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ABSTRACT 

Author: Sarkar, Sreya. PhD 
Institution: Purdue University 
Degree Received: August 2019 
Title: Nonlinear Optical Microscopy for Pharmaceutical Formulation Development 
Committee Chair: Garth Simpson 
 

The unique symmetry requirements of second harmonic generation (SHG) provide exquisite 

selectivity to chiral crystals, enabling independent quantitative modeling of the nucleation and 

crystal growth of active pharmaceutical ingredients (APIs) within amorphous solid dispersions 

(ASDs) during accelerated in situ stability testing, and in vitro dissolution testing. 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. SHG microscopy yielded limits of detection 

for ritonavir crystals as low as 10 ppm, which is about two orders of magnitude lower than other 

methods currently available for crystallinity detection in ASDs. The quantitative capabilities of 

SHG analysis were substantially improved further while simultaneously dramatically reducing the 

total sample volume and storage burden through in situ analysis. Single particle tracking of crystal 

growth performed in situ enabled substantial improvements in the signal to noise ratio (SNR) for 

recovered crystal nucleation and growth rates by nonlinear optical microscopy. Upon dissolution, 

the presence of solubilizing additives in biorelevant media greatly affected the generation and 

stabilization of supersaturated solutions. SHG microscopy was found to enable the detection of 

crystals even in the highly turbid Ensure Plus® system. Analysis of the SHG micrographs clearly 

indicated that differences in the nucleation kinetics rather than growth rates dominated the overall 

trends in crystallinity. For weakly basic drugs, the fate of dissolution in fasted-state simulated 

intestinal fluid (FaSSIF, pH 6.5) varied with the ASDs drug loading, and was highly affected by 

the pre-exposure to the fasted-state simulated gastric fluid (FaSSGF, pH 1.6) medium, versus the 

dissolution in FaSSIF medium alone. The presence of crystals during the first stage of 

posaconazole ASDs dissolution in FaSSGF acted as nuclei for further crystallization in the later 

dissolution stage in FaSSIF. The results provide insights of better formulation prediction of poorly 

soluble drugs, as well as understanding origins of intraluminal absorption variability for such 

systems.  
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CHAPTER 1. INTRODUCTION 

1.1 Enhancement of bioavailability by ASD 

The conventional timeframe for a new drug approval starting from the drug discovery phase 

to the drug application phase is considered to be at least one or two decades long.1 Involvement of 

several steps in between as well as significant complications related to each passing step to ensure 

maximal patient safety make the whole process prolonged. It is also apparent that the associated 

costs escalate with time. In a recent study, it has been estimated that $2.87 billion and 11 years is 

the average requirement to establish an active pharmaceutical ingredient (API) from discovery 

phase for market sale, and preclinical work requires an estimated $450 million in out-of-pocket 

costs.1 Following the rational drug design, in the preclinical development phase utilization of state-

of-the-art analytical techniques to solve crucial measurement challenges can significantly lower 

the time required for developing effective formulations.  

 
Figure 1.1. Biopharmaceutical classification system of drugs. 

Among various possible dosage forms, oral dosage form is the most common one used for 

efficient drug delivery.2 Oral formulation is easy to supervise in patients, as well as is the most 

patient-friendly dosage form, in which reductions in pill-load are balanced by ensuring sufficient 

bioavailability. Two key factors play vital roles when deciding bioavailability, solubility and 
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permeability of the drug product. Based on these two components, APIs can be divided into four 

classes, widely known as Biopharmaceutical Classification System (BCS),3 shown in Figure 1.1. 

High solubility and high permeability correspond to desirable release of the oral dosage form in 

the body, therefore showing higher bioavailability. As the solubility and permeability of the API 

decreases, chances of using the API in non-oral dosage form increases.4 

For the past few decades, due to modern drug discovery strategies, the majority of the APIs 

have become more lipophilic, and of higher molecular weight, which hinder their aqueous 

solubilities.5 One of the most acknowledged strategy to increase the solubility of an API is forming 

an amorphous solid dispersion (ASD)6,7 of the drug in a polymer, which acts as the carrier matrix. 

The crystalline form of an API provides high purity, and physical as well as chemical stability as 

it has lower free energy due to its long-range-ordered molecular structure.8 Whereas, due to the 

short-range-ordered and long-range-disordered molecular structure of the amorphous form, it 

generally resides in a thermodynamically metastable zone, exhibiting higher free energy. 

Therefore, when the amorphous form of the API is cast into an amorphous polymer matrix to form 

the kinetically stabilized ASD, the amorphous API typically has significant thermodynamic 

driving force to revert back to the crystalline state (Figure 1.2). 

 
Figure 1.2. Schematic of relative free energies of amorphous versus crystalline states of API.  

Factors affecting the stability of the amorphous drug in the ASD include environmental 

influences such as temperature, and relative humidity, preparation method, preparation conditions 

etc.9 The physical and chemical stability, solubility, dissolution rate etc. of the drug product are 

greatly affected by this conversion.10 Thus, it is extremely important to prevent any crystallization 
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from happening as well as to detect the presence of any residual crystallinity in the ASD as those 

can act as nuclei to expedite the further propagation of crystallization.11,12 

1.2 Physicochemical characterization of drug products by nonlinear optics 

Numerous analytical techniques for assessing the physicochemical properties of ASDs 

include polarized light microscopy (PLM),13 X-ray powder diffraction (PXRD),14 differential 

scanning calorimetry (DSC),9,15 Raman spectroscopy,16 Fourier transform infrared spectroscopy 

(FTIR),17 and solid state nuclear magnetic resonance (ssNMR).18 PLM is one of the most common 

methods used for determining the presence of crystalline phase. Despite its widespread use, PLM 

can only provide qualitative information on optically transparent samples and is commonly 

complicated by interference from occlusions, contaminants, and crystalline excipients. As a 

consequence, PLM is challenging to integrate into fully automated quantitative analyses of 

crystallinity. PXRD is arguably the current “gold standard” for detecting trace crystallinity within 

the pharmaceutical industry but generally does not enable quantification at low crystallinity, takes 

several minutes for sample preparation/analysis, and requires several mg of material for analysis. 

Collectively, all of these conventional methods have relatively higher detection limit and 

significantly longer data acquisition time. If the drug loading in a life-saving oral medication is 

less than 1% (w/w percentage),19 the traditional techniques are not sensitive enough to detect any 

low level of crystallinity. Therefore, a fast-analytical method with low detection limit would help 

speedy identification of solutions to present-day challenges. 

 
Figure 1.3. Jablonski diagram for second harmonic generation (SHG). 
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Nonlinear optics has recently gained traction in the pharmaceutical industry for sensitive 

detection and quantification of trace crystalline content within amorphous formulations.20,21 

Second harmonic generation (SHG) describes the coherent conversion of light to twice the 

frequency (Figure 1.3), which is symmetry-forbidden in centrosymmetric media but allowed in 

assemblies of lower symmetry, including the large majority of noncentrosymmetric crystals.22 

Chirality within the molecular building blocks of homochiral API crystals guarantees a 

noncentrosymmetric crystal. 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.23 Utilizing the sensitivity of SHG to crystalline content for 

identification of regions of interest, the detection limits for Raman and XRD have been lowered 

into the ppm regime as well.24 The low limits of detection of SHG microscopy enabled 

quantification of crystallization kinetics in ASDs spanning a 4 orders of magnitude range in 

crystallinity. Altogether, second order nonlinear optical imaging for chiral crystals (SONICC) has 

the potential to quantitatively determine the pivotal attributes of drug products such as, nucleation 

events, crystal growth kinetics, crystalline versus amorphous content, polymorph discrimination 

etc. for pharmaceutical formulation development.23,25,26 

1.3 SHG microscopy for development of ASDs 

Stability testing of drug substances and drug products are routinely performed in industries 

as per the US food and drug administration (FDA) guidelines.27 Stability testing or stress testing 

informs the effect of environmental factors such as, temperature, relative humidity on the quality 

of the drug over a certain time period to evaluate bioavailability, efficacy, storage conditions, and 

shelf-life of the drug.28 Apart from the external perturbations, intrinsic properties of the drug 

product including physical and chemical stability of the API and the excipients, composition of 

the dosage form, method of preparation etc. can also negatively affect the stability over time.29  

The time frames for these stability testing can extend up to months to years depending upon the 

conditions used for stress testing. To escalate the timeline, accelerated stability testing is often 

carried out at elevated temperature and relative humidity condition.30 Accelerated stability testing 

provides comparable quality of information at much shorter time frame. The results of these studies 

are extremely important to effectively develop the successful formulation.   



