clearly not linear with each condition, exhibiting a
significant induction time, which is tentatively attributed to the stochastic nature of nucleation
coupled with the need to generate particles large enough to generate significant SHG (>~ 100 nm)
for detection.!> In this study, the induction time #) was approximately five hours for both samples
stressed at 50°C/75% RH and 40°C/75% RH, which was the earliest time point at which the SHG
was detected with statistical confidence (i.e., with a signal greater than 3-fold higher than the
standard deviation of the blank).

The limits of detection based on SHG microscopy are defined to be the concentration
corresponding to a signal three-fold higher than the standard deviation of the initially prepared
samples. In Figure 2-2, the lower-limit for the SHG response is also shown on a log-scale in the
inset figure, consistent with the form in Equation 2-3, calculated with the measured induction times.
Both sets of fits (linear and log scaling) are shown with identical parameters in each case, given in
Table 2-1. From the 40°C fits, SHG microscopy exhibited a lower detection limit of 10 ppm (v/v)
for crystalline ritonavir in a milled extrudate powder, which is approximately two to three orders
of magnitude lower than commonly used methods (DSC, XRPD, near IR). Given the similarities
in the densities of copovidone and ritonavir, the volume ratio and the mass fraction are essentially
identical.

With knowledge of the induction time, additional insights into the crystallization behavior
can be recovered from particle-counting analysis of the SHG images, shown in Figure 2-3. The
top part of the figure contains the histogram of particle sizes, indicating an increase in both the

number of crystals and the distribution of crystal sizes with time. To assess the crystal growth rate,
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the mean crystal radii were calculated by using the mean crystal size from the distribution. The
time-dependent evolutions of the mean crystal radius were given by the bottom two plots. A log-
log plot of mean crystal radius versus time in Figure 2-3C was used to extract the exponential
scaling parameter m, assuming that the particle size scales as r oc (#-#9)". This scaling is consistent
with expectations for the derivation of Equation 2-4. An estimate of the steady-state growth rate
was generated from the latest five time points under each of the two stressed conditions as shown
in Figure 2-3D.

Particle counting approaches also allow determination of both the number of particles, and
the rate of new particle production (i.e., nucleation rate). The total crystalline volume fraction is a
function of the combined rates of nucleation and growth through Equations 2-3 and 2-4. In Figure
2-4A, log-log plots of the nucleation rate recover the exponential parameter £ in Equation 2-4 from
the slope, based on the relationship N oc (¢-#9)*. In contrast to the crystal growth rate, the nucleation
rates (N versus ¢) were similar for both temperatures tested as shown in Figure 2-4B. It is worth
noting that the nucleation rate was evaluated from data points appearing after the induction time,
corresponding to the steady-state rate at which particles have both nucleated and subsequently
grown to a size commensurate with reliable detection by SHG. As such, the nucleation rate is
unbiased by the presence of a finite induction time.

Independent determination of the crystal nucleation and growth kinetics from particle
counting of the SHG-active domains allows evaluation of the exponential parameters describing
the overall crystallinity in Equation 2-4. For crystallization reliably described by the JIMAK model,
the relationship n = k + 3m is expected together with the total crystallinity scaling linearly with
the average nucleation rate and cubically with the growth rate in the average particle radius. The
slope results shown in Table 2-1 were fit via Equation 2-4 and show good internal consistency
with these expectations, suggesting general validity for use of the JMAK model.

While the nucleation kinetics were largely insensitive to the difference in temperature over
the regime investigated as shown in Figure 2-4, the crystal growth kinetics in Figure 2-3 exhibited
a steep temperature-dependence. A temperature-insensitive nucleation rate is consistent with a
system in which both thermodynamics and kinetics play significant roles in driving nucleation. As
the temperature is decreased, thermodynamics suggests a higher supersaturation and a
corresponding increase in nucleation rate (according to classical nucleation theory?). In contrast,

diffusion models suggest higher nucleation rates with increasing temperature for mass-transport
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limited processes. These two effects are described by AGy and D in Equation 2-5, respectively. A
weak temperature dependence for nucleation, as observed for the current study, suggests that both
effects are significant, such that the decrease in nucleation rates from thermodynamics as
supersaturation decreases is largely offset by an increase in nucleation rates from diffusion at
elevated temperature.

The increase in crystal growth rates with increased temperature is consistent with diffusion-
limited kinetics over the temperatures investigated. In this case, simplification of Equation 2-5 to
the diffusion-only expression enables Arrhenius descriptions of diffusion. In order to extract the
Arrhenius parameters for predicting the temperature-dependence of diffusion (and in turn, crystal
growth rate), an estimate of the steady-state growth rate was generated from the latest five time
points under each of the two stressed conditions explored, shown in Figure 2-3D. These points
contained the least number of crystallites smaller than the lower limits of detection of the
instrument. In this regime, the growth rates based on crystal size changes was most confidently
recorded with minimal bias from nucleation. In this temperature range, the crystal growth rate was

mainly dominated by diffusion. Based on the temperature-dependent crystal growth rate, the

calculated activation energy of diffusion is 68.8+4.3 kJ/mol, which is generally consistent with

previously reported values for polymers.33-34

It is worth comparing the results of the kinetic modeling of the SHG data to analogous
modeling performed using conventional methods for crystallinity determination. The low limits of
detection by SHG significantly reduce the induction time required to first observe onset of
detectable crystallinity for integration into kinetic modeling. In the case of API crystallization in
amorphous solid dispersion, limits of detection on the order of 0.5% crystallinity are enabled by
XRPD with a synchrotron source.!¢ From inspection of Figure 2-2, this limit of detection would
correspond to four data points in the 50°C/75%RH crystallization trial and two data points in the
40°C/75%RH trial over the same time frame of the experiment. With so few data points available,
it would be challenging at best to assess the validity of any particular model for predicting
crystallization kinetics by XRPD alone. In principle, longer times could be devoted to monitoring
crystallization (e.g., several days or longer). However, the modeling becomes more challenging as
the concentration of solubilized drug and the corresponding degree of supersaturation changes
significantly at higher crystallinity. In addition, the present study was performed under conditions

leading to relatively rapid crystal formation. For stability testing performed approximating ambient
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conditions, the timeframes required for observation of crystallinity to inform modeling by
conventional benchtop methods can become prohibitive for routine optimization of formulations.

The importance of quantitative modeling for predictive behavior is particularly relevant to
pharmaceutical analysis given the regulatory shifts toward quality by design (QbD) concepts for
pharmaceutical characterization. QbD approaches rely on quantitative understanding of key
aspects of the formulation for predicting performance and bioavailability. For ASDs, stability is
arguably one of the most critical factors to evaluate. The results summarized in Figure 2-2
demonstrate a dynamic range of detection by SHG spanning more than four decades (100 ppm to
several %), the collective results of which can be integrated into a single unified kinetic model
capable of predicting both the overall number and size distribution of API crystals under diverse
storage conditions. In contrast, the dynamic range of many alternative benchtop methods routinely
span single order of magnitude or less. Also, it can provide little direct information on the size
distribution. Consequently, the predictive capability of SHG microscopy measurements for QbD
assessments is significantly improved relative to alternative established methods for samples
amenable to SHG analyses. By using parameterized models, the measurements also allow
prediction of anticipated trends under alternative conditions (e.g., ambient). This predictive ability
can benefit long-term stability assessments for which the direct measurements are prohibitively
time-consuming during formulation optimization.

While the use of SHG for analysis of amorphous solid dispersions has been demonstrated
previously'>, the present study is unique in the use of image analysis for determination of not only
the percent crystallinity, but recovery of the particle size distribution at each time-point. This
additional information enabled independent determination of the nucleation and crystal growth
rates, both of which combine to provide a complete description of crystallization kinetics in
amorphous solid dispersions. Dissolution kinetics, and correspondingly bioavailability is
profoundly impacted by the particle size distribution, with dissolution arising more rapidly from a
large number of small crystals as opposed to a small number of large crystals.*

The SHG image analysis approach demonstrated in this work also has distinct practical
advantages over established methods such as PLM. PLM can exhibit limits of detection well below
1% under favorable conditions. However, the image contrast for crystals is reduced by the presence
of false-positive contributions from surface/edge effects in the sample, occlusions, scattering, etc.

Representative SHG and PLM images are provided in Figure 2-5. The high background and false-
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positives within the PLM images effectively render most automated particle counting image
analysis approaches inapplicable, such that images are often interpreted manually. In contrast,
SHG exhibits little detectable background from occlusions and the polymer matrix, such that the
resulting images are directly compatible with well-established and relatively simple automated
image analysis algorithms. Compatibility with automated operation is clearly an attractive property
for widespread adoption within the pharmaceutical community.

The particle counting approach described herein has the distinct advantage of being
applicable irrespective of the crystal form of the SHG-active moiety or the need for calibration
with a pure substance. Crystallinity is assessed entirely based on the calculated volume from
individual particles. This capability is particularly advantageous in studies of pharmaceutical
materials, as APIs often exhibit rich phase behavior with several crystal forms and/or polymorphs
potentially accessible for crystal formation. Ritonavir is a particularly well-studied example of
crystal polymorphism, in which the Form II polymorph exhibits significantly lower bioavailability
in oral formulations relative to the metastable Form I. Confocal Raman and near infrared spectra
acquired from later stages in the crystallization were consistent with the more stable Form II
produced in the present study, which are shown in Figure 2-6. Such combined measurements
highlight the advantages of coupling quantitative analysis approaches such as SHG with
qualitatively rich spectroscopic characterization methods.

While the focus of the present study is centered on characterization of extruded feedstock
materials, it is worthwhile to consider the challenges associated with accelerated stability
assessments in final dosage forms. For oral dosage forms comprised of compressed powders,
additional crystalline excipients may be present in addition to the ASDs. Several strategies have
been pursued for enabling quantitative analysis by SHG in these more complex matrices. UV-SHG
has been shown to exhibit enhanced selectivity for aromatic APIs, enabling selective detection of
crystalline API in the presence of crystalline sugars (e.g., lactose and mannitol).!® In addition,
SHG-active particles can be targeted for subsequent Raman microscopy measurements for
definitive determination of composition on a per-particle basis.?! Alternatively, synchrotron XRD
can inform structural composition of individual microscopic particles identified for analysis by
SHG.3? These strategies are generally compatible with the kinetic modeling approach described
herein, although with the caveat that the lower limits of detection and temporal resolution may be

compromised in complex multi-component mixtures containing additional SHG-active excipients.
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Final dosage forms with amorphous excipients can generally be expected to be directly compatible

with SHG analysis for quantification of crystallinity!®.

2.5 Conclusion

In this study, SHG microscopy was used to develop analytical models for predicting the
crystallization behavior of ritonavir in a model ASD formulation. The low (10 ppm v/v) limit of
detection of SHG microscopy extended the range of data to incorporate into the model by ~2 orders
of magnitude lower compared to other routine benchtop methods (e.g., DSC, XRPD) for ritonavir
crystallinity detection in ASDs. Most significantly, SHG extends the measurement into the low
crystallinity regime, in which the analytical modeling is simplified by the assumption of a constant
average concentration in the polymer. Image analysis of the SHG micrographs allowed separate
evaluation of contributions from both nucleation and growth in dictating the overall net kinetics of
crystallization. The values of crystallinity were demonstrated to be consistent with the JIMAK
kinetic model. This information allows prediction of both the anticipated crystalline fraction as
well as the crystalline number density and size distribution. The temperature-dependent changes
in the SHG microscopy images allowed for determination of a diffusional activation energy, which
in turn allowed for modeling to predict the anticipated kinetics under unique experimental
conditions. Since these results build off measurements acquired primarily for crystalline fractions
much lower than 0.5%, the overall timeframe for optimization of a particular ASD formulation has
the potential to be substantially reduced through integration of SHG imaging. Consequently, full
kinetic modeling with predictive capability can be performed with a collective set of measurements
obtained at crystallinities below those typically required for simple pass/fail Boolean assessments
in formulation optimization. Finally, mathematical understanding of the kinetics of crystallization

facilitates quality by design approaches in the development of formulations.
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Figure 2-1 SHG and bright field images for accelerated stability testing

15% ritonavir milled extrudate stressed in (A) 50°C/75% RH and (B) 40°C/75% RH standard
chambers. Top: SHG images; Bottom: bright field images. The spherical occlusions in the bright
field images correspond to air pockets within the partially melted copovidone matrix. After ~16
hours, crystals can be observed by bright field imaging with low contrast.
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Figure 2-2 Volume fraction of crystallinity in accelerated stability testing.

15% DL amorphous ritonavir milled extrudate (ASDs) under different stress conditions, which
show the formation and evolution of crystals with time. Limit of detection is as low as 10 ppm
(0.001%) of the total drug load. The inset plot is in log-scale to highlight the limit of detection at
10 ppm.
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Figure 2-3 Crystal growth rate analysis
Time-dependent ritonavir crystal particle size distribution at (A) 50°C/75%RH and (B)
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the latest five time points

33

crystal size r (um)

2000

1800

1600

1400

-
N
o
o

1000

®
o
o

600

400

200

17

-
%]

-
w

[N
-

[v=}

10

46

10 100 -
Particle volume (um3)
[ ]
* 50C/75%RH
® 40C/75%RH
e . .
.'... ............. .. .............
: O et PORTi .
| Sl(!pe
509C/75%RH | 0.7+0.2
409C/TS%RH | 0.340.1
12 14 16 18 20 » )

time (hrs.)



47

A) (B)
10
8000
e s 7000 ’
8 [ °

*50C/75%RH

N ¢ 6000 e Experiment_50C/75%RH
N o . . .
6 ® 40C/75%RH . 5000 ——Fit_50C/75%RH
o Z ® Experiment_40C/75%RH
_ 0.® 4000 ——Fit_40C/75%RH
g4 ‘ 3000
° k
L
R . 50°C/75%RH 2.0£02 2000
- 40°C/75%RH 2902
1000 °
> L]
. -
0 0 P,
0 05 1 15 2 25 3 0 5 10 15 20 25 30
In (t-tp) time (hrs.)

-2

Figure 2-4 Nucleation kinetics analysis

Time-dependent the number of crystals (N) plotted logarithmically (A) and linearly (B) to
determine the exponential order parameter k in Equation 2-4 and determine the nucleation rate
respectively.
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100 um

Figure 2-5 Comparison of SHG and PLM images
Ritonavir milled extrudate diluted to 5% DL stressed at 50°C/75% RH for 15h A) bright field

image by PLM, B) cross polarized image by PLM, C) bright field image by SONICC, D) trans-
SHG image by SONICC
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(A) Near IR spectra (B) Raman spectra of 15%DL ritonavir milled extrudate in 50°C/75% RH
after 130 h: Both near-IR spectra and Raman spectra indicate the presence of ritonavir crystals in
Form II.
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CHAPTER 3. SECOND HARMONIC GENERATION MICROSCOPY
GUIDED RAMAN SPECTROSCOPY FOR PHARMACEUTICAL
MATERIALS ANALYSIS

3.1 Introduction

Polymorphism, which refers to the existence of multiple crystalline solid forms of identical
composition, is one of major concerns in drug formulation development. The disparity of crystal
lattice structure results in different physicochemical characteristics, for example, dissolution
kinetics, thermodynamic stability, etc.!** Different crystal forms of API can show significantly
difference on bioavailability and stability. During the research and development process of a drug
product, it is important to do polymorph screening to select the polymorph with high
bioavailability and stability. However, during the manufacturing process and storage of the drug,
the spontaneous polymorphic transition may happen. The API will spontaneously transform into a
more stable crystal form. A classic example is the case of ritonavir. In 1998, Norvir®, which is a
marketed final dosage form of ritonavir, had to be recalled, due to the discovery of ritonavir form
IT with lower bioavailability and slower dissolution kinetics.> After this case, the Food and Drug
Administration (FDA) and other government agencies require thorough characterization of API
polymorphism during filing for a new drug applications (NDAs) and abbreviated new drug
applications (ANDAs).

A recent study estimated that more than 80% API and promising API candidates have
multiple polymorphs.® Clopidogrel bisulfate is a particularly intriguing case, which has seven
identified crystal forms.”® Nowadays, only Form I and Form II are used for the drug formulation.
Clopidogrel bisulfate is an API that falls into thienopyridine class. It inhibits platelet aggregation
and is used to treat patients with acute coronary syndrome. Only the dextrorotatory enantiomer
exhibits anti-platelet aggregation where the levorotatory enantiomer remains inactive.'? Therefore,
the final dosage form is typically a pure enantiomeric form preparation. The clopidogrel bisulfate
Form I exhibits higher bioavailability, while Form II is more thermodynamically stable.® One of
the most common techniques for the production of clopidogrel bisulfate is solvent mediated
crystallization. In this manufacturing process, clopidogrel bisulfate will crystalize as Form I at first
due to the kinetical preference. However, the metastable Form I will spontaneously transform into

Form II, if the reaction is allowed to progress longer.””!! Moreover, even a small fraction of
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clopidogrel bisulfate Form II would have negative impact on the dissolution kinetics and overall
bioavailability of final product.!? In the manufacturing and production of clopidogrel bisulfate, it
requires reliable methods to identify the early stage of Form I to Form II polymorphic transition.
Several common analytical methods have been explored for clopidogrel bisulfate
polymorph characterization and quantitative analysis, including powder X-ray diffraction (PXRD),
X-ray microtomography, vibrational spectroscopic technique combined with chemometrics, and

1314 By using PXRD, Uvarov and Popov!’ developed

solid state stress degradation studies.
qualitative and quantitative analysis for the mixture of clopidogrel bisulfate Form I and Form II.
They used both classical direct method and X-ray powder pattern decomposition to quantify the
content of these two polymorphs. The limit of detection (LOD) was determined to be 1.0-1.5 wt.%
in both methods. In a recent study, a synchrotron radiation X-ray computed microtomography (SR
uCT) was developed for the detection of clopidogrel bisulphate polymorphs with high selectivity
and sensitivity. This technique combined a microscopic approach with image analysis to extract
detailed information of morphology for quantification of trace amount of different polymorphs. In
this study, the limit of detection (LOD) was also found to be 1%.!” This microscopic tool is capable
of high throughput analysis for polymorph determination, which provided a fast measurement
speed for a large area (2048 x 2048 pixels in 2 sec., with a pixel size of 3.7 pm). However, since
it requires synchrotron radiation source for the measurement, it is not available for online
monitoring polymorphic transitions during manufacturing process. Some recent studies also
developed spectroscopic methods for clopidogrel bisulfate polymorph characterization. Nemet et
al. combined IR and Raman spectroscopy with chemometrics and quantified 2% of clopidogrel
bisulfate Form IT in Form I. And the limit of detection was reported as 1%.° Although, the limit of
detection for these reported techniques are down to ~1% LOD, none of these techniques can reach
LOD into the parts per million (ppm) regime, which is relevant to kinetic modeling of stability and
dissolution kinetics.

Nowadays, nonlinear optical imaging has recently emerged as a successful method in the
pharmaceutical field for the sensitive detection of crystalline pharmaceutical materials.!828
Particularly, second harmonic generation (SHG), is a second order nonlinear optical process, in
which the incoming light is converted to light of twice the frequency. The particular symmetry

properties of SHG only permit this second order nonlinear optical process in non-centrosymmetric

systems such as chiral crystals. SHG microscopy has been demonstrated as a powerful imaging
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method for the detection and quantification of non-centrosymmetric crystals with low limit of
detection (LOD). In recent years, there are a number of studies applying SHG and other nonlinear
optical approach for pharmaceutical materials analysis, especially for API polymorph
discrimination. Toth ef al.'® demonstrated selective imaging of API in powder blends with
common excipients by using ultraviolet SHG and two-photon excited UV fluorescence microscopy.
Schmitt, e al.?* developed nonlinear optical Stokes ellipsometric (NOSE) microscopy for rapid
discrimination of two polymorphic forms of the small molecule d-mannitol. On the other hand,
Toth, et al.?® predicted the SHG activity of pharmaceutical relevant materials by using Ab initio
model. This model was based on combining time-dependent Hartree-Fock calculations of the
molecular building block with analytical theory for the predicted intensity from the lattice. Such
calculations can help inform the potential appropriateness of SHG-guided analysis prior to
experimental studies, and to obtain an initial estimate of the anticipated difference in SHG activity
for different polymorphic forms. However, although SHG microscopy can discriminate different
polymorphic forms in video rate, it cannot provide the chemical information of samples, which
limits its applications in pharmaceutical materials analysis. So orthogonal techniques with rich
chemical information are integrated with SHG microscopy for chemical identification.

In this study, we designed and built a SHG microscopy-guided Raman spectroscopy and a
SHG microscopy-guided synchrotron powder X-ray diffraction to characterize clopidogrel
bisulfate polymorphs. The system was capable of polymorphic determination of individual ~100
ng particles of clopidogrel bisulfate with the speed of ~10 ms per particle. Specifically, the
combination of aligned bright field image and SHG image was used to find candidates of
clopidogrel bisulfate Form II particles, which fully utilized the capability of SHG for crystal form
discrimination. Then Raman spectroscopy and synchrotron X-ray diffraction were used to identify

and confirm the crystal form of the candidates.

3.2 Methods
3.2.1 Sample Preparation

Pure clopidogrel bisulfate Form I and Form II were produced by Dr. Reddy’s Laboratory.
Both Form I and Form II were generated as white spherical particles. The average diameter of

clopidogrel bisulfate spherical particles is ~25 pm, which was determined by calibrated bright field
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image analysis. Samples was prepared as powdered mixture of 90% clopidogrel bisulfate Form I
and 10% Form II by mass. Both of the images and spectra acquisitions were taken for powders

compacted between two glass microscope slides.

3.2.2 Bright Field Image and SHG Image Acquisition

Both of the bright field image and SHG image were obtained by using a commercial
SONICC (second-order nonlinear optical imaging of chiral crystals) microscope system
(Formulatrix, Inc). Bright field images were acquired by a white-light source and a camera in
SONICC system. An image segmentation and registration algorithm was used to identify particle
locations, which will be described in detail in a subsequent section. SHG images were acquired by
SONICC with the modification in-house for compatibility with powder analysis. For SHG imaging,
a Fianium femtosecond laser was used as the incident source (170 fs, 1.3 W, 1060 nm, 50 MHz
repetition rate). A resonant mirror (8 kHz) and a coupled galvanometer mirror are used for beam
scanning to generate SHG images. SHG images were produced through a 10x objective with a
1.925 mm x 1.925 mm field of view. In this study, all of the SHG images were acquired with 150

mW laser power measured at the sample and 1s image acquisition time.

3.2.3 SHG Guide Raman Measurements

A prototype SHG-guided Raman instruments was designed and built in Purdue University,
which integrated a SHG microscope and a Raman spectrometer. This SHG-guided Raman
instrument is capable of acquiring Raman spectra follow the guidance of SHG image in each field
of view. The schematic of the instrument is shown in Figure 3-1. There are two modalities in this
instrument. One is SHG mode to collect bright field images and SHG images by using 1064 nm
laser. The other is Raman mode to collect bright field images and Raman spectra by using 785 nm
laser.

In SHG mode, a mode-locked fiber laser (Fianium Femtopower) operating at 50 MHz with
a pulse duration of ~160 fs is used as the excitation source. The central wavelength of the laser
was 1064 nm. And the average power at the sample during data acquisition was ~40 mW.
Synchronized digitization (SD) approach was used for precise timing control. Laser transmittance
bright field signal was detected by a photodiode (Thorlabs, PDA 10CF). SHG signal was detected
by a photomultiplier tube (Hamamatsu E2924-05) and digitized synchronously with the laser using
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PClIe digitizer cards (ATS-9440, AlazarTech, Pointe-Claire, QC, Canada) with the 50 MHz signal
from the laser as the master clock. A 10 MHz TTL signal was generated from the digitizer cards
to communicate with a resonant mirror (EOPC, SC-30). Beam scanning was achieved by use of
the 4 kHz resonant scanning mirror moving along the horizontal (x) axis and a galvanometer
stepping mirror (Cambridge Technology, RSX-1) moving along the vertical (y) axis to generate
images with 512*512 pixels.

In Raman mode, a continuous wave laser (Toptica photonics, XTRA high power single-
mode laser, 785 nm) was used as the excitation source and collected by an optical fiber of a custom-
made Raman probe (InPhotonics, RPS785/24), shown in Figure 1, and re-collimated by a '5” fused
silica lens. Collimated light then was taken through a pair of galvanometer mirrors (Thorlabs,
GVS002-TSH25835-X) followed by two other fused silica 1 lenses in a 4f configuration to focus
on the sample using a 10x objective. The average power at the sample was ~20 mW during the
Raman spectrum acquisition. Raman signal from the sample was collected in epi, following the
same beam path back through the same Raman probe and directed into a Raman spectrometer
(Acton Research, SpectraPro-300i). There was a built-in notch filter in the probe to reject the laser
line at 785 nm. In the Raman spectrometer, there was a 100 pixel x 1340 pixel CCD array for
Raman signal detection, which was controlled by a vendor software (Winspec32).

Laser transmittance bright field signal in Raman mode was detected by the same
photodiode in SHG mode and digitized synchronously with the laser using PCle digitizer cards
(ATS-9440, AlazarTech, Pointe-Claire, QC, Canada) with the internal clock. A digital to analog
converter (DAC, National Instruments, NI 9263) coupled with a programmable USB interface
(National Instruments, NI USB-9162), which was controlled by a built-in-house software
programmed in MATLAB R2014a (MathWorks, Inc.), was used to drive the two galvanometer
mirrors and send the trigger signal to the digitizer cards. The National Instruments (NI) box could
send the continuous voltage signals to drive the two galvanometer mirrors. To achieve the beam
scanning, the fast scanning mirror would take the role of resonant mirror and be driven by a ramp
function at 100 Hz along the x axis. On the other hand, the NI box sent a voltage signal to drive
the two mirrors to take the laser beam to the position of interest, which allowed point mapping and

random access for Raman spectrum acquisition.
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3.2.4 X-ray Diffraction Measurements

X-ray diffraction (XRD) measurements were conducted by using a multi-modal nonlinear
optical imaging microscope integrated with synchrotron X-ray beam (GM/CA@ APS beamline
23-ID-B) at the Advanced Photon Source in Argonne National Laboratory. The details of the
instrument set up were demonstrated in previous publications.?*-? Briefly, an ultrafast fiber laser
(Fianium FemtoPower 1060nm, 50 MHz, ~160 fs pulses) was used as excitation light source for
the multi-modal nonlinear microscope. The incident beam was raster scanned across the sample
through a 10% objective with a numerical aperture (NA) of 0.3 (Optem, 28-21-10) with a
resonant fast scanning mirror (Cambridge Technology, 1-003- 3002509) and a galvanometer
slow scanning mirror (Cambridge Technology, 6210 H). Both bright field images and SHG
images were collected in transmission direction. In this case, SHG images provided rapid crystal
localization and centering, which can benefit subsequent X-ray diffraction measurements. An
unattenuated photon flux with a photon energy of 12 keV, 5 pm diameter beam was used to
generate X-ray scattering patterns from highly confined locations. XRD patterns of clopidogrel
bisulfate sample were acquired with 2 s exposure time per location with another 2 s dead time

between each exposure in a 4 x 4 grid.

3.2.5 Image Segmentation and Registration Algorithm

. An image segmentation algorithm was developed in MATLAB to align the bright field
image and SHG image by registering between the sample spherical particles observed in bright
field image and SHG image. This algorithm was based on a normalized cross correlation (NCC)
template matching algorithm. The algorithm was trained by bright field and SHG images of a 1951
USAF resolution test grid. In the following step, Otsu’s adaptive thresholding was applied to SHG
images to create binary masks for SHG-active sample particles (shown in Figure 3-2d). Since in
this case a bimodal intensity distribution was expected, Otsu’s method was used to separate image
into two classes, including, background and foreground. The algorithm started with an arbitrary
threshold then searched for an optimal threshold that maximizes the inter-class variance.’! Another
binary image was also created (shown in Figure 3-2¢) by using the bright field image. In order to
match the bright field image with SHG image dimensions, residual pixels were removed.

Subtraction between the two binary masks followed by pruning the residual mask recovered the
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particles that produced relatively low SHG signals (shown in Figure 3-2f). In this study, the

spherical particles with low SHG activities were suspected as clopidogrel bisulfate Form II.

3.3 Results and Discussions
3.3.1 SHG Microscopy for Polymorphic Discrimination

SHG images of pure clopidogrel bisulfate Form I and Form II powders were shown in
Figure 3-2. The SHG intensity was integrated over multiple z-planes with a depth of field ~120
um. The integrated SHG intensity was divided by the estimated volume of an individual particle,
and then multiplied with the total number of the particles in the field of view to get the averaged
SHG activity per unit volume. All of the measured SHG intensity normalized to a point-source
reference sample, 500 nm BaTiO3 nanoparticles. Clopidogrel bisulfate Form I exhibits ~250 folds
higher SHG intensity than that of Form II, shown in Figure 3-3. In the calculation, the averaged
diameters of particles were recovered from the bright field image by using the image segmentation
and registration algorithm. The combined mean and standard deviation in the SHG activities on
per particle basis were 3549 counts/um? for clopidogrel bisulfate Form I and 0.095+0.003
counts/um? for Form II. Theoretically, higher symmetry crystals may produce relatively weaker
SHG activity,?® which is consistent with the observed results for clopidogrel bisulfate. Clopidogrel
bisulfate Form I has a monoclinic unit cell structure, which belongs to the P2 space group, while
Form II owns an orthorhombic unit cell and belongs to P212:2; space group.!® Based on an
assumption for normal distribution of uncertainty, individual particles can be assigned to either
Form I or Form II with a statistical confidence of 99.995%, due to their significant differences in
SHG activity.

In order to quantify clopidogrel bisulfate polymorphs in a mixture, bright field and SHG
images were acquired for a mixture of 10% Form II and 90% Form I (w/w). The combination of
bright-field and SHG micrographs was utilized to make initial classification of individual particles
and assign them as candidates of either Form I or Form II. Figure 3-2 demonstrated the process of
image analysis. Bright field images with high resolution and high signal to noise ratio (SNR)
enabled the localization of individual particles. And then SHG images were used for initial
classification based on the difference in SHG per unit volume (SHG/V) for Forms I and Form II.

Since the bright field and SHG images were obtained using independent beam paths, image
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segmentation and registration algorithm was employed to correct the disparities in the fields of
view and align the two imaging modalities, as described in Section 3.2.5. In this algorithm, the
clopidogrel bisulfate particles for both Form I and Form II were assumed as spheroidal particle
morphologies with ~25 pm in diameter, which significantly reduced the complications resulted

from particle overlapping in practical study.

3.3.2 Raman Spectroscopy for Polymorphic Determination

Raman spectroscopy was employed as one of the orthogonal analytical techniques for
polymorphic identification of individual clopidogrel bisulfate particles. In this study, Raman
spectroscopy made independent assessment of crystal form, following the guidance of SHG
microscopy. The guidance provided by SHG microscopy was used to select particles of interest
based on the SHG/V analysis. The results of SHG-guided Raman measurements are shown in
Figure 3-4. Figure 3-4a) and 3-4b) correspond to the post-processed bright field image and SHG
image, respectively. One of the representative Form II candidates, which are relatively dim in SHG
image, is marked by a red circle, while a Form I candidate with high SHG activity is indicated by
a blue circle. In order to obtain a Raman spectrum from the selected particle, a pair of galvanometer
mirrors was controlled by calculated voltage to directly localize the excitation laser beam to the
target position. Since spontaneous Raman scattering signal is relatively weak, each Raman
spectrum was collected by integration of Raman signal for ~1 minute (2 seconds per frame for 30
frames) to reach high SNR. The Raman spectrum collected at the selected position (red solid line
in Figure 3-4) was compared with the Form II reference spectrum (red dash line in Figure 3-4).
The excellent agreement was observed, while the Form I showed the same consistency. It proves
that the initial assignment made by SHG images is consistency with the determination of Raman
spectroscopy. Therefore, for monitoring of clopidogrel bisulfate production, SHG microscopy
enabled classification of crystal forms and selection of the Form II candidates with high speed.
Then followed Raman spectroscopy at the selected location can be used to identify the existence

of clopidogrel bisulfate Form II.

3.3.3 X-ray diffraction for Polymorphic Determination

In addition to the Raman spectra acquisition, SHG-guided synchrotron XRD technique also

enabled for polymorph determination of clopidogrel bisulfate. It is another method to assess the
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capabilities of single-particle polymorphic assessments by SHG. The experiments were conducted
for the mixture of 90% clopidogrel bisulfate Form I and 10% Form II (w/w) at Argonne National
Laboratory. The experimental results were shown in Figure 3-5. In Figure 3-5, Figure 3-5a) is a
laser transmittance bright field image, while Figure 3-5b) and Figure 3-5c¢) are transmittance SHG
images at the same field of view. Yellow circles marked the representative clopidogrel bisulfate
particles. And the polymorphs of individual particles were classified by SHG signal measurements.
To identify the polymorphs of these representative particles, a collimated X-ray beam with 5 pm
in diameter, was employed for the raster scan on these particles. This 5 pm X-ray beam provided
tight localization of X-ray measurements and reduction of corresponding background signals. By
using narrow beam size of X-ray beam, there is a significant enhancement of the sensitivity and
signal to noise ratio. Based on the assumption that it is a uniform distribution of particles
orientations, integrated intensity along azimuthal angles were recovered from a set of anticipated
X-ray diffraction pattern. The experimental results were compared to the theoretical predictions of
monoclinic and orthorhombic unit cell from Cambridge Structural Database (CSD) for clopidogrel
bisulfate Form I and Form II respectively. With the comparisons of X-ray diffraction pattern, the

polymorphs of individual particles were confirmed.