20 
 

After the oral administration of the dosage form, it is also necessary to administer the 

behavior of the drug at in vitro conditions to predict its in vivo performance.31 In vitro dissolution 

studies are conducted at physiological conditions to evaluate solubilization, and release of the drug 

product across the gastro-intestinal tract.32 ASDs show higher dissolution rates, and they produce 

supersaturated solutions upon introduction to any aqueous medium, making them a desired 

formulation approach to enhance solubility and bioavailability.33 Inherent characteristics of the 

drug product such as particle size, polymorph, physical and chemical stability, excipients, 

solubility of drug, drug loading as well as attributes of the medium of dissolution for example, 

volume, pH, co-solvents, enzyme, surfactant, presence of bile salts and phospholipids also 

influence the dissolution profile.34 Use of dissolution media mimicking the composition and 

physicochemical characteristics of human gastrointestinal tract is therefore valuable. 

1.4 Dissertation overview 

The thesis will focus on utilization of nonlinear optics to inform pharmaceutical formulations 

by elucidating physical and chemical transformations at controlled conditions. The process of 

crystallization is central to most of the transformations happening here. The role of two key 

components for determining early stage crystallization events, detection of nuclei and evolution of 

crystal growth will be explained in detail.  

In the works described in chapter 2, a large dynamic range with correspondingly low limits 

of detection for crystallinity was achieved by utilization of SHG microscopy during accelerated 

stability testing of ritonavir ASDs. The large dynamic range and access to the low levels of 

crystallinity at two different conditions, 50OC/75% RH and 40OC/75% RH enabled building of a 

kinetic model, which could be used to predict the relative stability and shelf life of the ASD at 

ambient conditions.23 

In chapter 3, the quantitative capabilities of SHG analysis were substantially improved 

further while simultaneously dramatically reducing the total sample volume and storage burden 

for accelerated stability testing through in situ analysis.  A controlled environment for in situ 

stability testing (CEiST) was developed to leverage the sensitive, non-destructive analysis 

capabilities of SHG for continuous monitoring of individual crystallites during nucleogenesis and 

growth. The CEiST platform allowed for single particle tracking over hours to days under 

accelerated stability conditions typical for ASD analysis. Monitoring the same fields of view over 
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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. 

Chapter 4 describes disparities in the crystal growth kinetics for ritonavir crystallites seeded 

at the surface versus embedded in the bulk of a supersaturated copovidone ASD by SHG 

microscopy. “Sandwich” materials were prepared, in which sparsely prepared seeds of ritonavir 

single crystals were pressed between two identical ASD thin films to assess bulk crystallization 

rates. The sandwich materials were compared and contrasted with analogously prepared “open-

faced” samples without the capping film to assess surface crystallization rates.  Single particle 

analysis by SHG microscopy time-series during in situ crystallization showed one order of 

magnitude higher variation in average growth rates for surface particles than the embedded ones.  

Chapter 5 introduces a modified particle counting algorithm correcting for particle-particle 

overlap of rod-like particles. First, the algorithm was applied to simulated SHG images, then it 

was used on the rod-like ritonavir particles formed during accelerated stability testing of ASDs 

prepared from different methods with variable crystallization kinetics.  

Chapter 6 focuses on phase behavior of a poorly water-soluble drug, ezetimibe ASDs in 

different biorelevant media during in vitro dissolution testing.25 The ASDs were prepared in 

different polymer matrices, namely, polyacrylic acid (PAA), polyvinyl pyrrolidone (PVP), and 

hydroxypropyl methylcellulose acetyl succinate (HPMC-AS) and the media employed for 

dissolution were, sodium phosphate buffer, fed-state simulated intestinal fluid (FeSSIF), and 

Ensure Plus®. Substantial variation in the phase behaviors and crystallization kinetics of different 

ASDs were observed in different dissolution media. Although crystal growth rates were similar 

across all cases, significant variances in nucleation rates played major role in driving overall 

crystallization kinetics. Quantitative analysis of supersaturation behaviors in highly turbid media 

was made possible due to high selectivity and sensitivity of SHG microscopy. 

In chapter 7, role of pH shift was evaluated on drug release and phase separation of ASDs 

of a weakly-basic drug, posaconazole and Noxafil® tablets upon dissolution in two-stage media 

representing gastric (fasted-state simulated gastric fluid, FASSGF) and small intestinal conditions 

(fasted-state simulated intestinal fluid, FASSIF). Nucleation events emerging in the gastric 

compartment at lower pH promoted further crystallization in the intestinal compartment at higher 

pH, despite of initial generation of supersaturation. 
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Chapter 8 describes utilization of non-negative matrix factorization for isolating damage-

free reflections in macromolecular synchrotron data collection. In this work, a “damage-free” set 

of reflections in macromolecular crystallography was mathematically isolated by non-negative 

matrix factorization (NMF) and used to recover the of the X-ray diffraction (XRD) pattern of the 

protein unaffected by X-ray-induced damage. Damage during diffraction data collection can have 

a significant impact on the quality of the recovered protein structures. Here, the native XRD pattern 

of tetragonal lysozyme prior to X-ray exposure was recovered. NMF identified multiple sequential 

perturbations and isolated the corresponding changes in the reflections from each. At room 

temperature, NMF enabled independent isolation of perturbations to the reflections from direct X-

ray exposure versus diffusion of molecular radicals generated upon solvent exposure. Application 

of NMF during the room temperature damage mechanism helped in observing the firsthand effects 

of indirect X-ray radiation around the sample.  
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CHAPTER 2. SHG MICROSCOPY OF API NUCLEATION AND 
GROWTH 

Reprinted (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, Analytical Chemistry 2018 90 (7), 4406-4413.(*equal 
contribution). Copyright: American Chemical Society. 

2.1 Introduction 

ASDs are an attractive drug formulation strategy, in which casting the API into a glassy 

matrix with controlled dissolution kinetics leads to higher apparent solubilities and accelerated 

dissolution rates.6 However, the stability of ASDs affects the bioavailability of the API. If a 

significant fraction of an API spontaneously crystallized during preparation or storage, the 

effective dose 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.35 Extensive accelerated stability testing methods are currently performed to assess 

evaluation and detection of any trace crystallinity present in ASDs under stressed conditions, as 

stability testing under ambient conditions is prohibitively time-consuming.27 

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.36 

Moreover, evolution of crystals from ASDs under stressed conditions can be independently and 

self-consistently modeled in terms of nucleation and diffusion-limited growth.37 In turn, 

parameterized models for nucleation and growth allow prediction of time-dependent 

crystallization under ambient conditions.38 However, in practice, this approach is often hindered 

by the relatively high limits of detection for crystallinity of most benchtop instruments. Current 

analytical methods being used routinely in pharmaceutical industries routinely only allow Boolean 

assessments with long measurement times, which can complicate integration with quality by 

design (QbD) principles.39 Given the increased prominence of QbD methods in regulatory 

decision-making, improvements in the detailed understanding of stability can have a considerable 

impact in approvals processes. 

As a consequence of the relatively high limits of detection of conventional analytical 

methods, most stability testing is currently performed with a Boolean pass/fail assessment that 
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serves little value for quantitative kinetic modeling for extrapolation to ambient conditions. 

Nonlinear optical imaging, specifically second harmonic generation (SHG) has proven to be a 

successful method in the pharmaceutical field for the sensitive detection of trace crystallization in 

amorphous systems.40 While previous studies suggest nonlinear optical methods can be used for 

the detection of non-centrosymmetric crystals with high sensitivity, it has not yet been 

demonstrated as an analytical technique for accelerated stability testing of ASDs. In this work, 

accelerated stability testing has been carried out on a model ritonavir-ASD to determine the 

detection limits 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 milled extrudate samples were prepared in-house with 15% 

amorphous ritonavir (manufactured by AbbVie) and 85% copovidone (a commercial 

polyvinylpyrrolidone routinely used as a tablet binder).41,42 In brief, samples were prepared by 

placing powdered extrudates on the glass slides as a thin layer (~300 μm) over a sample area of ~1 

cm2. For accelerated stability testing, samples were stressed at 50°C/75% relative humidity or 

40°C/75% relative humidity. SHG images were used to observe the crystallization of stressed 

amorphous ritonavir at early times (0 hours – 24 hours).  

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 powders analysis. Specifically, the instrument was redesigned to allow epi-

detection of SHG (details shown in Supporting information). The system is 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. 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 1925 

μm x 1925 μm. 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 extrudates sample 

stressed at either 50°C or 40°C with 75% relative humidity, SHG signal was collected in 
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transmission direction because of its high transparency following a coalescence of the copovidone 

polymer. 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. 

2.3 Results and discussions 

2.3.1 Low limit of detection for crystallinity during accelerated stability testing 

Under the condition for accelerated stability testing at both 50°C/75% RH and 40°C/75% 

RH, crystal growth kinetics from the 15% drug loading (DL) amorphous ritonavir milled extrudate 

was recorded by collecting SHG images on a scheduled basis. 10 representative SHG images were 

shown in Figure 2.1. All of the images are shown with the same brightness scale for comparative 

purposes. It is worth noting that the SHG micrographs even at the earliest stages shown in the 

figure yield signals well above the noise floor of the instrument. The unstressed amorphous 

ritonavir milled extrudate samples were examined by collecting SHG signal in epi direction. The 

time-zero samples showed no detectable SHG, with the onset of detectable SHG at 5 hours for 

samples stressed at 50°C/75% RH and 40°C/75% RH.  

The 15% DL amorphous ritonavir milled extrudate sample contained 15% amorphous 

ritonavir and 85% copovidone. Neither of the components is SHG-active. Ritonavir crystals were 

non-centrosymmetric and SHG active. For SHG images in Figure 2.1, the SHG-active areas 

represent ritonavir crystals. Based on the comparison of Figure 1A and Figure 1B, after the same 

stressed time, the milled extrudate stressed at 50°C/75% RH developed more ritonavir crystals 

with larger size than the sample stressed at 40°C/75% RH.  
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Figure 2.1. SHG images for time-dependent crystal growth in 15% DL ritonavir milled extrudate 

stressed in 50°C/75% RH and 40°C/75% RH chambers. 

A particle counting approach was used to quantify crystallinity at level below 10%, 

described in detail elsewhere. 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 factor 

derived previously. Although the algorithm as described is formally derived assuming spherical 

particles, the aspect ratio (~3:1) of the ritonavir particles is sufficiently low to allow reliable 

application of the method in the present study. 
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Figure 2.2. Percent volume fraction of crystallinity from amorphous ritonavir milled extrudate at 

different stress conditions with detection limit of 10 ppm (0.001%) of total drug loading. 

Figure 2.2 shows the volume fraction of crystallinity from 15% DL amorphous ritonavir 

milled extrudate stressed at 50°C/75% RH (orange) or 40°C/75% RH (blue). SHG microscopy 

reduced the lower limits of detection of crystalline ritonavir in a milled extrudate powder to 10 

ppm, which is approximately three orders of magnitude lower than alternative commonly available 

methods (DSC, PXRD, near IR). The growth rates are 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 

(>~1 µm) for detection. 
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2.3.2 Theoretical background for kinetic modeling 

Crystallization can be independently and self-consistently modeled in terms of nucleation 

and diffusion-limited growth.43 Parameterized models for nucleation and fundamental models for 

growth allow prediction of time-dependent crystallization. The overall crystallization kinetics 

theory under isothermal condition can be described by JMAK theory (Johnson, Mehl, Avrami and 

Kolmogorov) in terms of volume fraction of the new phase considering nucleation and growth 

rates are constant throughout the transformation.Error! Reference source not found.,44 In this theory, the 

volume fraction of the new phase is proposed by Equation (2.1). t0 represents induction time, which 

is defined as the first detectable time points.  

 

 

(2.1) 

For spherical crystals shape-factor g is 4p/3. Consideration of nucleation and growth rates 

being constant throughout the steady-state homogeneous nucleation, Equation (2.1) can be 

rewritten as Equation (2.2). 

 

 

(2.1) 

  The volume fraction of the transformed material can be given by the more general form of 

Avrami (JMAK) equation is given by Equation (2.3). 

 
 

(2.2) 

  In order to determine the constants K and n, Equation (3) can be rewritten as Equation (4). 

The nonlinear fitting by using Equations (2.3), (2.4) and the Avrami coefficient are shown in 

Figure 2.2. 

 
 

(2.3) 

The parameter n is called the Avrami coefficient and depends on both nucleation and 

crystal growth rates and thus from the formulas N  µ (t-t0)k and r µ (t-t0)m, which describe the 

variation in crystal number (N) and crystal size (r) with time. The Avrami coefficient can be given 

by the following Equation (2.5). 

  (2.4) 
  While the nucleation kinetics were largely insensitive to the difference in temperature over 

the regime investigated, the crystal growth kinetic exhibited a steep temperature-dependence. A 

general expression for the growth rate U is given in Equation (2.6), including both nucleation and 
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diffusion.  In Equation (2.6), ΔGv is the thermodynamic driving force per unit volume of crystal, 

a is an average (effective) size parameter of the ions building the crystalline phase, kB is 

Boltzmann’s constant and f is a dimensionless parameter describing the different growth modes. 

For the normal growth mechanism f=1. U is the crystal growth rate, which was the slope from the 

linear fitting in Figure 2.3 (D).  

 

 

(2.6) 

In practice, the expression in Equation (2.6) 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 ΔGv dictates the crystallization rate.45  Since the supersaturation 

decreases with increasing temperature, growth rates would be expected to decrease at elevated 

temperatures for crystallization under thermodynamic control. For diffusion-limited growth, the 

opposite trend is anticipated, with faster nucleation and growth at elevated temperatures consistent 

with the observations. Under diffusion-limited growth conditions, Arrhenius parameters for 

diffusion allow predictions of growth at intermediate temperatures (and lower temperatures 

provided no phase transitions arise).46  

 
 

(2.7) 

Arrhenius parameters for diffusion-limited crystal growth kinetics are shown in Figure 2.3, 

fit according to Equation (2.7). An estimate of the steady-state growth rate was generated from the 

latest five time points under each of the two stressed conditions explored, as they 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 could be most confidently recorded. 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.  

Equation (2.5) suggests close relationships between the exponential parameters describing 

nucleation and growth, which can be tested from independent assessment of the rate of new particle 

nucleation and the rate of growth for crystals already established.  In Figure 2.4, log-log plots of 

the nucleation rate recover the exponential parameter k from the slope, based on the relationship 

N  µ (t-t0)k. The induction time t0 was 5 hours for samples stressed at 50°C/75% RH and 40°C/75% 

RH. Analogous operations can be performed to assess the growth rates from Figure 2.3 (C) based 

U = f D
4a

1− exp − 1
2
ΔGVa

3

kBT
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

D = D0e
− Ea
kBT



30 
 

on the mean of the histogram of particle sizes to extract the parameter m in Equation (2.5) from r 

µ (t-t0)m.  The slope results shown in Table 2.1 fit the Equation (2.5) and show internal consistency 

with JMAK model. 

Table 2.1 Parameters in JMAK model. 

 n k m 
50°C/75%RH 3.1 ± 0.2 2.0 ± 0.2 0.4 ± 0.04 
40°C/75%RH 2.9 ± 0.3 2.9 ± 0.2 0.07 ±0.05 

 

2.3.3 Nucleation and crystal growth kinetics 

Steady-state nucleation rates are similar for both temperatures, with the primary difference 

in the induction time. Induction time is likely attributable to the timeframe required for crystals to 

grow to the level detectable by SHG, suggesting a relatively weak temperature dependence to 

nucleation in this temperature range and the differences in induction times dominated by 

differences in growth kinetics, consistent with the result in Figure 2.3.  