3.3.4 Discussions

SHG microscopy has been demonstrated as a powerful tool for clopidogrel bisulfate
polymorphic discrimination. As it showed in Figure 3-3, significant differences between Form I
and Form II polymorphs are expected. In statistical analysis, SHG activity per particle basis of
both forms were integrated, which suggests a discriminatory confidence of 99.995% based on SHG
signal alone. However, there are several limitations of using SHG microscopy only for
polymorphic discrimination. This method is only applicable to crystal forms with significant
difference of crystal structures. Also, this statistical analysis assumes that the difference in SHG
per unit volume is only dependent on the crystal structure. In practice, both the physical differences
within the particles may affect the SHG intensity as well, including, crystal size distributions,
orientation of the crystals, etc. Therefore, in this study, we coupled SHG microscopy with other
orthogonal analytical methods, Raman spectroscopy and powder X-ray diffraction, to identify the
polymorphism of clopidogrel bisulfate particles. With further confirmation of these orthogonal

methods to provide physical, chemical and structure information, the overall rate of
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misclassification can be significant reduced. As we know, the misclassification probability of SHG
microscopy is ~0.005%, while the error from Raman spectroscopy is ~0.1%. The misclassification
probability will be 5*10°8.

In the experimental results, all these three approaches, SHG microscopy, Raman
spectroscopy and powder X-ray diffraction, can be employed for polymorph discrimination
independently. Among these three techniques, SHG microscopy show significant advantages
compared to other two methods. By using SHG microscopy, the discrimination of different
polymorphs is based on a single scalar input, which is SHG intensity per unit volume. But Raman
spectroscopy carry additional chemical and structural information from a 1D spectra, while XRD
acquire 2D diffraction patterns. Since the purpose of this study is polymorph discrimination, for
Raman spectra and X-ray diffraction patterns, dimensional reduction to a single scalar value is
necessary for eventually inform the crystal form. Thus, SHG microscopy is the simplest and
directed methods for qualitative analysis of API polymorphs.

Another significant advantages of SHG microscopy is its measurement time. Since
spontaneous Raman scattering is weak, which is ~107 relative to Rayleigh scattering,*?
spontaneous Raman spectrum acquisition requires longer integration time to obtain a spectrum
with sufficient signal to noise ratio for polymorph discrimination. In this practical study, it took
60 s to acquire a Raman spectrum with sufficient signal to noise ratio. For a mixture sample with
1% clopidogrel bisulfate Form II in Form I, which consists 900 particles, it would take ~15 hours
for the spectral acquisitions and post processing of these Raman spectra. For synchrotron X-ray
diffraction, the measurement time is much less compared to Raman spectroscopy. It takes 1 s for
the integration time of individual particle. And 900 particles sample requires ~30min for the data
acquisition, including the dead time for data transferring and sample repositioning. However,
synchrotron X-ray diffraction is difficult for routinely access, due to the limited number of
synchrotron facilities. Therefore, synchrotron X-ray diffraction cannot be treated as a routine
technique for API polymorph determinations. On the other hand, SHG microscopy requires less
than 1 second for collecting a SHG image within a 1 mm x 1 mm field of view, which includes
~200 clopidogrel bisulfate particles. For the mixture sample with 900 particles, it only takes a few
second. To achieve limit of detection (LoD) of 0.1%, it would require ~1 minute (40 frames with
~0.5 s dead time for sample repositioning between frames). And if we would like to access to LoD

of 100 ppm, it only requires ~10 minutes.
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In each spherical particle of clopidogrel bisulfate, it consists of numerous small crystallites.
Therefore, it shows relatively low variance in SHG intensity per particle. We calculated SHG
activities of clopidogrel bisulfate from 100 particles in different fields of view. Form I yields 35+9
counts/um? SHG signals, while Form II yields 0.095+0.003 counts/um?. The relative standard
deviation (RSD) of the SHG per unit volume determination for both Forms I and II was ~15%.
The SHG intensity for individual particle is the ensembled averaged SHG signal from multiple
small crystallites in different orientations. For a polycrystalline conglomerate, a representative
population of numerous small crystallites contributes to the overall SHG intensity observed, rather
than a few relatively large sources. Since the average crystal size is much smaller than the focal
volume, a statistical population of all sizes and orientations is sampled within each individual
particle, which can significantly reduce the particle-to-particle variance in SHG intensity.

It is worthwhile to note that the discrimination and identification of clopidogrel bisulfate
polymorphs are based on individual particles. In this case, we assume individual spherical particles
can only be either pure Form I or pure Form II. One particle cannot consist of both Form I and
Form II at the same time. This assumption is based on the knowledge that polymorphic
transformation kinetics for intra-particle interactions are much faster than that for inter-particle
interactions.>>** Adjacent crystallites within single particle have intimate contact, which can result
in rapid polymorphic transition throughout the particle, while inter-particle interactions are limited.
Therefore, during the polymorphic transition process, after an initial nucleation of clopidogrel
bisulfate Form II, there will be a fast transition to the entire particle. But it is this polymorphic
transition is hard to propagate to adjacent particles. Our experimental results also showed that there
is no mixture of polymorphs in individual particles, which is consistent with the assumption we
made.

In this study, clopidogrel bisulfate Form II shows weak SHG activity, while amorphous
clopidogrel bisulfate sample should be SHG inactive. It is challenging to discriminate Form II and
amorphous materials by SHG microscopy alone, since the SHG signal of Form II is significantly
weak. In this case, the integration of SHG microscopy with other orthogonal methods, like Raman
spectroscopy, can be one of the best strategies for the polymorph determination.

In conclusion, SHG microscopy-guided Raman spectroscopy combines the advantages of
both high speed of SHG microscopy and chemical specificity from Raman spectroscopy. This

technique can be utilized for API polymorphism determination, especially for polymorphs with
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large difference of SHG activities. In this study, we developed a method which is applicable to
real-time monitor the existence or absence of clopidogrel bisulfate Form II in the manufacturing
process. Finding Form II in a large amount of Form I seems like finding a needle in a haystack.
We solved this problem by a two-step approach. First, find a needle candidate in a haystack by
using techniques with short measurement time. In this case, we used SHG microscopy to find the
candidates of Form II particles with low SHG activities. And then, we use a time-consuming but
information-rich method, Raman spectroscopy, to confirm the candidate is a needle. Raman
spectroscopy was implemented into the instrument to determine the structure of clopidogrel

bisulfate Form II.

3.4 Conclusion

In this study, a prototype SHG-guided Raman instrument was developed and utilized for
polymorphic determination of clopidogrel bisulfate particles. SHG guide synchrotron X-ray
diffraction was also employed for this case study for measurement validations. In the first step,
the combination of bright field image and SHG image was used to assign the candidate particles
of clopidogrel bisulfate Form II in a large amount of Form I, since beam scanning SHG
microscopy can access to the speed at ~10 ms per particle with high statistical confidence. Then
the subsequent Raman spectra or X-ray diffraction patterns acquisitions are capable of
identifying the polymorph of individual particle. As a result, quantification of polymorphic phase
content becomes straight forward due to no requirements for a calibration curve. SHG-guided
Raman spectroscopy and X-ray diffraction combines the time-saving nature of beam scanning
microscopy with the information-rich features of Raman and X-ray measurements. This study is
applicable to real-time monitor the existence/absence of clopidogrel bisulfate Form II and the
polymorphic purity of Form I during synthesis and crystallization pipeline, which has potential to

improve the overall yield of Form I.
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Figure 3-1 Schematic diagram of the prototype instrument of SHG microscopy-guided Raman
spectroscopy
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Figure 3-2 Segmentation algorithm to perform classification of individual particles.

(a) Bright field image and (b) SHG image are shown for a mixture of clopidogrel bisulfate (10%
Form I/ 90% Form I). Red cross-hairs in the image indicate the representative candidates for the
polymorphic form classification. The images in a) and b) were brought into registry and converted
to binary images c) and d) respectively to identify the locations of all the particles, and the locations
of the SHG-dim particles. The difference map shown in e) allows classification of the Form II
particles, indicated by the green circles in Figure f).
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Figure 3-3 Integrated SHG intensity of clopidogrel bisulfate Form I and Form II

Measurement at focal plane was translated through powders of clopidogrel bisulfate Form I and
Form II samples. The integrated SHG intensity from Form II was rescaled by 100-fold to aid in
visualization. Outliers (bright SHG puncta in Form II) were excluded in this calculation.



68

s

[ ] b
100 um SHG image

850 950 1050 1150 1250 1350 1450

Raman shift (cm™)

Figure 3-4 Polymorph determination of clopidogrel bisulfate by SHG-guided Raman analysis on
a per-particle basis.

Figure a) and b) correspond to bright field and SHG images of a 10% mixture of Form II in Form
I, respectively. Figure ¢) and d) correspond to single particle Raman spectrum (solid line) and
FT-Raman spectrum (dash line) of Form I (blue) and Form II (red), respectively. FT-Raman
spectra of both Forms are shifted few wavenumbers to the right to match the spectra feature
collected from single particle measurements. In both cases Raman spectra support the
preliminary classifications made by SHG microscopy.
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Figure 3-5 Polymorph determination of clopidogrel bisulfate by SHG-guided synchrotron XRD
measurement.

Figure a) corresponds to the bright field image of the mixture, and Figure b) and c) corresponds
to the SHG image of the same FOV. The yellow circles indicate SHG-bright and SHG-dim
particles selected as candidates for the diffraction measurements. Experimental powder
diffraction patterns (solid line) from those particles are compared to the theoretical prediction
(dash line) for Form I (green) and Form II (red) in Figure d) and e) respectively.
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CHAPTER 4. ACCELERATING CONFOCAL RAMAN MICROSCOPY
BY DYNAMIC SPARSE SAMPLING

4.1 Introduction

Raman microscopy is a combination of Raman spectroscopy and optical imaging, which is
a powerful technique to acquire detailed chemical information in multiple dimensions, including
spatial domain and spectral domain'. Raman microscopy also show great advantages of high
chemical specificity and requirement for minimal sample preparation. Nowadays, Raman imaging
has broad applications in both chemical and biological sample analysis, including the
pharmaceutical materials characterization?>, characterization of semiconductors®’, cancer
diagnosis® %, and forensic analysis!!-12.

Specifically, for polymorphic characterization of active pharmaceutical ingredients (APIs),
spontaneous Raman spectroscopy and microscopy have been established as a standard method %13
in both academia and industry. Different polymorphs show differences in crystal lattice structure,
which can significantly impact their chemical and physical properties. Two polymorphs of an
individual API might exhibit significant difference in bioavailability, stability, apparent solubility,
and morphology. Previous studies show that more than 80% of APIs have multiple polymorphic
forms'4. Therefore, polymorphic characterization plays an important role in the development of
pharmaceutical formulations, especially the high throughput screening of drug pre-formulation.
There is an increasing demand for reliable analytical techniques with high speed for high-
throughput API polymorphic characterization.

Although spontaneous Raman spectra provide rich chemical information, the spontaneous
Raman cross section is weak (on the order of 103 cm?/sr)!>. The weak spontaneous Raman signal
results in a requirements of relatively long integration time to obtain sufficient signal to noise. The
long measurement time limits the applications of spontaneous Raman spectroscopy and
microscopy'®, especially for the high throughput Raman imaging.

In previous study, several techniques have been explored to reduce the measurement time
in Raman imaging. Stimulated Raman scattering (SRS)!” and coherent anti-stokes Raman
scattering (CARS)!® are two great tools to significantly reduce the exposure time and improve the
speed of Raman imaging. Both of these two techniques can reach up to video-rate frame rates.

However, it is challenging to recover complete high-resolution spectra at each location by SRS
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and CARS®. Moreover, the light sources of both SRS and CARS have to be ultrafast laser sources,
which is expensive and hard for maintenance. The requirements of ultrafast laser and complicated
instrument set-up limit the application of SRS and CARS.

On the other hand, there are several illumination strategies applied to improve the speed of
spontaneous Raman imaging. The illumination strategies for Raman imaging can be mainly
classified into three classes, including wide-field illumination, line illumination, and confocal
point scanning'®. For wide-field Raman microscopy, the entire field of view is illuminated, and
the Raman spectrum is collected by serially scanning through discrete frequency. In previous study,
several techniques, such as, acousto-optic tunable filters, liquid-crystal tunable filters (LCTFs),
fiber array assemblies, and integrated light sheet illumination, were incorporated to wide-field
Raman imaging. These approaches can improve the signal to noise ratio and the efficiency of
spatial and spectral collections?®. Thus, wide-field Raman microscopy is capable of recovering
spatial information with high efficiency. However, since it illuminates the entire field of view, the
intensity of light source at each individual pixel is reduced, which inhibits the corresponding
spontaneous Raman signal proportionally. For line-illumination Raman microscopy, a hemi-
cylindrical lens and an array detector were employed to acquire full Raman spectra in one
dimension and spatial information on the orthogonal axis. There are two scanning methods applied
in line-illumination Raman microscopy: sweeping a line of illumination across the sample or
translating the sample in one axis. In both cases, the Raman image is produced one line at one
time.?! However, line-illumination Raman imaging has similar issues as wide-field strategies. Both
of them suffer from low intensity at each individual pixel, which results in relatively longer
measurement time.

Compared to wide-field and line-illumination, point scanning Raman imaging has the
distinct advantage of confocal sectioning, which dramatically reduce background and interference
from sample out of the focal plane. For conventional point scanning Raman imaging, raster
scanning was used to sample all pixels in the field of view, which is able to collect all of the Raman
information pixel by pixel. But raster scanning also results in a significant long Raman image
acquisition time, which limits a lot of practical applications. In raster scanning, the next sample
location is always the adjacent pixel. Since the adjacent pixels are spatially and spectrally

correlated, the next pixel in raster scanning strategy is among the least informative pixels.
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In order to accelerated point scanning Raman imaging, one strategy is selective sampling,
which can efficiently reduce the numbers of sampling points. In previous study, several selective
sampling algorithms have been employed to predict the optimal measurement locations and then
reconstruct the Raman image. Rowlands et al. >* developed a sparse sampling algorithm to
determine the next information-rich sampling location by assigning a score to each unmeasured
pixel dynamically. By using two different interpolation algorithms: a cubic spline and a Kriging
interpolation, the score was calculated as the difference between the interpolated values for a pixel.
The pixel location where the reconstruction algorithms differed the most was treated as the most
informative pixel and then measured. Due to the integration of interpolation algorithms, this
method showed an improvement of efficiency compared with random sampling. However, from a
fundamental perspective, it is not clear that the location where the difference is largest with two
interpolation approaches corresponds to the most informative pixel. Utilizing information
collected by another much faster orthogonal imaging tool is an effective approach for selective
sampling as well. Chowdhury, et al.?* integrated second harmonic generation (SHG) microscopy
with spontaneous Raman spectroscopy to selectively decide the sample positions for Raman
spectral acquisition. Due to the high speed of SHG microscopy, it significantly reduced the
measurement time. However, SHG-guided Raman spectroscopy is only applicable for sample
systems whose components are symmetry-allowed for SHG, which limits some practical

applications. Kong, et al?

combine the confocal fluorescence microscopy with Raman
microscopy for selective sampling and time reduction. But it added significant complexity to the
instrument and also had specific requirements for the samples.

In this study, a supervised learning approach for dynamic sampling (SLADS) is
demonstrated for accelerating confocal spontaneous Raman imaging, which allows rapid
determination of optimal sampling locations in real-time during image acquisition. SLADS is the
first time to use a machine learning approach that incorporates training data for sample selection,
which is different from previous study for sparse sampling Raman imaging. The stopping
condition was determined by training data to optimize the number of sampling points and the
quality of reconstructed image.?® By using this approach, chemical images of pharmaceutical
materials can be acquired with >99.5% accuracy from 15.8% sampling, representing a ~6-fold

reduction in measurement time compared to raster scanning Raman images.
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4.2 Theory
4.2.1 Dynamic Sparse Sampling Algorithm

SLADS, as a supervised learning approach for dynamic sampling, has been demonstrated
as a method to identify a sparse set of sampling locations to improve the efficiency of sparse
sampling and reconstruction of the underlying object.?®?%2° The theoretical framework of
SLADS is described in this section. Since SLADS is a supervised learning approach, it requires
to measure 1% of sampling locations as initial inputs. Assuming the previously measured k
locations, S = {s®,s@, ...s®} of some sample, X € RY, the next location will be s**1 to
measure. The measurements locations and results can be described by a matrix, shown in
equation 4-1.

® s®, X (4-1)
y®) = :

st x R0
In sparse sampling method, image reconstruction was performed to obtain X € RV, by
using the measurement results. The goal of SLADS is to find the most informative pixel location,
which can maximize the expected reduction in distortion (ERD). Equation 4-2 shows how to find
the next measurement location s by calculating ERD of the all unmeasured pixel locations.