A temperature-insensitive nucleation rate is consistent with a system in which both 

thermodynamics and kinetics in Equation (2.6) play significant roles in driving nucleation. As one 

decreases temperature, thermodynamics suggests a higher supersaturation and a corresponding 

increase in nucleation rate (according to classical nucleation theory). In contrast, diffusion models 

suggest higher rates with increasing temperature for mass-transport limited processes. A weak 

temperature dependence for nucleation 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 as temperature is increased. 

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 ritonavir in copovidone, 

limits of detection on the order of 0.5% crystallinity have been achieved in-house by PXRD. From 

inspection of Figure 2.2, this limit of detection would correspond to 4 data points in the 500C 

crystallization trial and 2 data points in the 400C trials over the same time frame for the experiment. 

With so few data points available, it would be challenging at best to assess the validity of any 
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particular model for predicting crystallization kinetics by PXRD 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 approaching ambient conditions, the timeframes required for 

observation of crystallinity to inform modeling by conventional benchtop methods can become 

prohibitive for routine optimization of formulations. 

 
Figure 2.3. Crystal growth rate: Time-dependent ritonavir crystal particle size distribution 

histogram at (A) 50oC/75%RH, (B) 40oC/75%RH, (C) crystal growth rate depicted by ln(r) vs. 
ln(t-t0) plot, (D) relationship between crystal growth rate and diffusion coefficient. 

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 ASDs, stability is arguably one of the most critical to evaluate. 
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Boolean pass/fail assessments of different formulations routinely performed with established 

instruments provide course-grained information that can complicate development of high-level 

predictive models for QbD assessments. In contrast, the rich information content available by SHG 

microscopy allows for the prediction of trends with substantially greater statistical confidence. 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 

formulations optimization.  

 
Figure 2.4. Kinetics of nucleation plotted logarithmically to determine the exponential order 

parameter k in Equation 2.5. 

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. 

The high background and false-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 
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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 

 
Figure 2.5. (A) Near IR spectra (B) Raman spectra of 15%DL ritonavir milled extrudate in 

50°C/75% RH after 130 hrs. Both near-IR spectra and Raman spectra indicate the presence of 
ritonavir crystals in Form II. 

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 2.5. Such combined measurements 

highlight the advantages of coupling quantitative analysis approaches such as SHG with 

qualitatively rich spectroscopic characterization methods 
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2.4 Conclusions 

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) 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 for ritonavir crystallinity 

detection in ASDs, (e.g. DSC, PXRD). 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 the 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 JMAK 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.  
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CHAPTER 3. IN SITU CRYSTAL GROWTH RATE DISTRIBUTIONS 
OF API BY SINGLE PARTICLE TRACKING 

Adapted from manuscript submitted for AbbVie Inc. approval process with permission from 
Sarkar S., Song Z., Griffin S., Vogt A. D., Danzer G.D., Ruggles A., Simpson G.J., In situ Crystal 
Growth Rate Distributions of Active Pharmaceutical Ingredients. 

3.1 Introduction 

Production of amorphous solid dispersions (ASDs) offers a broadly applicable approach for 

kinetically circumventing solubility limitations of poorly soluble active pharmaceutical 

ingredients (APIs).7 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.24,47,48,49   

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. A large dynamic range with 

correspondingly low limits of detection has multiple benefits in accelerated stability testing, 

including: i) improved statistical confidence in kinetics parameters, ii) simplified kinetic modeling 

without the need to account for depletion effects, iii) compatibility with low API-load ASDs, iv) 

reduced volumes for sample storage during testing, and v) reduction in the timeframe necessary 

for decision-making in stability assessments. For the majority of the methods routinely used for 
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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 the 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.50,51 

Even in homogeneous media, subtle differences in local environment can produce variance in 

crystal growth rates.52 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. 

Second harmonic generation (SHG) microscopy has the potential to provide the limits of 

detection required for investigating single-particle growth kinetics and fill this knowledge gap. 

SHG provides a near background free measurement of the crystalline fraction of an ASD since the 

disordered, amorphous material will not produce coherent SHG. The low limits of detection of 

SHG microscopy enabled quantification of crystallization kinetics in ASDs spanning a 4 order of 

magnitude range in crystallinity.53,23 

 
Figure 3.1. (A), (B) CEiST design, (C) IR thermal image of CEiST for validation of set 

temperature at 40OC. 

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 situ stability testing (CEiST) was developed to 
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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. 

3.2 Methods 

ASD samples of ritonavir (15%), sorbitan monolaurate (10%), copovidone (74%), and 

colloidal silicon dioxide (1%) were prepared by AbbVie, 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 µm). 

3.2.1 Design of the in-situ platform 

 The CEiST’s design is shown in Figure 3.1. 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 3.1 (A). 

An IR thermal image of the CEiST in Figure 3.1 (C) confirms uniform temperature within ± 2OC 

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 

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 
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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 2.8´10-4). 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 ASD.  

3.3 Results and discussions 

3.3.1 Validation of the in-situ platform 

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  
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Figure 3.2. SHG images for time-dependent crystal growth of 15% HME ritonavir in (A) 
standard chamber, and in (B) CEiST. (C) The plot for average particle areas shows good 

agreement between the two different methods. 

15% DL (w/w) ritonavir ASDs with HME at 50°C/75%RH, the results of which are summarized 

in Figure 3.2. The amorphous excipients present in the HME ASDs did not produce significant 



40 
 

 
Figure 3.3. Time dependent SHG micrographs of 15% ritonavir ASDs stressed in CEiST at 

50OC/75%RH. 

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 3.2 (A) for ASDs stored in a standard chamber at elevated temperature and humidity, and 

Figure 3.2 (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 3.2 (C). The error bars in Figure 

3.2 (C) represent the standard deviations of three fields of view for each time point. The SHG 

micrographs and the average crystal areas observed for both the standard chamber and the CEiST 

platform were in excellent agreement, suggesting that the conditions produced in the CEiST 

platform are representative of those experienced in conventional temperature and humidity-

controlled chambers. 
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3.3.2 SHG imaging during in situ accelerated stability testing 

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 3.3. 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 spay dried ASDs. Compared with SDD ASDs, HME 

samples showed a greater number of crystals and lower induction times in the accelerated stability 

testing.  

 
Figure 3.4. (A) Sample taken out of 50OC/75% RH standard chamber at every hour and stayed in 
room temperature for 15 min each time, (B) sample stayed in 50OC/75% RH standard chamber 

for 5 hours directly. 

500	μm500	μm

(A) (B)
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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  

 
Figure 3.5. Individual crystal growth distribution in (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. 

imaging under ambient conditions. Since temperature and humidity cycling can significantly 

change the crystallization kinetics (Figure 3.3), 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 
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chambers to avoid kinetic artifacts from temperature cycling. This practice was in stark contrast to 

measurements performed using the CEiST system, which supported continuous monitoring of the 

same fields of view within a sample under controlled conditions. 

3.3.3 Single particle tracking 

 For each sample, single-particle tracking was performed to monitor the growth rates of 

individual particles, representative results of which are shown in Figure 3.5 (A), (B), (C) and (D), 

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 3.5. 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. 

 
Figure 3.6. Average nucleation rates for (A) HME with surfactant, (B) SDD with surfactant, (C) 

HME without surfactant, and (D) SDD without surfactant. 
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 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 3.6 (A), (B), (C) and (D) by linear fitting of nucleation events from 

four different fields of view. The uncertainties reported in each plot arise from the variabilities of 

the fields of view. The linear region for fitting was marked by the dashed line. The nucleation rate 

in HME ASDs in Figure 3.6 (A) is one order of magnitude higher than in SDD shown in Figure 

3.6 (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 

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 3.7. 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 
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weeks, or months, or even years, for each of potentially many different formulation candidates. 

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.  

 
Figure 3.7. Anticipated signal to noise ratio of nucleation rate for in situ vs conventional stability 

testing based on the Poisson statistics of crystal counting. I: nucleation rate, σ: uncertainty of 
nucleation rate based on Poisson statistics, Nt: number of crystals at time t. 

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 
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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. 

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.  

3.4 Conclusions 

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 



47 
 

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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CHAPTER 4. DISPARITIES IN CRYSTALLIZATION KINETICS OF 
BULK VERSUS SURFACE CRYSTALS WITHIN ASD FILMS 

4.1 Introduction 

The shelf-lives of final dosage forms containing ASDs are often dictated by the rates of API 

crystallization.54 Any trace amount of crystallinity can act as a source of nucleation, which can 

further promote crystal growth, thus accelerating the overall crystallization kinetics.55 During 

stability testing, analysis of crystallization kinetics may be biased from differences in nucleation 

and growth rates at the surface versus in the bulk of the material.56,57Therefore, methods that can 

discriminate between surface and bulk rates could provide a more cohesive and predictive 

framework.58,59 However, most of the current methods do not possess sufficient penetration depth 

and sensitivity to measure crystallinity within bulk sample.  

SHG microscopy is the most potential to attract attention in this case due to its high 

sensitivity and selectivity.60 Coupling the capabilities of SHG microscopy with the in situ 

measurements from the CEiST platform (described in Chapter 3), enable study of growth rate 

distributions of seeded needle-shaped ritonavir crystals in the bulk versus on the surface. 

Nucleation and growth rates are likely to vary for particles at surfaces versus buried in the bulk. 

However, quantitative assessment of the differences in crystallization kinetics is complicated by 

challenges associated with isolation of a particular contribution in complex ASD assemblies.  

In the present study, “sandwich” materials were prepared, in which sparsely prepared seeds 

of ritonavir single crystals were pressed between two identical ASD thin films to assess bulk 

crystallization rates. These sandwich materials were compared and contrasted with analogously 

prepared “open-faced” samples without the capping film to assess surface crystallization rates.  

Single particle analysis by scheduled automated SHG microscopy during in situ crystallization 

process produced average growth rates of ~2-3 µm/hour for both bulk and surface particles. 

However much higher uncertainties were observed for crystals seeded at the surface, showing 

variation in crystal growth rates. 
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4.2 Methods 

Materials used for preparing the samples include, milled hot melt extrudate (HME) of ritonavir 

ASD comprised of ritonavir (15%), sorbitan monolaurate (10%), copovidone (74%), and colloidal 

silicon dioxide (1%) and needle-shaped ritonavir form II API crystals, both prepared by AbbVie. 

The ASD was used to make the thin films, each 100 µm in thickness and the API crystals were 

seeded onto the films in order to prepare either “sandwich” or “open-face” sample.  

 
Figure 4.1. Schematic of "sandwich" and "open-face" seeded films. 

A schematic cartoon showing the set-up of the seeded films are shown in Figure 4.1. To make 

ASD thin films, ~50-60 mg of the powdered sample was measured and put onto an aluminum-foil 

disk of 29 mm diameter, which was inside a constant thickness (100 µm by using specified spacer) 

film maker (Atlas Constant Thickness Film Maker,  GS15640, Specac, UK). A second identical 

aluminum-foil disk was then placed on top. Then the whole assembly was positioned between the 

two heated platens at 115OC (GS15633, Specac, UK). After the temperature of the entire assembly 

reached the set temperature of 115OC, the pressure was set to 4 tons by using the Atlas Manual 

15T Hydraulic Press (GS15633, Specac, UK). The set temperature and pressure were maintained 

for 10 minutes and then, the temperature was lowered to 65OC, but the pressure was maintained at 

4 tons. After the temperature reached 65OC, the pressure was released, and the film maker 

assembly was placed inside a cooling chamber. The top foil-disk was peeled off, and individual 

needle-shaped ritonavir form II crystals were placed on top of it by single particle manipulation. 

Another 100 µm thick film from ritonavir HME ASD was prepared following the same procedure, 

and then the two films were pressed together using a 250 µm spacer to form the “sandwich” film. 

Temperature and pressure were maintained at 98OC and 1.25 tons for pressing the films. After the 

seeded sandwiched film was cooled down, the foil disks on both sides were carefully stripped off. 
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To make the open-faced film, both foil disks were peeled off from the 100 µm film and ritonavir 

form II crystals were carefully placed on top of the transparent film following the same technique.  

Once the films with buried and exposed crystals were made, they were placed onto glass 

coverslips inside the CEiST platform maintained at 50OC/75% RH. Seeded single crystals were 

identified as regions of interest by initial screening by brightfield and SHG microscopy, and the 

same fields of view were imaged for the next 48 hours at one-hour intervals. Multiple z-steps were 

collected for probing the total volume of interest. Single particle tracking analysis was then 

performed on the growing crystals. 

4.3 Results and Discussion 

SHG images for both sandwiched and open-faced films at different time points are shown in 

Figure 4.2. The level of overall percent crystallinity is much higher for surface crystals than the 

bulk crystals. However, single particle tracking demonstrates the single particle growth rates are 

not significantly varied and they fall in the same order of magnitude, ~2 µm/hr. and ~4 µm/hr. for 

bulk and surface crystals, respectively. Although, the overall growth rates are similar, a large 

variance in the growth rates was observed for surface crystals, which was one order of magnitude 

higher from the bulk crystals.  

 
Figure 4.2. Evolution of seeded crystals in “sandwich” and “open-face” seeded films over time. 
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It is interesting to see the substantial differences in the morphological changes during crystal 

growth between the two cases. New crystals around the surface-seeded crystals started to appear 

due to the higher API concentration around the seeded crystals in the overall deliquescent matrix 

at elevated temperature and humidity conditions. Interestingly, this mechanism was significantly 

suppressed for buried crystals.  

4.4 Future Direction 

More data will be acquired to increase the number of tracked single particles for increased 

statistical significance.  Further analysis is required to quantify the morphological transformations 

as well the complex nucleation behavior, which are currently under investigation. The current 

platform for in situ stability testing can hold up to 10 samples for a single run. Its advancement in  

providing increased signal to noise ratio by monitoring the same field of view over time can be 

further enhanced by increasing the number of sample-wells. High-throughput measurements 

deliver significant improvements by higher SNR, lower sample volume, lower storage burden 

etc.,54 and at the same time can be coupled with fully-automated data acquisition and analysis 

processes for enabling autonomous instrumentation. 

 
Figure 4.3. IR thermal image of the TRHA platform. 
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An effort is being undertaken  currently to build a platform for high-throughput stress testing 

with variable temperature and humidity conditions, temperature and relative humidity array 

(TRHA). The TRHA platform is shown in Figure 4.3, which can be used to study the crystallization 

for up to 80 different samples in the same run. The temperature gradient runs through the horizontal 

axis, and the relative humidity (RH) varies along the vertical axis, as shown in Figure 4.3. The 

TRHA was built using aluminum as a thermally conductive metal, following a conventional 96-

well plate footprint design. The temperature gradient was achieved by setting the temperatures at 

the two vertical ends at higher (50OC) and lower (10OC) temperatures, thus, creating a thermal 

gradient between the two ends. The temperature on the higher end was maintained by using a 

Tempco low density cartridge heater (LDC00003) and a thermocouple for feedback control by a 

custom controller built by the Johnathan Amy Facility at Purdue. On the other end, cold water was 

run through a narrow channel in the TRHA, which was maintained at 10OC by a water recirculation 

pump. The temperature gradient varied between ~37OC and ~16OC as seen from the IR thermal 

image of the TRHA, in Figure 4.3. An array of different RHs can be achieved by using saturated 

solution of particular salts. The temperature and RH gradients were already validated, and high-

throughput measurements are currently being performed in the TRHA.  
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CHAPTER 5. QUANTIFICATION OF CRYSTALLINITY FOR ROD-
LIKE PARTICLES BY CALIBRATION-FREE IMAGE ANALYSIS 