(k+1) — (k;s) 1y (R) -
s argsg{lg\%} {E[R SNY ]} (4-2)

In Equation 4-2, Q1 is the set of all pixel locations in X. The reduction in distortion R
resulting from measuring pixel s is calculated by the following expression in Equation 4-3.
R&$) = p(X,X®) — D(X,X*9). (4-3)
In Equation 4-3, X&) is the reconstruction made with Y and X;, and D(4, B) is the
distortion between two images A and B. In this implementation of SLADS, the distortion D
between two images A and B is defined as,
D(A,B) = XiL1 1(Ay, BY). (4-4)

I is an indicator function demonstrated in Equation 4-5. 4; is the it

element of the image A.
However, for Raman microscopy, a spectrum is obtained from each pixel location. Thus, we have
an [-dimensional vector at each pixel location. To implement SLADS to Raman microscopy, we

used the classification method described in section 4.2.3 to label each spectrum.
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__(0ifA; = B; (4-5)
1(4;, By) = {1 if A; # B;

In SLADS, since the ground truth is unknown, it is assumed that the expectation value for
the reduction in distortion can be written as a function of Y. In Equation 4-6, the function f5 (Y)
is generated by using a supervised learning approach, where 6 is a parameter vector.

E[R®|Y®] = (V). (4-6)

4.2.2  Stopping Condition of SLADS

Since SLADS is a supervised learning approach, training set was used to help to identify
the stopping condition of SLADS. The SLADS framework includes a stopping condition that

allows us to stop sampling when the expected total distortion (ETD) is smaller than a threshold T';

26
1 o
ETD, =E [FD(X,X("))] <T.
2] (4-7)
Since this quantity cannot be computed without foreknowledge of the ground truth image,

another function €, is used in SLADS instead to identify the stopping condition.

S

e® = (1= )e® + D (X0, X557). (4-8)
Here, k > 1, [ is a user selected parameter that determines the amount of temporal
smoothing, X ) is the measured value of the pixel at step k, and X\S(é‘k;l) is the reconstructed value

of the same pixel at step k — 1. The threshold to place on this function, T(T), to stop sampling
when ET D), is below T, is computed as follows.

First, M training images are measured using the SLADS algorithm, and stopped when the
total distortion, is below the desired threshold T.

1 . 4-
TDRZWD(X,X(IC))<T (4-9)

Then the value of e¥m) for each experiment is recorded. Here e ¥m) is the value of e(¥)
when SLADS is stopped for the m™ image. Then the threshold to place on € in the SLADS

experiment is computed as,

M 4-10
T(r) = ) elim®), 1o

m=1
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4.2.3 Classification of Raman Spectra

As it demonstrated in section 4.2.1, SLADS algorithm can be implemented to discrete
valued images. Therefore, in this application, classification of acquired Raman spectra was
employed to identify the chemical composition of the sample measured at specific locations. The
Raman spectroscopic image was then converted to a discrete valued image, in which the value of
each pixel is its corresponding class label, to inform the SLADS algorithm. In this study,
classification of Raman spectrum was obtained by combining two supervised learning
algorithms: linear discriminant analysis (LDA) and support vector machine (SVM). LDA was
performed for initial dimensional reduction. LDA is a generalization of Fisher linear
discriminant, which constructs the N-1 dimension space for N classes of data to maximize the
resolution between classes. Since there are three classes in this case, the Raman spectrum with
thousands of elements will be converted into a 2D space. After dimensional reduction, SVM was
conducted for classification by constructing optimal hyperplanes in data space (2D space in this
case) to separate different clusters of data points. SVM, as a machine learning algorithm, has
broad applications for classification problems. Specifically, for linearly inseparable data, SVM is
capable of drawing nonlinear decision boundaries by using pre-defined kernel function. It is a
more computationally economical equivalent of projecting data into a higher dimensional space.
However, SVM is inherently designed to draw the boundary between two classes and work with
two-class problems. In this study, in order to classify Raman spectra into N classes with N>2, al-
vs-1 SVM approach was adopted: one decision boundary was made for each pair of classes,

generating (721) decision boundaries. Classification of individual Raman spectrum is achieved
using the following procedure?’: all the (’2’) decision boundaries were applied to the unseen data

point, and each decision boundary returns one prediction for a class label. Then a polling
procedure is conducted, in which the class that obtains the highest number of prediction votes is
used as the classification result. If the polling results in a tie, a tie-breaking algorithm is

implemented to make a final classification decision.
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4.3  Experimental Methods
4.3.1 Sample Preparation

Pure clopidogrel bisulfate Form I and Form II were produced in-house at Dr. Reddy’s
Laboratories. Both the Form I and Form II particles were spherical with similar particle size
distributions (diameter: ~25 pm). The sample prepared for Raman microscopy was a mixture of
clopidogrel bisulfate Form I and Form II, which consisted of 50% Form I and 50% Form II by
mass. The powder sample was placed on a fused quartz microscope slide to collect Raman

spectrum.

4.3.2 Raman Spectrum Acquisition

Figure 4-1 is the schematic diagram of a confocal Raman microscope coupled with SLADS
algorithm. A continuous wave diode laser (Toptica, 785nm wavelength) was utilized as excitation
laser. The laser was coupled into a Raman probe (InPhotonics, RPS785/24), and then collimated
by a 'z inch fused silica lens. The collimated light was directed through a scan head, which is a
pair of galvanometer scanning mirrors. Additionally, two l-inch diameter fused silica lenses
formed a 4f configuration to deliver a collimated beam to the back of a 10x objective (Nikon) and
then to the sample. A photodiode was set on the transmitted direction to collect the laser
transmittance signal for bright field imaging. The Raman signal from the sample was collected in
epi direction and sent back through the same beam path into the Raman probe. There was a notch
filter (785/24) built in the Raman probe to reject the excitation laser at 785 nm. Raman spectra
were obtained by an Acton SP-300i spectrometer with a 100 x 1340 CCD array. The Raman spectra
acquisitions were controlled by a vendor software, WinSpec32.

In order to instantly relocate the excitation laser beam, these two galvanometer scanning
mirrors (one for x-axis position, the other for y-axis position) were controlled by a digital to analog
converter (DAC, NI 9263, National Instruments) coupled with a programmable USB interface (NI
USB-9162, National Instruments). MATLAB R2014a (MathWorks, Inc.) software written in-
house was used to output analog voltages to the galvanometer mirrors and direct the laser beam to
the desired locations. However, MATLAB R2014a requires to be run with operation system win
8 or higher, while the vendor software WinSpec 32 has to be run on an individual computer with
win XP. Therefore, network communication programs based on WinSock application

programming interface were designed (a client/server network) in house using Visual C++ 6.0
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(Microsoft Corporation) in combination with MATLAB to allow remote control of the Raman
spectrometer vendor computer (server computer) as well as data transfer between the two
computers. This network communication programs realize the automation of Raman spectra
collection and the implementation of SLADS into Raman microscopy. The communications
between the client computer and server computer were shown in Figure 4-1. During the
experimental process, the client computer used the SLADS algorithm (coded in MATLAB) to
determine the next measurement location. Then the client computer calculated the corresponding
voltages required for the galvanometer mirrors, and the DAC drove the pair of galvanometer
mirrors to direct the laser to the measurement location. After these steps, the client computer sent
a request to the server computer for Raman spectrum acquisition. The acquired Raman spectrum
file from the server computer was then sent back to the client computer for identification this
measurement point and continuous Raman spectrum acquisition at the selected measurement

points by running SLADS algorithm.

4.3.3 Ground Truth Raman Image Acquisition

A 128 pixels x 128 pixels ground truth Raman image were acquired by using a raster scan
sampling pattern. Raman spectra of the 50%/50% (w/w) clopidogrel bisulfate Form I/Form II were
collected at every pixel in the field of view. The laser power measured at the sample place was
~30 mW. The exposure time was 0.5 s per spectral frame. To achieve higher signal to noise ratio
for high quality training data for classification, 30 consecutive frames were averaged for each pixel.
The ground truth Raman spectral set were used as the training data of classification algorithms.
Furthermore, the ground truth Raman image was used to simulate the process of dynamic sparse
sampling Raman imaging and evaluate the performance of SLADS algorithm compared with other

sparse sampling algorithm, such as, random sampling.

4.3.4 Classification of Raman Spectra

The classification algorithms were conducted to convert Raman spectra into a discrete
value. The basic theory of using machine learning algorithms for Raman spectral was
demonstrated in section 4.2.3. Before implementing LDA and SVM, a set of pre-processing steps
for Raman spectra were performed, shown in Figure 4-2. First, a Savitzky-Golay filter was

applied to smooth the spectra®’. And then a rolling ball filter was used to remove the



78

fluorescence background?!. Finally, the spectra were normalized to their integrated intensities.
The integrated intensity information of every spectrum was recorded, so that it can be retrieved
when intensity information within each spectrum was required for subsequent analysis.

After the pretreatment of Raman spectra, LDA and SVM were employed subsequently.
Since both of LDA and SVM are supervised learning algorithms, 500 Raman spectra was treated
as training set, which were randomly picked up from the 16,384 Raman spectra in ground truth
acquisition. These 500 Raman spectra were manually classified into clopidogrel bisulfate Form I,
Form II, and background by human inspection, based on specific Raman peaks. If a random
selected spectrum was ambiguous for manual classification, it was excluded from training set.
For example, the Raman spectrum collected at the boundary between clopidogrel bisulfate Form
I and Form II particles, may exhibit spectral features of both polymorphs. It is not appropriate to
use ambiguous Raman spectra as training data. Then LDA was performed to reduce the
dimension of Raman spectra in training set. The Raman spectrum with thousands of elements
was projected onto a two-dimensional space formed by two LDA axes. After dimensional
reduction, SVM algorithm with a Gaussian kernel was employed to define the decision
boundaries for Raman spectra of three different classes. To optimize the parameters in SVM, a
five-fold cross-validation was performed. This set of cross validations in training process
improved the robustness of the classification method. The constructed decision boundaries in the
two-dimensional space was shown in Figure 4-3(a), with all 500 training data points overlaid.

The constructed classifiers from training was able to applied to discriminate Raman spectra
of clopidogrel bisulfate Form I, Form II, and background. Since the 1-vs-1 SVM polling process
was used for the classification, a tie in votes may happen, especially for the Raman spectra
collected at the location of a mixture. Specifically, in this study, there are 30 spectra out of 16,384
achieving a tie in votes. A simplified tie-breaking algorithm was implemented that all voting ties
are labeled as clopidogrel bisulfate Form 1. Figure 4-3(b) shows all 16,384 data points overlaid in
the two-dimensional space by using the constructed decision boundaries. Color-shaded regions
labeled the corresponding classified areas. With the established classifier, the confocal Raman
spectral image was converted into a discrete valued image with 128 x 128 pixels. Each pixel was
classified and valued as 1, 2, and 3, which correspond to clopidogrel bisulfate Form I, Form II and

background, respectively. The discrete valued ground truth image is shown in Figure 4-5(g).
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4.3.5 Stopping Condition of SLADS

As it mentioned in section 4.2.5, a set of training images was for stopping conditions of
SLADS. In this study, training data were prepared by processing bright field images and SHG
images in combination with bright field images acquired with confocal Raman microscope. As
demonstrated in previous work,”* SHG provides an independent method of determining particle
polymorphism with high confidence.

Training images were constructed by the following steps. First, individual particles of
clopidogrel bisulfate polymorphs Form I (bright in SHG image) and Form II (relatively dim in
SHG image) were manually identified and marked. Correlation of the fields of view (FOVs) for
both BF and SHG was accomplished by cropping and resizing the BF images. Next, the resized
BF images were converted into binary images by thresholding to differentiate clopidogrel bisulfate
particles from the background. Then, using the knowledge obtained from the first step, within these
binary images, Form I and Form II particles were manually classified (indicated in red and blue,
respectively). Eventually, five discrete-valued images with a resolution of 128 px x 128 px were

finalized and used as training data for the dynamic sampling Raman, shown in Figure 4-4.

4.3.6 Experimental Implementation of SLADS

Dynamic sampling Raman imaging was conducted by using the confocal Raman microscope
described in section 4.3.2, coupled with SLADS algorithm and Raman classifiers trained for
clopidogrel bisulfate samples. Another replicate of clopidogrel bisulfate sample was prepared for
Raman imaging, with 50% Form I and 50% Form II by mass. The SLADS stopping condition was
set such that experimental measurements automatically ended when the estimated image
reconstruction error was less than 1%. More measurements (to 35% of all pixels sampled) were
conducted after the SLADS stopping condition to evaluate and validate the trained stopping

condition.

4.4 Results and Discussions
4.4.1 Simulation Results for SLADS

Before implementing SLADS to Raman image acquisition, the ground truth results were

used to simulate the process of SLADS. The discrete valued ground truth Raman image is shown
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in Figure 4-5(g), which was used to simulate SLADS algorithm in Raman spectra acquisition.
Previously recorded integrated intensity of each spectrum was used to rescale the discrete valued
Raman image in order to reconstruct a grayscale Raman spectroscopic image with classification
information, shown as Figure 4-5(h). The simulation results show that the dead time between each
Raman spectrum collection was 71.5 ps on average, including the time for Raman spectrum
classification and for the time for SLADS to determine the next measurement location. Moreover,
the SLADS algorithm provided reconstructed Raman image in real time. Figure 4-5(a) and Figure
4-5(b) show the measured pixel location and the reconstructed image with 15% sampling rate,
respectively. The errors in image reconstruction by using SLADS was 0.23%, based on the
difference of reconstructed image with 15% sampling rate and ground truth image, which was
shown in Figure 4-5(c). With 35% of all 16,384 pixels measured, the reconstructed image was

identical to the ground truth image.

4.4.2 Comparison with Random Sampling

Simulated random sampling experiments were performed to compare the performance and
efficiency of SLADS to other alternative sparse sampling methods. Similar as the SLADS
simulation, Figure 4-5(g) was employed for the random sampling Raman spectra acquisition. The
image reconstruction algorithm was the same as that in SLADS algorithm. The measured pixel
locations, reconstructed image, and errors in image reconstruction corresponding to measurements
of 15% of all 16,384 pixels are shown in Figure 4-5(d)-(f), respectively. The image reconstruction
error with random sampling was 4.65% with 15% sampling rate, which is 20 times higher than the
error with SLADS. In Figure 4-5(f), most of the errors by using random sampling were located at
the boundaries of the sample particles in different classes. It is reasonable that the boundaries
between different species have high spatial frequency information compared to other positions in
the image, which means the boundaries are the most ambiguous and informative positions for the
measurements. Random sampling does not adjust its measurement density according to the
different spatial frequency at different positions, which significantly reduce its efficiency. On the
other hand, dynamic sampling adjusted the measurement density and selectively measure more
pixels with higher spatial frequency information. Therefore, reconstructed image via SLADS

showed much lower error percentage than that via random sampling with the same sampling rate.
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4.4.3 Experimental Implementation of SLADS for Confocal Raman Imaging

By using the theory in Section 4.2.2 and the experimental methods in Section 4.3.5, the
stopping condition for SLADS of <1% expected distortion was achieved for sampling rate at
15.8%. Figure 4-6(a) and Figure 4-6(b) show the measured pixel location and the reconstructed
image respectively. In order to assess SLADS algorithm at this stopping condition (15.8%
sampling rate), additional subsequent measurements were made for up to 35% of all pixels sampled,
shown in Figure 4-6(c). In this case, there is no additional change showing in the reconstructed
images after 29% of all pixels were sampled. By comparing the reconstructed image with 15.8%
sampling rate to that with 35% sampling rate, 67 pixels of the chemical identification results were
different, which were 0.41% of all 16,384 pixels in the image. The experimental results are
consistent with the assessment of the simulation results. The SLADS approach preferentially
sampled at the boundaries of different species. The SLADS algorithm enabled to collect Raman

spectra at informative locations, which provide high edge resolution in the classification.

4.4.4 Performance Analysis and Potential Application of SLADS

Point scanning confocal Raman microscopy is a technique, where the Raman spectrum
acquisition time for each pixel is relatively long, due to the low spontaneous Raman signal.
Especially, the data acquisition time for each measurement is over 10 times longer than the time
required for the dead time of SLADS, including laser beam relocation, data transfer, spectra
analysis, and SLADS computation. Therefore, implementing SLADS into confocal Raman
microscopy show significant advantages in measurement time reduction. It is reasonable to expect
SLADS applications in other imaging system, which single-pixel measurement time is much
longer than the random access and SLADS computation time. For example, energy dispersive

3334 and infrared hyperspectral imaging®, might be

spectroscopy>2, photoacoustic imaging
beneficial in measurement acceleration by using SLADS.