5.1 Introduction 

For a given API in the crystalline form is typically the most thermodynamically stable form 

and exhibits lower apparent aqueous solubility, which eventually leads to lower bioavailability.61 

Although, in an ASD the API can have some equilibrium solubility in the polymer, and can be 

present below supersaturation. Therefore, precise quantification of trace crystallinity in the final 

dosage form as well as monitoring evolution of crystallinity during stress testing and dissolution 

testing are crucial. Currently, there are a few methods available to quantify the level of crystallinity 

from SHG microscopy that rely on image analysis, yet these methods depend on the overall percent 

crystallinity at the imaged smaple.40,62  

At regimes of low crystallinity with negligible or no particle overlap, particle counting 

algorithms can be used with knowledge of the sample morphology to determine the percent 

crystallinity of the sample. At regimes of higher percentage crystallinity (generally at 2.5% or 

more),62 with a large amount of particle overlap, integration of the SHG intensity can be used to 

determine the percent crystallinity, but requires calibration standards.53 In general, particle 

counting methods have a signal-to-noise advantage over the integrated intensity method due to 

suppression of dark counts and lack of variance in particle intensity that is inherent in SHG 

microscopy, yet the dynamic range of particle counting method is small due to the bias introduced 

from particle overlap. Integrated intensity is affected in the reliability and versatility of sample 

standards due to variance in particle thickness and orientation.60 For the intermediate region 

between these two regimes of crystallinity, neither of these conventional methods works 

reasonably for quantification of crystalline content.62  

Previous work was done on bridging the gaps between the two methods of integrated SHG 

intensity and particle counting for overlapping spheroidal particles.62 Based on the relative 

variance in the recovered volume, a statistical model was developed from analytical expressions 

that optimized the signal-to-noise of particle counting methods to correct for the bias that 

originates from particle overlap. Likewise, with extraction of the SHG-activity per unit volume by 

the developed particle counting methods, this lower region of crystallinity was used as an internal 

standard for extension to signal integration. These methods were then supported by Monte Carlo 
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simulations and used to interpret nucleation and growth rates of evacetrapib (a cholesteryl ester 

transfer protein inhibitor). Despite these successes, the statistical model in the previous work was 

developed for low aspect ratio, spheroidal particles, complicating application of this model to the 

more general case of arbitrary aspect ratio, including rod-like and needle-like particles. 

In this work, a generalized particle counting algorithm was developed to connect the two 

methods of quantification (particle counting and signal integration) for moderately overlapping 

particles of arbitrary aspect ratio. Through determination of individual particle widths and the 

average aspect ratio, an empirical model was developed in order to correct for bias introduced from 

particle-particle overlap. A computation package for simulating SHG images for rod-like particles 

was developed to evaluate the model. The developed model was then used on experimentally 

acquired data of ASDs of ritonavir to assess the particle counting model’s applicability to 

sensitively recover crystallinity over a large dynamic range during in situ accelerated stability 

testing of ASDs. 

5.2 Methods 

5.2.1 Theoretical background 

In SHG imaging, individual crystal in the DOF are visualized as single 2D particles in the 

image plane. At lower levels of crystallinity (for e.g. the parts per million regime), particle-

counting algorithms can approximate the total particle volume by use of the cross-sectional area 

of each of the particles due to absence of particle overlap. At higher levels of crystallinity, the 

probability of particle-particle overlap within the DOF increases, and bias is introduced into the 

particle analysis. Since overlapping particles in an image are treated as a single particle by 

conventional approaches, the measured cross-sectional area of the overlapping particles will be 

higher than if the particles were completely separated. Thus, depending on the degree of overlap 

of the two particles, recovery of the total volume (and overall particle count) is challenging by 

conventional particle counting approaches alone. 

To overcome the bias from particle overlap, methods have been developed that are able to 

correct for particle-particle overlap mostly for small aspect-ratio particles.62 Yet for higher aspect 

ratio particles ( e.g. rod-shaped and needle-shaped particle), quantification is more complex due 

to the variability of aspect ratio, and the introduction of Euler angles (θ, φ, ψ) needed to fully 
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define a rod-like particle in real space. Defined as the angle out of the 2D projection plane, the 

polar angle can significantly affect the observed length in the cross-sectional area of a particle. 

The polar tilt angle (θ) has the most significant effect on the projection of a rod-like particle onto 

the 2D object plane, and the azimuthal angle (φ) and twist angle (ψ) do not significantly affect 

particle analysis.  

For the current studies, high aspect-ratio particle (HARP) correction model is proposed, 

such that a modified particle-counting algorithm was developed to negate the large perturbations 

due to polar angle rotation and to correct against the bias from overlapping particles. The success 

of the HARP correction model lies in determination of the average aspect ratio and particle width 

to calculate the volume. Since the perturbations from the twist angle on the observed particle width 

(wobs) is generally small, and generally, as rod-like particles grow the average aspect ratio is 

assumed to stay constant, the volume of the rod-like particle from the HARP correction model 

(VHARP) can be determined by Equation 5.1, where the aspect ratio (AR) of a particle is defined as 

the ratio of the particles length (l) and width (w). 

 𝑉"#$% = 	𝑤)*+, ∗ 	𝐴𝑅 (5.1) 
 

To determine the average aspect ratio used in the calculation of particle volume, multiple 

fields-of-view (FOVs) and/or images of a system under investigation were used to find the particle 

for each FOV that has a polar angle closest being perpendicular to the optical axis. Thus, the HARP 

correction model assumes that particle with the longest length in each FOV is closest to 

perpendicular and provides the best estimate for the true aspect ratio of this particle. Once the 

average aspect ratio from multiple FOVs was calculated, determination of the width for each 

particle can allow for calculation of the particle volume. Lastly, a correction factor (α) was 

introduced into the HARP correction model to correct for deviations due bias introduced from 

orientation effects.  

5.2.2 Auto-calibration 

In the previous work with spheroidal particles, once the crystallinity of the sample had reached 

approximately 3% crystallinity, the SNR benefits from use of particle-counting algorithms are 

diminished, and correction of particle overlap becomes difficult. At this point, use of integrated 

intensity yields SNR advantage in volume determination, but requires a calibration standard to use. 

In the present work, images with crystallinity content up to 4% crystallinity were used in the 
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analysis, taking this integrated intensity switchover point from the previous work. From the best 

linear fit to all of the data points, the slope of this line provides the maximum likelihood estimate 

of the average integrated intensity per volume. With this value calculated, the particle volume can 

be extrapolated to time points with higher percent crystallinity by use of the integrated intensity. 

5.3 Results 

5.3.1 Experimental implementation 

For experimental SHG images, ritonavir ASD was stressed under accelerated stability testing 

conditions under which rod-like crystals started to appear first with zero overlap and then with a 

varying degree of overlap between the particles. Rod-like ritonavir crystals are formed from 15% 

DL(w/w) ritonavir ASDs under accelerated stability testing conditions. ASD samples of ritonavir 

(15%), sorbitan monolaurate (10%), copovidone (74%), and colloidal silicon dioxide (1%) were 

prepared by AbbVie Inc. Different methods of preparation were used to make the ritonavir ASDs 

of same formulation, namely, hot melt extrusion (HME), rotary evaporation (rotovap), and spray 

dried dispersion (SDD). About 5mg of each of powdered ASD samples were placed onto glass 

cover slips inside a custom-built in situ platform for accelerated stability testing as thin layers 

(~300 µm). SHG images were collected at four different fields of views for statistical significance. 

The conditions in the platform were maintained at an elevated temperature of 50OC and 75% 

relative humidity for accelerated stability testing conditions. Automated scheduled SHG imaging 

of the samples inside the stressed platform were acquired for 0-24 hours, at every hour interval 

using a SONICC microscope from Formulatrix (Bedford, MA). SHG images were obtained using 

350 mW excitation laser power and 894 ms exposure time. Images were collected in the 

transmission direction due to the high transparency of the sample through deliquescence of the 

powdered ASD at elevated temperature and humidity.  