Scarborough et al. demonstrated using SLADS to reduce the measurement time and X-ray
dose for synchrotron X-ray diffraction image.’® In the application of dynamic sampling in
synchrotron X-ray diffraction for crystal positioning, the reduced number of measurement points
significantly reduced the X-ray dosage used for crystal identification, and avoided excessive X-
ray damage. In that study, they suggest that the benefits of SLADS increase significantly with the

increase of the number of pixels in the image. In SLADS simulations based on X-ray diffraction
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imaging, an 80-fold increase in resolution (from 40x80 to 512x512 pixels) yielded a 6-fold
reduction in the fraction of pixels sampled for similar distortions. Based on this evidence, for the
application of SLADS in Raman imaging, the sampling rate at stopping condition could be even
lower with the higher resolution of sampling, but at the expense of increased overall measurement
time.

It is worthwhile to compare SLADS with the previously described sampling strategy by
Rowlands et al.?3. They developed the sampling strategy by comparing between spline and Kriging
interpolations. Unfortunately, the previous work lacked the assessment of the reliability of the
algorithm, with no model calculation with ground truth results. Thus, it is hard to compare these
two methods quantitatively. In the reconstructed image of Rowlands ef al. publication, the
boundaries between species were significantly blurred, which could result in the misclassification
rate along the boundaries and in the whole image is anticipated to be relatively large. One possible
reason for this effect is that the difference between spline and Kriging interpolations of a pixel is
not proportional to the information that the pixel. The Rowlands et al. algorithm preferred to
collected Raman spectra at the location with the greatest differences of two interpolations, rather
than the locations that will optimize reconstruction. Furthermore, the Rowlands et al. algorithm
operated on continuously valued images, and then utilized the difference between pixel values
directly to select the next measurement. However, the difference between continuously valued
pixels is a different question than posed in the present reconstruction, which focused on properly
classifying composition. The algorithm proposed by Rowlands et al. cannot readily be extended
to discrete valued images due to the discrete nature of the classification. All pixels in labeled
interpolations would either be identical using the two methods or differ by a score of one, which
is not capable of conducting selective sparse sampling.

In this case, the confocal Raman imaging was used to investigate the mixture of clopidogrel
bisulfate Form I/Form II and background. Both of clopidogrel bisulfate Form I and Form II are
spherical particles. However, practically, the discrete classification boundaries identified by
SLADS are not representative of the smoothly varying changes in composition expected for
realistic three-dimensional objects (in this case, spheroidal particles). Although the present study
was primarily focused on quantitatively and accurately classifying composition, it is worthwhile
to discuss the methods to obtain the intensity information. In order to recover the intrinsic gradient

in intensities of each spheroidal particles, there are two strategies could be considered. One strategy
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was demonstrated in Figure 4-5(h), in which the original classified images were subsequently
weighted by the ground-truth vector magnitudes of the filtered spectra. Another potential strategy
is using continuous-SLADS, which has been demonstrated in previous study.?’ Continuous-
SLADS is capable of dealing with continuously valued images, in which different regions have
either hard boundaries or soft gradient edges®. Since gradients in continuously valued images are
smoother, SLADS will sample along this smoother more spread out boundary. Therefore, if
calculated with only one label allowed per pixel, the misclassification rate of the image
reconstruction by using continuous-SLADS, will decrease much slower than the discrete valued
SLADS algorithm. But if the RMSE was computed as the error metric, continuous-SLADS will
decrease the error faster, because it is trained to find the pixel that reduces the RMSE the most.
However, as the method proposed by Rowland et al, continuous-SLADS suffers from the
inaccuracy of using the difference between continuously valued pixels to quantify the difference
of each pixel.

Although the central focus of the present work is the reduction in measurement time, the
SLADS algorithm has an additional benefit of reducing the total optical dose to the sample.
Phototoxicity is routinely observed in Raman imaging, especially for live cells, in which local
heating and/or photochemical reactions significantly perturb the system under investigation during
the process of data acquisition3’-*®. Furthermore, in pharmaceutical materials analysis, significant
laser-induced local heating could potentially result in phase transformation between different
crystal forms of pharmaceutical materials®®. Therefore, the implementation of SLADS into Raman
imaging results in broader applications in biological and pharmaceutical materials analysis with
the reduction of optical dose. Moreover, other imaging techniques, where sample overheating or
damage caused by extended exposure to light source is a major concern, such as four-wave mixing
microscopy for living cell imaging, using dynamic sampling to reduce the number of sampling
points can be potentially beneficial.

Another significant advantage of SLADS approach is that it can be directly compatible
with broad classes of point scanning confocal Raman microscope. Although in this study, all of
the Raman images were acquired by the prototype instrument shown in Figure 4-1, commercial
confocal Raman systems should be available for the implementation of SLADS. The compatibility
of SLADS is able to be assessed by comparisons between the Raman spectrum collection time for

single pixel and the random access time for the commercial Raman microscope. In many practical
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commercially available confocal Raman systems supporting imaging applications, the single-pixel
measurement time dictates the overall frame rate, such that SLADS is expected to be beneficial

for Raman image acquisitions.

4.5 Conclusion

A supervised learning approach for dynamic sampling (SLADS) was integrated into a
confocal Raman imaging microscopy system to greatly reduce imaging time. Due to its high
chemical specificity and requirement for minimal sample preparation, Raman imaging has found
broad application in both chemical and biological sample analysis. With weak spontaneous Raman
scattering, conventional Raman imaging typically requires a relatively long integration time to
obtain a high signal to noise ratio, which limits the applications. By analyzing the preceding set of
measurements, the SLADS algorithm identified the next most information-rich sampling location,
which resulted in a significant reduction of total number of data points required for image
generation in Raman microscopy. Integration of SLADS into the feedback for beam positioning
enabled fully autonomous control over the selection of location and data acquisition. By using this
approach, reliable chemical images of pharmaceutical materials were obtained with ~15.8%
sampling, representing a ~6-fold reduction in measurement time relative to full field of view
sampling with negligible loss (< 0.5%) in image quality. SLADS has the distinct advantage of
being directly compatible with standard confocal Raman instrumentation. Furthermore, SLADS is
not limited to Raman imaging, providing an improvement of point-scanning imaging speed
whenever the single-pixel measurement time dictates the time frame for image generation. The
flexibility of the sampling architecture enables compatibility with a variety of applications,

providing benefits including increased imaging speed and reduced sample damage.

4.6 References

1. Stewart, S.; Priore, R. J.; Nelson, M. P.; Treado, P. J. Annu Rev Anal Chem 2012, 5, 337-
360.

2. Edinger, M.; Bar-Shalom, D.; Rantanen, J.; Genina, N. Pharm Res-Dordr 2017, 34,
1023-1036.

3 Vajna, B.; Patyi, G.; Nagy, Z.; Bodis, A.; Farkas, A.; Marosi, G. J Raman Spectrosc

2011, 42, 1977-1986.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

85
Hartshorn, C. M.; Lee, Y. J.; Camp, C. H.; Liu, Z.; Heddleston, J.; Canfield, N.; Rhodes,
T. A.; Walker, A. R. H.; Marsac, P. J.; Cicerone, M. T. Anal Chem 2013, 85, 8102-8111.
Lawson, L. S.; Rodriguez, J. D. Anal Chem 2016, 88, 4706-4713.
Dieing, T.; Henrich, M.; Richter, E. Spectroscopy-Us 2012, 29-29.
Kairdolf, B. A.; Qian, X. M.; Nie, S. M. Anal Chem 2017, 89, 1015-1031.
Kong, K.; Kendall, C.; Stone, N.; Notingher, 1. A4dv Drug Deliver Rev 2015, 89, 121-134.

Yosef, H. K.; Krauss, S. D.; Lechtonen, T.; Jutte, H.; Tannapfel, A.; Kafferlein, H. U.;
Bruning, T.; Roghmann, F.; Noldus, J.; Mosig, A.; El-Mashtoly, S. F.; Gerwert, K. Anal
Chem 2017, 89, 6893-6899.

Piredda, P.; Berning, M.; Boukamp, P.; Volkmer, A. Anal Chem 2015, 87, 6778-6785.

Muro, C. K.; Doty, K. C.; Bueno, J.; Halamkova, L.; Lednev, 1. K. Anal Chem 2015, 87,
306-327.

Doty, K. C.; Muro, C. K.; Bueno, J.; Halamkova, L.; Lednev, 1. K. J Raman Spectrosc
2016, 47, 39-50.

Starbuck, C.; Spartalis, A.; Wai, L.; Wang, J.; Fernandez, P.; Lindemann, C. M.; Zhou,
G. X.; Ge, Z. Crystal Growth & Design 2002, 2, 515-522.

Chieng, N.; Rades, T.; Aaltonen, J. J Pharmaceut Biomed 2011, 55, 618-644.

Gordon, K. C.; McGoverin, C. M. Int J Pharmaceut 2011, 417, 151-162.

Li, C.; Zhang, D. L.; Slipchenko, M. N.; Cheng, J. X. Anal Chem 2017, 89, 4863-4867.
Zhang, C.; Li, J. J.; Lan, L.; Cheng, J. X. Anal Chem 2017, 89, 4502-4507.

Imitola, J.; Cote, D.; Rasmussen, S.; Xie, X. S.; Liu, Y. R.; Chitnis, T.; Sidman, R. L.;
Lin, C. P.; Khoury, S. J. J Biomed Opt 2011, 16, 021109-021101 - 021109-021110.

Schlucker, S.; Schaeberle, M. D.; Huffman, S. W.; Levin, 1. W. Anal Chem 2003, 75,
4312-4318.

Oshima, Y.; Sato, H.; Kajiura-Kobayashi, H.; Kimura, T.; Naruse, K.; Nonaka, S. Opt
Express 2012, 20, 16195-16204.

Watanabe, K.; Palonpon, A. F.; Smith, N. I.; Chiu, L. D.; Kasai, A.; Hashimoto, H.;
Kawata, S.; Fujita, K. Nat Commun 2015, 6, 10095.

Kong, K.; Rowlands, C. J.; Elsheikha, H.; Notingher, 1. Analyst 2012, 137, 4119-4122.



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

86
Rowlands, C. J.; Varma, S.; Perkins, W.; Leach, I.; Williams, H.; Notingher, 1. J
Biophotonics 2012, 5, 220-229.

Chowdhury, A. U.; Ye, D. H.; Song, Z. T.; Zhang, S. J.; Hedderich, H. G.; Mallick, B.;
Thirunahari, S.; Ramakrishnan, S.; Sengupta, A.; Gualtieri, E. J.; Bouman, C. A_;
Simpson, G. J. Anal Chem 2017, 89, 5959-5966.

Kong, K.; Rowlands, C. J.; Varma, S.; Perkins, W.; Leach, . H.; Koloydenko, A. A_;
Williams, H. C.; Notingher, 1. P Natl Acad Sci USA 2013, 110, 15189-15194.

Godaliyadda, G. M. D. P.; Ye, D. H.; Uchic, M. D.; Groeber, M. A.; Buzzard, G. T.;
Bouman, C. A. IEEE Transactions on Computational Imaging 2018, 4, 1-16.

Bishop, C. M. Pattern recognition and machine learning; springer: New York, NY
10013, USA, 2006.

Godaliyadda, G.; Ye, D. H.; Uchic, M. D.; Groeber, M. A.; Buzzard, G. T.; Bouman, C.
A. Electronic Imaging 2016, 2016, 1-8.

Godaliyadda, G.; Ye, D. H.; Uchic, M. D.; Groeber, M. A.; Buzzard, G. T.; Bouman, C.
A. arXiv preprint arXiv:1703.04653 2017.

Ehrentreich, F.; Summchen, L. Anal Chem 2001, 73, 4364-4373.
Liland, K. H.; Almoy, T.; Mevik, B. H. Appl Spectrosc 2010, 64, 1007-1016.

Zaluzec, N. J.; Burke, M. G.; Haigh, S. J.; Kulzick, M. A. Microsc Microanal 2014, 20,
323-329.

Hu, S.; Maslov, K. I.; Tsytsarev, V.; Wang, L. V.; SPIE, 2009, p 3.

Jeon, M.; Kim, J.; Kim, C. Medical & biological engineering & computing 2016, 54,
283-294.

Kelley, D. B.; Goyal, A. K.; Zhu, N.; Wood, D. A.; Myers, T. R.; Kotidis, P.; Murphy,
C.; Georgan, C.; Raz, G.; Maulini, R.; Miiller, A. In SPIE Defense + Security; SPIE,
2017, p 10.

Scarborough, N. M.; Godaliyadda, G. M. D. P.; Ye, D. H.; Kissick, D. J.; Zhang, S. J.;
Newman, J. A.; Sheedlo, M. J.; Chowdhury, A. U.; Fischetti, R. F.; Das, C.; Buzzard, G.
T.; Bouman, C. A.; Simpson, G. J. J Synchrotron Radiat 2017, 24, 188-195.

Notingher, I.; Verrier, S.; Romanska, H.; Bishop, A. E.; Polak, J. M.; Hench, L. L.
Spectrosc-Int J 2002, 16, 43-51.

Kuzmin, A. N.; Pliss, A.; Lim, C. K.; Heo, J.; Kim, S.; Rzhevskii, A.; Gu, B.; Yong, K.
T.; Wen, S. C.; Prasad, P. N. Sci Rep-Uk 2016, 6, 28483.

Sobocinski, R. L.; Pemberton, J. E. Langmuir 1988, 4, 836-845.



87

X Galvo

Sample
Raman
Spectrometer M
PD
ST TTTTTTTT s ,° Voltage Output
/ \‘ L Module
Initial input L Find the location P
i ! with highest ERD
1
| |
! I
Measure ! Classify the Raman

selected pixel spectrum

T

Meet the

stopping
criterion?

\ Server computer

Galvo: galvanometer mirror
OBJ: Objective

A Client computer
PD: Photodiode )

Figure 4-1 Schematic of the random access confocal Raman microscope with the dynamic
sampling Raman imaging workflow described in the flowchart.
The server computer (outlined in blue to the left) controlled the Raman spectrometer, and the
client computer (outlined in orange to the right) controlled the laser beam location, operated the
SLADS algorithm, and performed Raman spectral classification.
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Figure 4-2 Preprocessing of Raman spectrum to improve SNR
(a) Sample raw Raman spectra of Form I, Form II clopidogrel bisulfate polymorphs, and
background, and (b)-(e) illustrated the spectral processing procedure by using a spectrum of

Form 1II clopidogrel bisulfate measurement, including Savizhky-Golay filtering, rolling ball
filtering, and normalization to the area under the curve.
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Figure 4-3 Classification of Raman spectra into three classes

(a) Training spectra projected onto the two-dimensional space generated from the two principal
eigenvectors produced by LDA, and three decision boundaries constructed using 1-vs-1 SVM, in
which the solid curve separates Form I and Form II clopidogrel data points, the dashed line curve
separates Form II and background data points, and the dotted curve separates Form I and
background data points. (b) Visual representation of Raman spectral classification decision making.
All 16,384 spectra collected by the ground truth Raman imaging experiment are projected to the
same LDA space as gray dots. Shaded areas that these dots fall into indicate corresponding
classification results.
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Figure 4-4 Training images for sampling Raman imaging stopping conditions.

The five discrete valued images (128 pixels x 128 pixels) cropped and processed from the bright
field image of the clopidogrel bisulfate Form I/Form II mixture; and then labeled based on the
SHG image
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Figure 4-5 Simulated dynamic sampling and random sampling image reconstruction with a
ground truth image

Results shown in the figure are both at 15% sampling percentage (2,458 out of 16,384 pixels are
measured). (a) Measured locations of simulated dynamic sampling. (b) Reconstructed image of
dynamic sampling. (¢) Dynamic sampling image reconstruction error map. (d) Measured locations
of simulated random sampling. (e) Reconstructed image of random sampling. (f) Random
sampling image reconstruction error map. (g) The ground truth image in which all 16,384 pixels
are sampled. (h) Grayscale image with classification information by rescaling every pixel in the
discrete valued image by the integrated intensity of the Raman spectrum measured at the pixel (i)
Comparison of image reconstruction error using dynamic sampling (blue solid line) and random
sampling (orange dotted line) as a function of sampling percentage. In (a) (b) (d) (e) (g) and (h)
red pixels correspond to Form I polymorph, blue pixels correspond to Form II polymorph, black
pixels correspond to background, and gray pixels correspond to unmeasured locations. In (c) and
(f) gray pixels correspond to locations where the reconstructed image is the same as the ground
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truth image, and cyan pixels correspond to locations where reconstructed image differs from the
ground truth image.
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Figure 4-6 Experimental results of confocal Raman imaging with implementation of SLADS.

(a) Measurement locations correspond to the stopping criterion (15.8% sampling percentage). (b)
Reconstructed Raman image. (c) Reference image reconstructed after 35% of all pixels locations
are measured. (d) Difference between reconstructed image at 15.8% sampling percentage and the
reference image. 67 pixels are different, corresponding to 0.41% difference. In (a) (b) and (c), red
pixels correspond to Form I polymorph, blue pixels correspond to Form II polymorph, black pixels
correspond to background, and gray pixels correspond to unmeasured locations. In (d) gray pixels
correspond to locations where reconstructed image is the same as the ground truth image, and cyan
pixels correspond to locations where reconstructed image is different from the ground truth image.
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CHAPTERSS. IN SITU ACCELERATED STABILITY TESTING

5.1 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.

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. Numerous methods can be brought to bear
on stability assessments. These include polarized light microscopy (PLM)”*!?, X-ray powder
diffraction (PXRD)'!-12, differential scanning calorimetry (DSC)!% 13-4 Raman spectroscopy!>-1¢,
Fourier transform infrared spectroscopy (FTIR)!> 1718 "and solid state nuclear magnetic resonance
(SNMR)!> 1, 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
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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: 1) improved statistical confidence in kinetics parameters, ii) simplified kinetic
modeling without the requirements 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 relative to the bulk.!®:
20 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.!!: 2226 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> 2% and

XRD? have been lowered into the ppm regime as well. The low limits of detection of SHG
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microscopy enabled quantification of crystallization kinetics in ASDs spanning a 4 order of
magnitude range in crystallinity.?”- 3

In this work, the quantitative capabilities of SHG analysis are substantially improved
further while simultaneously dramatically reducing the total sample volume and storage burden
through in situ analysis. A controlled environment for in sifu 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 lowers noise in determinations of

the nucleation rates and crystal growth rates obtained from accelerated stability tests while

simultaneously lowering the amount of sample required.

5.2 Experimental Methods

ASD samples of ritonavir (15%), sorbitan monolaurate (10%), copovidone (74%), and
colloidal silicon dioxide (1%) were prepared by AbbVie Inc., prepared as spray dried dispersions
(SDDd) and hot melt extrudates (HMEs). Samples without the sorbitan monolaurate were also
made where the copovidone weight percent was increased to 84%. HME samples were milled to
prior to use. All powder samples were placed into the CEiST chamber or into a standard stability
chamber as thin layers (~300 um).

The CEiST’s design is shown in Figure 5-1. The CEiST has two sections separated by
greased o-rings that can be kept at different RHs depending on the saturated salt solution put into
the reservoirs. 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). 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 at Purdue, depicted in Figure 5-1(A).
An IR thermal image of the CEiST in Figure 5-1(C) confirms uniform temperature within + 2°C
of the set point temperature. Samples were placed onto cover slips and then onto one of the ten

wells within the CEiST. For comparative purpose, a standard stability chamber was made by
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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 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 minutes. Experiments were
performed using 350 mW excitation laser power and 894 ms exposure time, repeated every hour
(duty cycle of 2.8x10*). SHG was measured in the transmission direction due to the high
transparency of samples in the CEiST through deliquescence of 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 3 wells

prepared for each ASDs.

5.3 Results and Discussions

The performance of 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 50°C/75%RH, the results of which are summarized
in Figure 5-2. The amorphous excipients present in the HME ASDs did not produce significant
coherent SHG signal. In contrast, ritonavir crystals adopt an SHG-active non-centrosymmetric
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 5-2(A) for ASDs stored in a standard chamber at elevated temperature and humidity, and
Figure 5-2(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 5-2(C). The error bars in Figure
5-2(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
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platform are representative of those experienced in conventional temperature and humidity
controlled chambers.

Using the CEiST platform, 10 trials of in situ accelerated stability testing were run in
parallel for ritonavir crystallization in different ASDs at 50°C and 75% RH. The ASDs were
prepared with different components and different manufacturing 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 3 contiguous pixels
of at least 3 counts). From previous studies using SHG to interrogate ASDs, this criterion
corresponds to a lower limit of detection of 10 ppm crystallinity?®, 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 hours. Four sets of representative SHG images at five different time
points are shown in Figure 5-3. 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 spray dried ASDs,
HME samples showed a greater number of crystals and lower induction times in the accelerated
stability testing.

When accelerated stability testing was performed by using the standard temperature and
humidity control chamber, the sample was taken out of the controlled environment to enable SHG
imaging under ambient conditions. Since temperature and humidity cycling can significantly
change the crystallization kinetics (shown in Figure 5-4), 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 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
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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, single-particle tracking was performed to monitor the growth rates of
individual particles, representative results of which are shown in Figure 5-5, selected from 4-6
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 5-
5. 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 5-6, 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 5-6(A) is one order of magnitude higher than in SDD shown in Figure 5-6(B), in presence
of 10% span 20 in the ASDs. The residual nuclei present in HME ASDs might be 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.

The substantial improvement in signal to noise for nucleation rate determination in 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 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
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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 5-7. 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, or months, or even years, for each of potentially many different formulation candidates.**-
33 The temperature cycling complication coupled with the Poisson statistics limitations associated
with crystal analysis pose cost challenges associated with archiving large volumes of identical
replicate samples in controlled environments 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 requirements
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 experiments 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 constant within the matrices, as the ritonavir growth rate is
diffusion limited in this regime. The origin of this disparity in diffusion constants 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 HME and ~3 times for SDD.
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The surfactant, span 20 induced ~50-fold and ~20-fold change in nucleation rates for HME
and SDD, respectively. The nucleation kinetics are also distinctly different between SDD and
HME ASDs in the presence of span 20, with nucleation rates were 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.

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. In all of
the cases, the differences between the crystal growth rates of single crystals within individual fields
of view are beyond the errors from fitting. This intrinsic variability in growth rates for nominally
identical crystal forms suggests subtle differences in local diffusion rates, which in turn indicates
heterogeneity in local structure within the surrounding matrix. The growth rate dispersion might
result from subtle variation in local density, hydrophobicity, chemical composition, etc. The
diversity in growth rates, and correspondingly diversity in local environments is similar between

different formulations.

5.4 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 nucleation 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.
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Figure 5-2 Validation of CEiST by comparison with standard chamber

SHG images for time-dependent crystal growth of 15% HME ritonavir stressed in (A) standard
chamber at 50°C/75%RH, and in (B) CEiST at 50°C/75%RH. (C) time-dependent average particle
areas, which shows consistency between the two different methods.
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Figure 5-3 Time-dependent SHG images of 15% ritonavir ASDs stressed in CEiST.
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Figure 5-4 Temperature and humidity cycling effect on crystallization

A) 15% DL ritonavir ASDs stay in 50°C/75% RH chamber for 1 hour and then stay in room
temperature for 15 min for 5 cycles;

B) 15% DL ritonavir ASDs stay in 50°C/75% RH chamber for 5 hours
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Figure 5-5 Individual crystal growth distribution in ASDs

ASDs: (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 dashed line.
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of nucleation rate based on Poisson statistics, N:: number of crystals at time ¢
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CHAPTER 6. CRYSTALLIZATION ON SURFACE VERSUS IN
BURIED WITHIN AMORPHOUS SOLID DISPERSIONS

6.1 Introduction

Amorphous solid dispersions (ASDs), in which an active pharmaceutical ingredient (API)
is maintained in an amorphous state within a polymer matrix, effectively improve the
bioavailability of poorly water-soluble APIs. ASDs merely reduce the potential for API
crystallization, but do not completely eliminate the possibility of API crystallization.! The shelf-
lives of final dosage forms containing ASDs are often dictated by the rates of API crystallization,
due to its impact on solubility and dissolution rate. Therefore, it is necessary to study the
crystallization kinetics of the API within ASDs.

Accelerated stability testing is broadly used to investigate the crystallization processes of
APIs in ASDs and then assess the stability of amorphous formulations. However, most accelerated
stability tests were performed by using powdered pharmaceutical samples,? which only provided
average information of the entire sample and cannot reveal API crystallization at different
locations. Furthermore, API crystallization kinetics in bulk could be different from that on the
surface. For example, Zhu, et al. demonstrated that crystal growth rate at the surface of amorphous
griseofulvin is 10- to 100-fold faster than that in the bulk.? It is worthwhile to study the spatial
heterogeneity of stability of ASDs.

Several analytical techniques are commonly used for accelerated stability testing, including
polarized light microscopy (PLM), powder X-ray diffraction (PXRD), Raman spectroscopy, IR
spectroscopy, solid-state NMR spectroscopy, etc. However, PLM requires high transparency of
samples, which limits its applications for turbid pharmaceutical materials.* PXRD, as “powder”
is included in its name, is only capable of dealing with powder materials and providing average
information. Spectroscopic methods, like IR, Raman®, and ssNMR’, are more conducive to
investigate crystallinity on the surface, depending on the depth of radiation penetration. For
example, Henson et al. used Raman microscopic mapping to characterize API polymorphs in
tablets, where most of the spectral information was obtained from the tablet surface due to its low
penetration.® Most benchtop methods do not have great penetration or high enough sensitivity to
measure trace crystallinity within bulk sample. Thakral et al. used synchrotron X-ray

diffractometry to quantify crystallization from surface to core of a tablet, which enabled
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investigation of heterogeneous crystallization in a tablet.” However, X-ray diffraction patterns
cannot provide the information to assess nucleation and crystal growth kinetics. Furthermore,
access to a synchrotron X-ray light source is not commonly available for pharmaceutical
formulation development.

In this study, SHG microscopy coupled with Controlled Environment for in situ Stability
Testing (CEiST), which enabled single crystal growth tracking in accelerated stability testing
(described in Chapter 5), were performed to investigate the crystallization kinetics in bulk and on
surface of ASDs from hours to days. Since quantitative assessment of these growth rates is
complicated by challenges associated with isolation of a particular contribution in complex ASD
assemblies, we designed and built “sandwich” and “toast” structures, which exhibited seeded
crystals between two ASD films and on the surface of ASD films, respectively. Single particle

tracking was used to quantify the crystal size evolution overtime.

6.2 Experimental Methods
6.2.1 Sample Preparation

In order to investigate the ritonavir crystallization in bulk of ASDs, ritonavir crystals (Form
IT) were put in between two thin films made from an ASD, which built a “sandwich” structure
(ASD film + crystals + ASD film). The instruments for ASD film making are shown in Figure 6-
1, which contains a press (Atlas Manual 15 Ton Hydraulic Press, Specac), two heated platens
(Atlas Series, Specac) with temperature controller (4000 Series High Stability Temperature
Controller, Specac), and a cooling chamber (Atlas Constant Thickness Film Maker Accessory,
Specac). To make a film with constant thickness, powder materials (50 - 60 mg) were put in
between two round aluminum foil disks with 2 inches diameter and then into the Film Maker. The
Film Maker is capable of conducting both the pressure and temperature, which is shown in Figure
6-1(B). The press is able to provides constant and uniform pressure from 0 to 15 Tons on the Film
Maker. Meanwhile, the two heated platens can provide constant temperature for melting the
powder sample with heat conductive materials. Last but not least, the cooling chamber is connected
to a water-tap to cool the film down to room temperature by using water cooling.

The materials for making ASD films were milled ritonavir hot melt extrudates

(manufactured by AbbVie in house), which consists of 15% amorphous ritonavir, 74% copovidone
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(PVPVA), 10% Span 20 (sorbitan monolaurate), and 1% colloidal silicon dioxide (w/w). For each
ASD film, it required 50 — 60 mg ritonavir ASDs with surfactant (Span 20). The procedure of
making an ASD thin film is described below. First, put the film maker with the sample inside in
between the two heated platens and heat it up to 115 °C for 5 minutes. After the sample is warmed
up, apply 4 tons of pressure for 10 minutes while monitoring to keep the pressure at 4 tons. Then,
decrease the temperature by setting 65 °C on the temperature controller. With the decreasing of
temperature, monitor and keep the pressure at 4 tons for 10 minutes. After that, release the pressure
and place it into the cooling chamber until the temperature of the sample reaches room temperature.
The selective conditions (e.g., pressure, temperature, and time) were conducted to reduce the
crystallization induced by compression and heat and keep the ASD film completely amorphous.
To investigate crystallization kinetics of crystal on the surface, individual ritonavir Form
II crystals were placed onto the ASD film as seeded crystals manually by using a needle under an
optical microscope, which built the “toast” structure. The seeded crystals were distributed sparsely,
which would benefit the image analysis. There were less than 10 crystals in a 2 mm x 2mm field
of view (FOV). On the other hand, the “sandwich” structure was constructed by pressing 2 films
together with seeded crystals in between. The procedure for making a “sandwich” focused on
pressing 2 films with seeded crystals together without breaking the crystals, shown below. First, it
took 5 minutes to warm the sample to 98°C. Then, apply 1 ton of pressure for 10 minutes while
monitoring to keep the pressure. Afterwards, decrease the temperature to 65 °C and monitor the
pressure at 1 ton for another 10 minutes. The last step is releasing the pressure and place the sample
into the cooling chamber until it cools down to room temperature. With the “sandwich” structure,
all of the seeded crystals are within the bulk of the ASD. Both the “sandwich” and “toast” samples
are transparent, which enabled transmitted SHG image acquisition during in sifu accelerated

stability testing.

6.2.2 Accelerated Stability Testing Experiments

The CEiST was used to provide the stressed environment for accelerated stability testing
of our sample. The detailed description of the CEiST is in Chapter 5.2 and the design is shown in
Figure 5-1. There are two sections and ten available sample wells within the CEiST, which are
capable of acquiring results from 10 different samples. Samples were placed on cover slips in the

sample wells, which enabled transmitted SHG image acquisition. The temperature was controlled
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by two Tempco low density cartridge heaters (LDC00003) and a thermocouple for temperature
feedback. The reliability of temperature control has been validated by IR thermal image collected
by an IR camera (FLIR, A600-Series), which is within + 2°C of the set point temperature. In this
study, all of the accelerated stability tests were conducted under 50 °C. The CEiST consists of two
sealed sections by greased o-rings, which can provide two different relative humidity (RH) by
utilizing different saturated salt solutions. Moisture indicator strips (Indigo Instruments, 33813-
2080) were employed to validate The RH in CEiST. In this study, saturated NaCl aqueous solution
was used to keep the 75% RH in CEiST.

A commercial SONICC microscope (Formulatrix, Bedford, MA) was used to perform SHG
image acquisition during accelerated stability testing. The instrumental details of SONICC
microscope was demonstrated in Chapter 2.2. In this study, the excitation laser power at the sample
position was 150 mW and the exposure time for collecting a single SHG image was 894 ms. All
of the SHG images were collected in the transmission direction. CEiST was compatible with the
sample stage inside SONICC microscope and maintained elevated temperature and humidity (50
OC /75%RH) during the entire experimental process. Scheduled SHG image acquisitions for
accelerated stability testing from hours to days were allowed by using the vendor software
RockMaker, which can set up the locations of images and select measurement times. Since this
study focuses on investigating ritonavir crystallization at an early stage, the SHG image collections

repeated every hour for 48 hours.

6.3 Results and Discussions

To validate the reproducibility of “sandwich” and “toast” structures, 10 batches of each
were made by following the procedure demonstrated in Section 6.2.1. All of the ritonavir ASD
films were made to be ~100 pm thickness (single layer) and high transparency, which was highly
reproducible. There were no detectable crystals found in the ASD films based on the examination
conducted by SHG microscope (limit of detection: 10 ppm). No detectable crystals validated that
the film making process with high pressure and temperature did not result in crystallization. The
complete amorphous ASD films show advantages to avoid the impact from compression-induced
nuclei. Other than ritonavir ASDs manufactured by hot melt extrusion, ASDs manufactured by
rotary evaporator (rotovap) with the same components were also used to make ASD films. The

rotovap ASD films were made by following the same procedure. However, the rotovap ASD films
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contained a lot of air bubbles, which do harm to the homogeneity of the ASD films. The bubbles
may result from the different density of sample materials due to the rotovap manufacturing.

The ASD “sandwich” samples were also examined by SHG microscopy to analyze the
seeded crystals in bulk of ASDs. Since ritonavir Form II exhibits high SHG activity, SHG
microscopy with 150 mW excitation laser power at sample position was employed to avoid the
saturation of the detector (PMT). The lengths of seeded ritonavir crystals are about 10 — 300 pm.
Unfortunately, there were several broken seeded crystals shown in SHG images due to the high
pressure used for pressing two films together. Experiments under different pressure were
conducted to optimize the “sandwich” construction procedure. However, with pressure less than 1
ton, the two films cannot be pressed together. In contrast, with pressure more than 1 ton, there
were more broken crystals showing in SHG images. Thus, 1 ton was adopted as optimal pressure
for the “sandwich” construction procedure.

Figure 6-2 showed eight representative images of time-dependent SHG images from time
zero to 48 hours. The morphology of ritonavir crystals in bulk is significantly different from
crystals on the surface. Although all of the seeded crystals are needle-shaped, the crystals in bulk
grow while keeping their needle shape, while they exhibit “starburst” patterns on the ASD film
surface. Crystal growth rates in bulk were calculated by tracking single crystal length evolution
from time zero to 48 hours. The average crystal growth rate in bulk from five selected ones is 2.0
+ 0.3 um/hr. It is difficult to track single crystal length on the surface resulted from too much
particle overlapping. Thus, the diameter of the “starburst” pattern was treated as the crystal length
of crystals on the ASD film surface. The average crystal growth rate on the ASD surface is 3.7 +
2.4 um/hr, which shows significant variance between five selected crystals.