The amorphous polymer as well as other excipients present in the ASDs do not produce 

significant coherent SHG signal. However, ritonavir crystals formed during accelerated conditions 

adopt a non-centrosymmetric lattice upon crystallization that is SHG active, enabling selective 

detection of the crystalline particles using the HARP correction model. SHG micrographs of six 

representative time-points are shown in Figure 5.1 to illustrate the evolution of crystallinity in the 

ASDs during the accelerated stability testing. The volume fraction of the new crystalline phase 
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consisting rod-like ritonavir crystals was calculated using the HARP correction model, and 

conventional particle counting approaches that assume counting spherical ritonavir particles using 

FIJI. Though the respective aspect ratios for ritonavir crystals arising from HME, rotovap, and 

 
Figure 5.1. Time evolution of percent crystallinity in 15% ritonavir HME, rotovap, and SDD 

ASDs stressed in situ temperature and relative humidity-controlled platform at 50OC/75% RH. 

HME

Rotovap

SDD

0

10

20

30

40

50

60

1 3 5 7 9 11 13

%
 C

ry
st

all
in

ity

Time (hrs.)

HARP

Conventional

Integrated Intensity

Aspect ratio: 5.1 ± 0.5
4 hrs. 8 hrs. 12 hrs.

16 hrs. 20 hrs. 24 hrs.

0

2

4

6

8

10

12

1 3 5 7 9 11 13 15 17 19 21 23 25

%
 C

ry
st

all
in

ity

Time (hrs.)

HARP

Conventional

Integrated Intensity

Aspect ratio: 4.7 ± 0.3
4 hrs. 8 hrs. 12 hrs.

16 hrs. 20 hrs. 24 hrs.

0

4

8

12

16

20

1 3 5 7 9 11 13 15 17 19 21 23

%
 C

ry
st

all
in

ity

Time (hrs.)

HARP

Conventional

Integrated Intensity

Aspect ratio: 5.7 ± 0.3
4 hrs. 8 hrs. 12 hrs.

16 hrs. 20 hrs. 24 hrs.



58 
 

SDD ASDs were very similar, as shown in Figure 5.1, the crystallization kinetics are substantially 

different in all three. The HARP model efficiently predicted the level of crystallinity in all three 

cases. The conventional model over-estimated the crystalline volume fraction, especially for later 

time-points. Overall, the HARP correction model was more effective in precise calculation of the 

percent crystallinity with higher confidence as seen from the values of the error bars in Figure 5.1. 

The autocalibration approach was used for crystalline phases beyond 4% as discussed above. 

5.4 Conclusion 

An empirical model for the quantification of crystallinity in SHG images for particles of 

high aspect ratio was theoretically and experimentally validated. Recovery of the average aspect 

ratio for multiple FOVs was validated, and a correction factor was optimized for the empirical 

model to account for the spread around this average value. Additionally, the HARP correction 

model allowed for calculation of the average integrated SHG intensity per volume from the 

particle-counting regime, allowing for quantification by signal integration without the need for an 

external standard. Recovery of particle volume was reliably shown from simulated SHG images 

of rod-like particles for this empirical model. Further validation of this model was done on 

experimental images of ritonavir ASDs, showing the applicability of particle-counting methods to 

quantification of crystallinity during accelerated stability testing. Thus, the empirical model 

improves the accessibility of crystalline quantification from nonlinear optical microscopy and 

facilitates a broader use in the pharmaceutical drug pipelines.  
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CHAPTER 6. PHASE BEHAVIOR AND CRYSTALLIZATION 
KINETICS OF EZETIMIBE ASD DURING DISSOLUTION IN 

BIORELEVANT MEDIA 

Reprinted (adapted) with permission from Elkhabaz A., Sarkar S ., Dinh J. K., Simpson G. J., 
Taylor L. S., Variation in Supersaturation and Phase Behavior of Ezetimibe Amorphous Solid 
Dispersions upon Dissolution in Different Biorelevant Media,  Molecular Pharmaceutics 2018 15  
(1), 193-206. Copyright: American Chemical Society. 

6.1 Introduction 

With increasing complexities and advancements in drug discovery, in recent years more and 

more molecules tend to show higher molecular weights and lower aqueous solubilities, showing 

BCS class II or class IV drug behavior.4 To increase the solubility of these drug substances, ASD 

is one of the most common approach for formulating effective drug products.33 ASDs show 

accelerated dissolution rates and generate supersaturated solutions upon introduction to aqueous 

media, therefore exhibiting apparent higher solubilities.63,64 However, since supersaturation is a 

metastable state, after dissolution in a media, it can undergo desupersaturation, meaning decreased 

dissolved drug concentration. The amorphous drug crystallizes in this stage, indicating lower 

efficacy of the drug product. Therefore, it is crucial to study the supersaturation-desupersaturation 

phase behavior of the ASDs. 

 A number of factors affect the phase behavior of a drug product, namely the particle size,  

a specific polymorph, effective surface area, chemical stability in certain dissolution media, 

presence of excipients (lubricants, suspending agents), solubility of drug, drug loading etc.65 

Certain characteristics of the media where the drug is dissolving also affect the supersaturation 

behavior, including dissolution volume, pH of the media, presence of co-solvents, enzyme, 

surfactant, bile salts, and phospholipids.66 In addition to that, an in vitro-in vivo correlation (IVIVC) 

is necessary by establishment of an in vitro dissolution testing environment simulating the 

composition and hydrodynamics of the gastrointestinal environment.3,31  

 In this work, the phase transformations during the dissolution of a BCS class II drug, 

ezetimibe ASDs, upon introduction to different dissolution media were studied. Ezetimibe is used 

for lowering cholesterol levels in the blood. ASDs of ezetimibe: polymer (50:50 w/w) were 

prepared with polyacrylic acid (PAA), polyvinyl pyrrolidone (PVP), and hydroxypropyl 
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methylcellulose acetyl succinate (HPMC-AS). The selected polymers show varied levels of 

hydrophilicity, PAA being the most hydrophilic and HPMC-AS being the most hydrophobic one, 

therefore, affecting the release of the drug in certain dissolution medium. Dissolution testing was 

performed in different media including sodium phosphate buffer (10 mM, pH 6.8), fed state 

simulated intestinal fluid (FeSSIF, pH = 5.0) and Ensure Plus®. Both FeSSIF and Ensure Plus® 

are well-established biorelevant media and have been widely used for mimicking  intestinal and 

gastric fed state conditions respectively. The utility of second order nonlinear optical imaging of 

chiral crystals (SONICC) for the detection of crystallization in turbid biorelevant media was 

explored. Ezetimibe has a chiral center, and therefore the amorphous drug is expected to crystallize 

into an SHG-active space group upon desupersaturation, enabling differentiation between 

undissolved amorphous material/dissolution media components, and crystalline content. 

6.2 Materials and Methods 

Ezetimibe monohydrate (Cambridge Crystallographic Data Center ref code QATNEF), 

which crystallizes as the orthorhombic SHG-active space group (P212121) was purchased from 

Attix Pharmaceuticals (Toronto, Ontario, Canada). Polyacrylic acid (PAA), polyvinyl pyrrolidone 

(PVP) K29/32 were supplied by Sigma-Aldrich (St. Louis, MO), while hydroxypropyl 

methylcellulose acetyl succinate (HPMC-AS) MF grade was supplied by Shin-Etsu Chemical Co. 

(Tokyo, Japan). Methanol and Acetonitrile were purchased from Fisher Scientific (Pittsburgh, PA). 

FaSSIF/FeSSIF/FaSSGF powder (Version 1) was acquired from Biorelevant (London, UK). 

Ensure Plus® vanilla nutrition shake (8 oz bottles) was obtained from Abbott Laboratories 

(Chicago, IL). 