Based on the comparison of crystal growth rate in bulk and on surface, there is no
significant difference, which is not consistent with previous studies about surface-enhancement of
crystal growth rate. However, on the other hand, the nucleation rate on the surface is extremely
higher than in bulk of ASDs. The competition from nucleation might be one of the reasons, which
reduce the crystal growth rate.

Different from crystal growth in bulk, there are many arguments about the mechanism of
crystal growth on the surface in recent studies.!® One is the tension-release model: Since the density
of crystals are higher than amorphous glass, it results in stress and strain effects in bulk that are

much stronger than surface, which causes faster crystal nucleation and growth on the surface.!!
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But Tanaka argues that the stress around the crystal “provides the free volume to the particles
surrounding the crystal, increase their mobility, and help further crystallization”.!? Based on his
theory, crystal growth on surface will be slower than in bulk. Another well-known model is the
surface mobility model: The higher crystal growth rate on the surface is due to higher mobility of
surface molecules.!> * In addition, the higher mobility of surface molecules also results in a faster
nucleation rate. The third model is based on different molecular packing on the surface versus in
bulk.!®> More experiments and studies are required to fully understand the crystal growth

mechanism on surface versus in bulk.

6.4 Summary

In this study, growth rates for ritonavir crystals seeded in buried and exposed on
supersaturated ASD film were quantitatively evaluated by SHG microscopy. In order to assess
bulk crystallization kinetics, “sandwich” materials were produced, with sparse seeds of ritonavir
single crystals pressed between two identical ASD films. In contrast, “toast” samples were
prepared without the capping film to investigate crystallization on the surface. The morphology of
crystals on the surface is like a “starburst”, while the crystals in bulk keep a needle-shape. However,
based on single particle analysis by SHG microscopy time-series during in situ crystallization, the
average growth rates for crystals in bulk and on surface do not show significant disparities, which

differs from previous studies. The reason for this unusual phenomenon needs further study.

6.5 Future Work

First, more experiments and image analysis with seeded film in bulk versus on surface
should be performed to check the reproducibility of current results. Second, assessment of the
nucleation kinetics on the surface versus in bulk of ASDs. Meanwhile, do more literature studies
about the mechanism of nucleation and crystal growth on the surface and in bulk. Moreover,
crystallization within other ASDs (e.g., different API, excipients, manufacturing processes) is also

worthy to study.
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Figure 6-1 Sample preparation device
(A)A press, two heated platen, a temperature controller, and a cooling chamber; (B) Film
maker.
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Figure 6-2 Time-dependent SHG images of seeded crystals in bulk and on surface of ASD films
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ABSTRACT: The low limits of detection afforded by second harmonic
generation (SHG) microscopy coupled with image analysis algorithms
enabled quantitative modeling of the temperature-dependent crystallization
of active pharmaceutical ingredients (APIs) within amorphous solid
dispersions (ASDs). ASDs, in which an API is maintained in an amorphous
state within a polymer matrix, are finding increasing use to address solubility
limitations of small-molecule APIs. Extensive stability testing is typically
performed for ASD characterization, the time frame for which is often dictated
by the ecarliest detectable onset of crystal formation. Here a study of
accelerated stability testing on ritonavir, a human immunodeficiency virus
(HIV) protease inhibitor, has been conducted. Under the condition for
accelerated stability testing at S0 °C/75%RH and 40 “C/75%RH, ritonavir
crystallization kinetics from amorphous solid dispersions were monitored by
SHG microscopy. SHG microscopy coupled by image analysis yielded limits

L -
seseete

of detection for ritonavir crystals as low as 10 ppm, which is about 2 orders of magnitude lower than other methods currently
available for crystallinity detection in ASDs. The four decade dynamic range of SHG microscopy enabled quantitative modeling
with an established (JMAK) kinetic model. From the SHG images, nucleation and crystal growth rates were independently

determined.

any emerging drug candidates exhibit low aqueous
solubility, which can directly impact bioavailability and
ultimately efficacy. In such cases, the bioavailability of an active
pharmaceutical ingredient (API) is routinely improved by
rendering the API amorphous within a polymer matrix to form
an amorphous solid dispersion (ASD).'* However, ASDs are
generally metastable systems; spontaneous crystallization of the
API during storage at elevated relative humidity, for example, or
processing can negatively impact the bioavailability of the APL
The effective dose of a formulation may be lower than the
intended dose. Furthermore, residual crystals present upon
dissolution may serve as nuclei for recrystallization following
dissolution under conditions of supersaturation.” To mitigate
these complications, extensive accelerated stability testing
methods are currently performed to quantify trace crystallinity
present in ASDs under stressed conditions, as stability testing
under ambient conditions is prohibitively time-consuming. **
In principle, kinetic modeling at elevated temperatures and
humidity can be used to predict stability under ambient
conditions, which is ultimately the defining property of
interest.” Two key kinetic processes are most directly relevant:
molecular diffusion and crystal nucleation/growth. Para-
meterized models for nucleation and growth allow prediction
of time-dependent crystallization under ambient conditions.”

4 ACS Publications  © 2018 Amercan Chemical Society

Given the exponential dependence of the crystallinity on many
of the recovered parameters, experimental uncertainties can
have large impacts on the predicted behaviors. Confident
determination of reliable kinetic parameters is most directly
obtained through acquisition over a large range of concen-
trations, suggesting the need for sensitive methods capable of
quantification at the early stages of crystallization. Kinetic
modeling is arguably the simplest to interpret from measure-
ments acquired in the low crystallinity regime, in which local
depletion and concentration gradients are negligible. The
relatively low drug loading present in many ASDs further
exacerbates the challenges in acquisition of kinetic data over a
large dynamic range.

The most common benchtop methods for characterizing
crystallinity in situ for kinetic modeling routinely exhibit limits
of detection within 1 order of magnitude of the total drug
loading, greatly reducing the accessible dynamic range for
quantifying crystallinity. A suite of methods is typically brought
to bear to inform stability assessments of ASDs, including
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polarized light micoscopy (PLM), diffrentil lﬂnm
alorimetry (DEC), Lmlxa:wpuu&ﬂﬁﬁ'm P’.:RPD_]
and solidstate NMR spectroscopy (mMME)L Y PIM i
argmbly the most common method mmently wsed to detect
Whmwmmﬁmﬁtm‘r
mmples dor Boolman osemments and routinely echibis
exdpients® DSC can provide information abont thermal
processes such as solid—solid tansition but lacks the sensifivity
o dlow trce detection'” XFPD, the corrent gold-standard
m:thm[fnn‘pd!mi‘rdmahn:lﬁu:ﬁmamﬂ:iidr
hﬁ1MEmL‘“DMnJu1m!mtrLI:-duw 1% i
dnl:np for the above malyticl techni Solid-state
hn: been used to quanhhhulmmme all
mq-mmﬁmuﬂhdmhmtuhwum
ﬁwnﬂ:-mn“!hm,smkmdrmquwhua
rdaﬁid'rlmsnuq)haﬂu}p:kﬁmu.

Monlinear optical imaging has recently emerged as a
sumessin] method in the ical feld for the sensithee
detection of trace in amorphows systems' ™™
Second harmonic generafion [S]'IE-], in paticohr, & a
lﬂlrn ng pro<zss, m'uhtht]u:l l:sh:ummlﬂ{
hllﬁ!.tnd"tmth:ﬁqmrmﬁepmmd: symm ety

of SHG t
s mradbahiinelipn ot wplpr o poind e
muphmmd:mt&mnamﬁumﬂﬁ:pﬂmd
n-cdg;l:le SHG micr has been
demonstrated a5 2 powerful method for the detection of
noncentrosymmetric oystk with low detection limits, which
shows high potential for accelerated stabiity testing of ASD"”

Ritonavir i an active ingredient in many sucossshl ant-HIV
formuobtions with extensively studied oystallization ki
netics. ™™ Given the rich behavior of ritomavir, a
mh:nhdh&rufhﬂ:hehammﬁmmﬂng

@mtaining amarphots Hifmav, Thu etal™ performed a seriss
of stabiity operiment to develop predicive models for
ritmavir crpstallimtion behaviors, & a ase smdy. The kinetic
modeling ws performed based on determimation of the
indnction time, corepanding to the minimom time requined
o detect omset of oystal lration
In this we seek to s the results
meﬂqmﬁumwmﬁww the eady
stage [#21%) optaline regime by SHG micoscopy.
kinetic modeling of opstal nudestion and growth. i
ﬁepmrnbpmnnf&:mwtnth&n

m-ud:d: for eardy "F n'pd nn:km Am{

B METHODS

.Pnn-u"i!m Atonadr extrodats with 15% I:'Ir_."'lr_] ritonadr
anufactured Memﬁmm, um’_."
muyupamlrﬁﬂnﬂnﬂmdﬂ:mmuha
powder. The dry glas transtion tm of the milled
spmdate was 56 amdhrﬂﬁﬂ?uthﬂiﬂ

describved herein, samples were prepared by pladng powden=d
extrodates on the glss shides a5 o thin byer (<300 gm) overa
mample area of ~1 on’. For amelerated stability testing, samples
were stremed at 50 °C/75% reltive homidity (RH) or 40 *C/
T5% BRH. 5HG micmsmp'r was used to observe the
aystallimtion of stressed ritonavir at eardy fimes
(0 to 24 h). At this FH, the extrodates exhibited low torbidity,
suggestive of temperatores dhove the glass tansition emper-
m]@m:mmm:&gdﬂmhm
temp of o id
ﬁiﬁmg\umau!mﬂ{hrumgamui SONICC
[lﬂnmdml:[ﬂ' nanlinear upl:d :mag;mg of chial crphk_]
microscope (Formulitrix, Inc ), modified inhowe for compat-
ihility with powder analysis Specificily, the instroment was
i to allow epi-detection of 5HG (detak shown in the
Supparting  Information). The system was powered by a
Fianinm FemtoPower bser (1060 nm, 170 & 50 MHz). A
resonant mirmor (8 kHz) and a galvenometer mirar ane med
the SHG images were ired with 350 mW excitation lser
power at the omple, and sach field of view was ~2.0 mm x 20
mm.ﬁkpﬂmhﬂi:*}iﬁnﬁl}rhﬁﬂﬁmlﬂidrud
in NLO microscopy measumem ents of tisne amples. However,
t]:gpm&n:i‘ratthnﬂq:l:mrdﬁﬂrlﬂw,ud
mezmrements were acquinsd with a bow numerical aperture
objetive (MA = 03] over a field of view (>4 mm®)
Furthermore, the use of a fstsan (8 kHz) resonant mimor
with the beam blocked at the tuming points reduesd the single-
pﬂwhmbp@hﬁsﬂm[mwmﬁrl—,}
bser pulses) per scan and then alowed for 1/30 5 of themmal
relaxafion prier to :uhqnﬂﬂ: ] For unstressed
:nq:h'nﬂ tluSHGnsmem’mdmhqnﬁmm
(i=, badk through the same objective used to deliver the
infrared beam ), as Pﬂwl{ﬂslfpﬂ!rpﬂwlhk:gulm
transmission doe to Far the ritonavir milled
extrudate amples stresed at either 50 or 40 *C with T5%RH,
the SHG signal was collscted in tasmision. Two replicates of
each were prepared, and thres different posiions of
mhnuq)hmnhﬂﬂﬁwahdcfﬂ':ﬁdﬁ:nfﬁ:w
obtained for each timepoint. Image] was nsed to malyze the
ﬂﬂimﬁbﬂdmpﬂ&kmﬁnﬁmﬂiﬁ:uhnﬂ
previcusly.

B THEORY

Crystal growth rates can be independently and self consistenthy
mﬂmm:ﬁmﬂiﬁmﬁmw
Parameterized models for nocleation and fndamental models
ﬁupnﬂthaﬂnwpaﬁmnd"hmn- arystallization.
Knlmnpcm'r_] theory in terms of volome faction of the new

e under the assum that nucleation and growth rates
rmhnt Ft:;mh:n:ﬁummn‘m"hth:thﬂm-r
ﬁgﬂmﬁﬂmitﬁgmpﬁqq:swﬂpﬂdhql in
which t is time, £, is the inducion time and is defined as the
carliest detection of an $HUG signa, I is the noclestion e, and
Ui the opstal growth mte.

aft— ) =1 — up[—gfx[r;[f; uie) drrdr}
(1)
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Higore 1. SHG and bright field mages for time-dependent crptal genseth in 15% stonavie milled srtondate stressed in(A) 50 *C75% BH and (B)
40 3 /75% RH chambers The spherical ocdusions in e bright feld imoges owvespond io sl podrets within the pastiolly meted onpovidone
matrix After ~18 b, crystals can be observed by bright fidd imaging with bow contrast.

For spherical crpstals, ﬁmﬂlpeimgn4l."i.ﬁn'stldp
staie homogeneous nudestion, nucleation and growth mtes are
mnsidered to be constant; therefore, =q 1 can be rewritien as

g2

gt — £ ]

E{:_ru}=|-_'ﬂ]:'|: 2

(2)

The amumption of constant nuclkeation and growth rates are
mly expecied to hold at the eardy stges of
aptllmton (#1%), for which the concentmtion of
anaphow AP is nat signifiantly affeced by the optlline
faction. The smmption of approximately sphericl porticles
may nitalya to be guestionahl= that tine s
a;&ﬂ%h&u%h@mnﬁxﬂﬁ
arystals, this assumption will no longer be valid However, the
ritanavir particles studied in the present case exhibit aspect
ratioe of lesx than 3, which & common in many plormacut-
ally desirable mﬁi&gimﬂmdﬂhgu&mmnﬁcming
msocited with nesdledike opstls. In this mnge, the emor
mt'-ndmd by assumption d:z.]:-]n'mmzt'l'p s]ﬂ'u:rmd.:.'l articles
is insignificant relative t0 the Poisson uncertainty introdocsd by
the finite number of disoete oystals mmpled

The wlme fradion of the tansbomed materid @n be
recovered by simplification of the more general form of the
_[h{ﬁ.keqmtmuﬁmnmeq?hpgmm]:nsmmtznd
genenalizing the expomential to an adjustable perameter.”

aft = t) = 1 — exp(~K(t ~ &) )

440

mpmtﬂ'nkthchmmdﬁdﬂuztddepcndsm
both nucleation and aystal growth rates and thos fom the
formulas N o (f — )" and r o (£ — £,)", which descibe the
variation in crystal number (N} and crpstal size (r) with time ™
The Avrami cosfident can be given by the following =q 4

n=k + im (4]

The preceding expressions hald at a particuler temperature, but
stability sting is most cmmaonly perfirmed & = a fmction of
temperature in onder to indoce phase transfomations in
practial time scales. Conneding these accelerated stability test
results back to room temperatre behavior can be perfommed by
aystal growth. The growth mte of an individeel oystd U
(described by m in 2q 4) can be prametrized and related back
to diffusion and the Gibls free energy of aypstallimtion through
L 5% Intha equation, Al is the thermodynamic Gibbs free
energy perunit vohme of oystal, 2 is an average (effective) S
parameter of the malecoles building the oystalline phase, ky i
Baltman's comtint, and f & 2 dimensonlss parameter
describing the different growth modes. For the comtinuoos
wﬁrmdtuiﬂn,u&d:hisummdmtﬂmhtﬂ:ﬁm
between the growing cystal and the sumomdi/ng mediom
displays 2 suficiently high mncentration of growth sites, f= 1.
U i the aystal growth rate, which is the slope from a plot of

R 1001021 Acaralcherm, TR
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om - £ .

Pﬂ:ﬂqt&qﬂummq.ﬁmﬂmhmwﬂdf
either diffusion limits the mate {in which case [} dictates
the overall kinetics) or i &gﬁﬂ:ﬁﬁumﬁhﬂmhtﬁg
exponential represented by Al dictates the orystallization rate.
me,pwﬁnumﬂbeupumdh&nmem:dzm&
Lhdﬂdﬁmhmhdpwﬂh the kinetics obey
standard Arrhenins behaviors for diffasion [ = Dy~ 54T gt

inermediate and lower
The of the s
# tempeniars othes b sl predcin bl et
elevated temperatnne behavior to ambient onditions can
& for ad stahility of ASDs
P ovied tht Mﬂhﬂ‘ﬁ’ﬂm ez cmer

B RESULTS AND DISCUSSIONS

Under the condition for accelerated stability testing at both 50
*C/75% RH and 40 *C/73% RH, aystal growth kinetics from
the H%wfwmphmﬂnnﬂrh’mﬂﬂ[ﬂhuﬁ*w:
recorded by olleging SHG mﬁumaﬂuﬁ:&d basiz
Ten representative 5HG images comesponding bright field
mapmﬂ!mnmﬁsthNlod:ﬂu:maFmﬂ:mﬂh
the same s sale for ative

e o o b s o e eyl
qpakﬂabmthemmﬁwfﬂmmm[;:,

particles with >3 config pixzls .ugm =3
munts). The time-zero samples showed no detecuble SHUG,

with the omset of detectable SHG at § b for samples stresed o
Sﬂwﬁ*mﬂﬂwﬂ*mcmwﬂhm
active particles shown in Figure 18, the num ber and the average
ﬁzimaﬁnpmﬁdﬂn aﬂ:m:inFis;u'el.ﬁ,
which form the hesis of more detailed kEnetic mnalysis (vide
The 15% dmg bading (DL) stonavir milled extmdate
sumples contdined only amorphowms ritonavir and copovidons.
Meither of the is 5H Gractive. Ritonavir crystals are
noncentrosymmeetric and SHEG adive > For $HG images in
Based on the comparison of Figure 1AB, after the mme
stressed time, the milled extrodate stressed at 50 °C/75% RH
smple stresed o 40 *C/75% RH.
ﬁpmhckmmnswmhmuquum&r
mmakﬂﬁmmmcmlmﬁﬂmd
averkap. In baief, the volume of zach mdividml
crpstallite was estimated based on the oo s-sectional area of the
particle. This removes noise associated with variance
in the SHG & ity from diff in oystal orentation
Hm:mndnmdﬁumpuhd:mhpfnwﬁﬂmtﬂklﬁﬂ
removed lu.n:ns a size-distribution i{q:-uu[::nl: ooTecHon
algorithm detailed elewhere™ Although the algorithm as
deseribed is derived ing = i i the
e S e
to allow relizble application of the method in the
.ﬁ.minin:m:n—palm:-nﬂim.ﬂm-ndrﬁ
ing w© three contignow picel) weas implemented in the
algorithm to ensure staisticd confidence in oystal idens-
fucation by i analysis. Based on the wolume ampled a5 set
Wm@h?ﬁ.dindhﬂdnfmthslpnin
Pﬂdhmhmtofﬁﬂjwmﬁamﬁn-paﬂmir
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distribtion at (A) 50 °C/75%RH and {B) 40 *C/T5%RH; (C) crpal

Corpatal arystl parsicle
Mumh{:} w Inft— ﬂw—m}nﬂlmmh!hﬂﬁthm

This limi:hld)dzmthﬂrh"‘;hﬂ than hax Iz-mrq:lmtﬂf
previously based on the minimom detectable mdins of 100 nm
However, Poisson statistics associated with the sinchastic
mature of oystallimtion were found to be the dominant noise
sowoe in the analyss, which wene minimized by maximizing
both the depth of ficld and field of view. Despite the high limit
:Ehﬁ'uhpucﬁmmi,ﬁiﬂltﬂp’dnﬂﬂ[mlnﬂlemﬂ
arders of magnitude lower than practiclly achisvable

dernative rootine methods. ¥ b

EpeEﬂ:m!ﬁ:rohm:ﬁ:ﬂinmod"n‘phﬂini‘rﬁmlSﬁ
anaphows Htomovir millsd stmdate stesed at 50 °C/75%
o =g 1 The aystallization rates were clearly not Enear with
aa:homn{i:m;ﬂiﬂﬂ:nﬁ; vﬁm&mﬂ{mmﬁﬂn
fentatively attributed to the mhm:mn&'mdnm
mupled with the need to particles large
Fnﬂ:kq;uﬁﬂmt&llﬂ-[:ﬁlﬂ]nm]ﬁadm“hth
study, the induction time f; was approdimately 5 b for both
amples stressed at 50 *C/75% RH and 40 C,/75% BH, which
was the earlisst ime point at which the SH(: was detectsd with
nﬁﬁﬂlmﬂdm[ig,ﬁﬁaipdpmthm}m
higher than the standard deviation of the blank).

The bmits of detection based on SHG micomopy are
Hﬂmh&mmmmmalw.}m
higher than the standord devistion of the initully prepared
nuq)this_‘ut?,ﬁ:hMahﬁtfnﬁ:mme:h

hﬁmmahﬁﬂhhtﬁ:inﬂﬁﬁ:ﬁmmﬁ&ﬂ!
fam in eq 3, clmbted with the measmred indoction times
identical parameters in each cae, given in the inset table. From
the 40 *C fits, SHG micoscopy exhibited a lower detection
liminflﬂppm[rﬁr]ﬁwn‘ﬂaﬂimmhamﬂﬂt
extrdate powder, which is approximately 2 to 3 onders of
lower than commonly msed methods (DSC, XRPT,

near [R). Given the similarities in the densities of mpovidone
and rtonawir, the wohme mfo and the mas faction ane
essentidly identical

With knowledge of the induction fime, additonal nsghts
mmhngma}pnnfthﬂiﬁmap,ﬂ!minﬁg:utlTh
indicating an incexe in both the number of oystak and the
distribution of oystal szes with ime To assess the oystal
growth rate, the mean orystal radii were alobited by wing the
mean apstl sze from the disribotion. The time-dependent
evolutions of the mean opstal ding were given by the bottom
two plote. A log—log plot of mean orystal radins versus time in
Fgwexmudhm&z --llﬂlmg;
m, assmming that the partide size sales as r o (f — §)™. This
scaling is consistent with sxpectitions for the deriation of =q 4
Muﬁnnnfﬁzluﬁpmpwﬂhmwagmudﬁm
the Ltest five fme points onder sach of the two stresed
mﬂﬁmﬁaﬁmhﬁpe,ﬂ.
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Hgure 4 Kinstios of nocleason, plotied logarithmiclly (A) and kneariy (B) o determine the exponentid order porameter kin o 4

Particle ako alow determination of
both the number of patides and the mte of new particl
F'ndnd:nml::.g, mucleation mate). The tot] oystalline whme
fraction i a fonctin of the combined rates of nudestion and
growth through 2@ 3 and 4 In Figmre 44, log—log plots of the
mucleation rate recover the expanential parameter km:rq_4
:Enmt]uﬂ based on the rebtionship N o (f —

En‘pﬂg‘u‘ﬂh:ﬂq the nndnl:Em.r::]l (N
mﬂmmiﬂiﬂbﬂhhﬂnmtmdu:hmin
F:igmtlﬂ It:i:mthmtinﬁthatﬂunndml:innmw:
:ﬂmlnd:ﬁmdﬁpm appexing after the indoction Gme,
e mthe:ua&pmnuaﬂ:xhpmudshau

suggests a higher supersammation and a cumesponding increass
in mcleation rate (acmrding to cassical nocleation theary™ )
hm:t,dﬁmhnmn&k:wlr’ghﬂmm
with inoresing te miure for mass-tran limited
Proesses ﬁﬂm‘tﬂm&ﬂ Iei{ﬂnilndbrr:.tmdﬂh
ey 5 A wesk tempeatue dependence for nucleation, as
olwerved for the coment study, mggests that both sfiects are
n'pn'ﬁmt, such that the decrease in nuocleation mtes from
thermodynamics as supesatmration decresses & largely offset by
an moexe in nodetion mtes from diffsion at elevated

m' incresse in oystal growth mtes with increased
is consistent with diffusion-limited kinetics over

hthmdcahdaﬂmkqﬂﬂrpmha:iz-
e with relidhle detection by 5Hi;. As such, the nodeation
raie is unhiased by the Fmo{aﬁnﬁmﬁnﬂ:ﬂnhﬂL
Independent determination of the oystal nudesion and
growth kinetics fom particle comting of the SHG-actve
domains allows evalmtion of the al
describing the overall Emhtr:nmmmm
reliably described by the IMAK model, the rebfionship n @ k +
3m i expected together with the total optllnity saling
Enearly with the average nucleation rate and cobically with the
Mmhﬁ:wp&k:ﬁm Tluﬂnpe:rudk
shown in Tahle 1 were fit via =g 4 and show good internal

mnsistency with thess s gesting. al validity
huﬁh}mw =

mmﬂmﬂmﬂﬂhﬁannwﬂmn{qs
&dﬁmhwﬂﬂhm&ehﬁmmﬁw
predicting the tempenturedependence of difiosion (and n
twn, oyl Fnuth rate), an estimate of the steadpstate
gowth @ wx from the Ltest five time points
under each of the two stresed @nditions shown in
Figue 3D. These points contined the least number of
crpstallites smaller than the lower limits of detection of the

Table L Parameter in JMAK Model

k m k4 3m L]

SOOC/TRERH 1002 040 04 32303 A x02
42 OC/THERH 19 #0207 00F A ox04  23 03

mie, the calonlated
ammmmwcfiﬁ:mnﬂﬂi”k]fm’,ﬁxhn

Fnﬂ:ﬂr{&m&nhm with previcusdy reported wvalues for
palymers.

It is warth tl!.::uti:ud"thchnmcmn&ﬂmgnd"
the 5HG data to modeling perommed using

Whils the nudeation kinetics were hrgely insensitive to the
difference in overthe regime invesfigated a5 shown
mF:lg;u:e4 thgu'ﬂ:lp'nthi.mmumﬁgue,]-cﬂﬂﬂnda
steep  temp ce. A temperature-insensitive
m&ﬂnmnmmﬂha:mnﬁﬂbﬂh

ﬂ:mnd'rnmumdh :Enntmhmim'm‘

o ional methods for oypsellinity determination. The low
bmits of detection by SHG significantly reduee the induction
ﬁmerqujdmﬁ:!obwutﬁ:mdd:dmmbh
crystallinity for integration into knetic In the case
of APl oystallzation in amorphous sobid dispersion, limits of
detection on the order of 0.5% oystalinity are enabled by
ﬂmﬂha:rmhmmmmﬁumimpdinmd'm
2, this limit of detection would correspond to four data points
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in the 50 °C/7T5%RH aysalization tial and two da points in
the 40 “C/7T5%EH trial over the mme time fame of the
experiment With so few data points avaibble, #t would be
dnl:npngat best to amess the validity of any parfimlar model

degree of super
cystallinity. In
addition, the present study was pﬂ'.imn-nd’mdﬂ-mmdi:nu
hﬁ:ghmﬂamrdrnpdnﬁ:ﬂimnmmﬂ&ruhng
performed ambient the timeframes
required for of aystallinity to infrm modeling by
mmﬁnuﬂbmhnpmcﬁnﬁ:mbmpﬂ'ﬂiliﬁufm
routine optimizatin of formulations.
Mkwﬁdﬂlr:&mmﬂwuﬂpksﬁm
and bisavailahility. For ASDs, stability i arguably
me of the most oitical facors to evdmte The resuls
summarized in Figwe 2 demonstate a dynamic mnge of
o several %), the collsctive results of which @n be &
intp a single onified kinstic model capoble of predicting both
the overall number and size disttbution of API oystals nnder
diverss storage conditions. Inmth.cdrmmtmd’
many altemative benchitop methods ronfinely span 1 of
magnitude or less and provide bittle direct indormation on the
size distribotion. Enmuqund“thgpudmunpﬂl&rd'

SHG microsmpy messurements amesaments i
significantly improved nhtive to ah:mal:rr: established
mhﬁfuwamﬂnlﬂemmﬂuﬂpuﬂrums
the measurements also allow
of am.hi:p.wﬂd I:rcn.d-.' under alternative conditions (=g
:ﬂmﬂﬁu’ﬁﬂhdﬂmmmpﬂﬁh
H‘hl:th:uunf&lﬂfwu&p:-nd"mphﬂmh[
i hx been demonstrated
b ekt o M e
mtmlrth:pﬂmtn‘plﬂlmi‘nbutmrnfthpmtdﬂ
m&.nhimmamhhm This addifional information
enabled determinafion of the nodeation and

distribution, with dissolution arising mor= rpidly fom 2 lage
mm:ﬂlﬂﬂfmﬂu‘phkawdhamﬂmﬂﬂnﬂ:g
The 5HG image analyss approach demonstrated in this wark
also has distinct X a&!mhrsmdzlﬂﬂidmdhn&
such @ PLM. PLM can exhibit Emits of detection well below
1% under fvomable conditions. However, the image contrast for
u-pﬂak:i:rﬂimﬂtbrthcpemnd:ﬁh contribu-
tins from surface/edge offcts in the mmple, occhmions,
provided in Figure 51, in the Supporting Informmation). The
high backgromnd and falespositives within the PLM fmages
eﬁﬁﬂrrﬂbmtmﬁmﬂdpﬂﬁ:‘:mﬂmﬁnﬁiﬂaﬁ

mﬂrhm;mﬂhkhﬂedﬂdﬁh
backgromnd from occusions and the matrix, snch that
th:mlmgmapmd.nm!romqnﬂﬂcrihwd

mmwmd

fom of the 5HG-adive maety or the need for calibration with
a pure substance. Crystallinity is assessed entirely based on the
ﬂuﬂﬂmﬁmmﬁn&dmﬁmwi‘rn
in studies of phanmacentical materialy,
u.ﬁ.'F'I:od"h:. zhph:ehhmﬂhumﬂn‘plﬂ
fomation. Ritonavir is a imbarly well-stmdisd of
cl'ﬂzlpol‘rmm‘iu:m,m the Form 11
pﬁmﬂrhmhnrndﬂbﬁrmuﬂfumdmmm
the metastable Form L Confocal Faman and nearinfraed
q:-adnaﬂ!rh'udﬁumlm stages in the crystallization wene
comsistent with the more stable Form I produced in the
pu'u:nl::ln{'r vﬂl&m:hﬂmmﬁs‘u‘: 52 Soch combined

whils to consider the challenges associated with acelerated
stability assessments in fina domge forme For orad dosge
ﬁnn:mp’nﬂdnd"mp'ﬂﬂt . additional crystalline
excipients may be present in to the ASDs Several
d::lrwﬂhml:-umpusml{fncmblms m.ﬂp:i:
by SHG in these more maries. UV-5H( has been
shown to exhibit selectivity for aromatic AP,
nﬂm‘sdnmudmmd'n'palmm:nthpmof
n'rﬂal!mmpn[cg,lﬂbm:amdmnﬁ]ulnu{iﬁq
micmcopy measwements for definitive determination of

Compasition on a perrticle basis®' Alematively, synchro-
ton XRD can inform stroctural ition of ndividoal

approach described herein, althongh with the caveat that the
hmhnhnfdmnmdmpmﬂ:unhmnmrh
ised in ¢

mirtures containing

adtihm.ﬂ mmmﬁml :me‘lr:i:h

W Tumhﬁﬂhnmod"n'plﬂ
.

B CONCLUSION
htﬁjm&hﬁﬂnﬁuumprw:uﬂm i
models for predicting the crystallration behavior of ritonavir in
amu{d.ﬁm:ﬁnmhhnnﬁghw[lﬂ“:mrﬁr] bmit of
detection of SHG exended the ange of dita to
mmpmﬂehhthmnddﬂhlmdmud"mapﬂmﬁhm
ﬂm]ﬁwnmmnwaﬂmtrimnmm Most
signihantly, SHG extends the t into the low
caystallinity regime, in which the analyticl modeing i
simplified by the mmmption of 2 constant average concen-
tration in the polymer. Image analysis of the SH( micographs
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allowed separate swlnation of contributions fom both
mclsation and growth in dictating the overall net Enefis of
aystallization. The waloes of aystallinity were demonstrated to
hmmmﬂhth:]mhnﬂxmﬂ.ﬁnmﬁumn
allows of bath the anticipated crystalline fraction as
e mperature-dependent in the SHG micoscopy
images allowed for determination of a diffusional activation

mﬂ'gﬁthmmahndinmnddmgmpuﬂidth:
hnd:uml{ﬂu.nqmupﬂmuiﬂmnrﬂmm

Since these results nild off mesmrements primarily
for aystalline fradions much lower than 1.5%, the overall time
frame for od:apﬂuﬁnd:.ﬁsﬂﬁumhhnnhath:

pnt:ntnl o be sobstantially reduced through of
SHG imagng. Comequently, foll kinetic nﬂmﬂh
Fﬂiﬂ:ﬂqﬂhﬂi‘rmhpﬂ'ﬁmﬂﬂdﬂhaoﬂhﬂuﬁd’
mzzmrements obtained at orpstallinities below thoss typiclly
mlIu.i:rd for l:imple pﬂu!fﬁil Boolean assessments in
fnmhhnmugmmﬁnnﬂrmaﬁnﬂ:ﬁl mdﬂﬁnﬁng
B ASSOCIATED CONTENT
€ Supporting Information
'l'l::fnppuﬁnglnﬁnml:inm:h :'nﬂl:ﬁuofchaﬂrmth:
ACS Poblications website at DOLI 10.1021/2cs anal-
chemn Thikg 260
Modification of instrum ents, the comparison of P LM and
SHG for apstllinity detedion, and the identification of
ritomavir crystal form. (FDF)
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