The evolution of ezetimibe crystallinity during ASD dissolution in sodium phosphate 

buffer (10 mM, pH 6.8), FeSSIF and Ensure Plus® was investigated as a function of time using 

SHG microscopy. All three media were confirmed to show zero SHG signal, prior to adding the 

prepared dispersions for dissolution. Dissolution experiments were performed as described above, 

and samples for SHG analysis were prepared by removing a small aliquot of the dissolution media 

at different time points. Each sample was pipetted into a round nylon 6/6 flat washer (inner 

diameter: 6.069 mm, outer diameter: 11.938 mm, thickness: 0.381 mm, Small Parts Inc., 

Logansport, IN) mounted on a glass slide. A coverslip was then added to form a small liquid cell 

of known thickness. SHG images were acquired using a commercial SHG microscope instrument 



61 
 

manufactured by Formulatrix (Bedford, MA). This instrument utilizes a Fianium FemtoPower 

laser (1064 nm, 51 MHz repetition rate and a 166 fs pulse width) equipped with resonant 

mirror/galvanometer beam scanning (8 kHz fast axis) to generate images. All SHG microscopy 

acquisitions were acquired with 350 mW infrared (IR) power, and an exposure time of 894 

milliseconds. SHG microscopy images had fields of view of dimensions of 1925 µm x 1925 µm, 

and scans were obtained in different focal planes in the Z direction, with 100 μm increments. For 

each measurement three different fields of views were inspected for statistical significance. 

6.3 Results and Discussions 

The current understanding of possible phase transformations of supersaturated solutions in 

the complex media used as surrogates for gastrointestinal fluids is rather limited and has not been 

adequately investigated to date. Crystallization is one of possible phase transformations of 

supersaturated solutions in complex biorelevant media, which ultimately result in the loss of 

supersaturation, consequently lowering the driving force for membrane transport. Turbidity, and 

presence of phospholipids, bile salts etc. associated with biorelevant media make the process 

further complicated. Furthermore, the dissolution media often turns turbid due to the formation of 

an amorphous, drug-rich phase and the solutions then contains small scattering species generated 

during ASD dissolution. Conventional spectroscopic and optical techniques therefore cannot be 

applied to study these systems. Moreover, differentiation of the crystalline versus non-crystalline 

phase becomes extremely important for adequate characterization of the system. SHG microscopy 

enables selective detection of the new API crystalline phase in complex turbid media.25 

 Quantitative analysis of the SHG images allows disentanglement of nucleation and growth 

kinetics in driving crystal formation in the different media. For the crystal growth kinetics, the 

change in average crystal size was recorded as a function of time. The majority of the images 

contained too many overlapping crystals for reliable determination of the average crystal size by 

particle counting. Instead, Fourier analysis of the images allowed estimation of the mean particle 

sizes from the first minimum in the radial power spectrum. The results of the crystallization 

kinetics are summarized in Table 6.1. Both the nucleation and growth rates are averaged values 

across the duration of the experiment. Integration of the total SHG intensity was used to assess the 

fractional crystallinity at the longest time-points in the experiments, which are also included in 

Table 6.1. Final crystallinity represents the percentage values of the crystalline material per unit 
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volume of each field of view in the SHG images, that is, the amount of crystallinity in a given 

volume of medium, and not the percentage of crystallinity in the ASDs. 

6.3.1 Dissolution behavior in sodium phosphate buffer 

SHG microscopy images were acquired for samples withdrawn from the dissolution media 

at different time points, with results shown in Figure 6.1. The ASDs formulated with PAA showed  

 
Figure 6.1. SHG microscopy images of ezetimibe ASDs; (A) PAA at 6, 15, 35, and 120 minutes, 
(B) PVP at 10, 20, 35 and 120 minutes, and (C) HPMC-AS at 10, 20, 35 and 120 minutes, upon 

dissolution in sodium phosphate buffer  at 37°C. Scale bar: 100 µm. 

SHG-active crystalline domains as early as 6 minutes, after which the SHG signal increased with 

time, both in terms of the size of crystalline regions and the total SHG count. For the ASDs 

prepared with PVP, the presence of crystals was minimal at 10 and 20 minutes. At 35 minutes, 

however, a few SHG active domains started to appear, with a notable increase in size and number 
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at 120 minutes, can be seen in Figure 6.1 (B). The appearance of significant crystallinity in the 

SHG images coincided with the decrease in ezetimibe concentration observed in Figure 5, after 30 

minutes. ASDs prepared with HPMC-AS showed minimal (but not zero) crystallinity initially with 

Table 6.1. Nucleation and growth kinetics obtained from SHG microscopy images analysis 
measured in different dissolution media (n = 3) 

Dissolution 
medium 

Polymer 
in ASDs 

Nucleation rate 
(no. particles/min/μm3) 

Growth rate 
(μm/min) 

Final 
crystallinity % 

Sodium 
phosphate 

buffer 

PAA 15 ± 2 0.3 ± 0.2 30 ± 5 

PVP 80 ± 40 0.4 ± 0.1 13 ± 2 

HPMC-
AS 

110 ± 40 1.0 ± 0.3 32 ± 2 

FeSSIF PAA ≫30 Indefinite due to particle 

overlapping and large variations in 

particle size. 

0.2 ± 0.1 4 ± 0.6 

PVP 600 ± 200 0.020 ± 0.001 8 ± 4 

HPMC-
AS 

0.04 ± 0.03 0.05 ± 0.02 0.04 ± 0.02 

Ensure 
Plus® 

PAA 0.07 ± 0.03 0.7 ± 0.2 0.08 ± 0.03 

PVP 0.03 ± 0.02 0.2 ± 0.1 0.03 ± 0.01 

HPMC-
AS 

0.02 ± 0.01 0.2 ± 0.1 0.02 ± 0.01 

 
increased crystallinity emerging at 20 minutes and evolving at the 35 minute and 120 minute time 

points. After 35 minutes of dissolution, and based on the SHG signals, the PVP dispersion showed 

less crystals than the other dispersions. However, all three ASDs demonstrated a comparable 

degree of crystallinity after 120 minutes of dissolution. 

For PAA dispersion, no supersaturation was observed, and crystallization occurred once 

the solid amorphous material was added to the buffer. For both PVP and HPMC-AS 

supersaturation was also short-lived. Despite the slight delay in the onset of crystallization, the 

average nucleation rate  throughout the dissolution experiment was higher for PVP and HPMC-
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AS dispersions relative to the PAA dispersions, whereas the final crystalline contents after 120 

minutes were very similar and higher for PAA and HPMC-AS dispersions (Table 6.1). 

6.3.2 Dissolution behavior in FeSSIF 

SHG images for these systems are shown in Figure 6.2. PAA dispersions were highly 

crystalline after 15 minutes, with no apparent evolution of the SHG signals in terms of size and 

count after that time point. PVP ASDs displayed very few crystalline regions at 15 minutes, 

however the extent of crystallinity rapidly increased at later time-points whereby the crystallites 

were much smaller than those observed for the PAA systems. In contrast, HPMC-AS ASDs 

showed much more stable dissolution behavior, with SHG images indicated very few crystallized 

regions in the first hour, which gradually increase at later time-points, however the crystallinity is 

lower in comparison to the PAA and PVP dispersions. 

PAA dispersion showed similar phase behavior in buffer and FeSSIF but with higher 

nucleation rate. The PVP dispersions dissolved very rapidly in FeSSIF, and only after 30 minutes 

there were considerable number of microcrystals. SHG images suggest that PVP acts as a poor 

nucleation as well as crystallization inhibitor for ezetimibe in FeSSIF. Hence, at the high 

supersaturation generated by rapid release of ezetimibe from PVP ASDs in FeSSIF, the nucleation 

rate is high (Table 6.1), leading to many small crystals appearing for these dispersions. SHG 

imaging also showed overall reduction in crystallization for this system with low nucleation and 

crystal growth rates, as shown Table 6.1. HPMC-AS dispersion appeared to be an effective 

crystallization inhibitor in the presence of the drug-rich colloidal phase of ezetimibe, and the 

components of FeSSIF did not reduce that inhibitory effect, as in the case of PVP. 
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Figure 6.2. SHG microscopy images of ezetimibe ASDs; (A) PAA at 15, 30 and 120 minutes, 

(B) PVP at 15, 30, and 120 minutes, and (C) HPMC-AS at 30, 120 and 240 minutes, upon 
dissolution in FeSSIF at 37°C. Scale bar: 100 µm. 

6.3.3 Dissolution behavior in Ensure Plus® 

SHG images showed that ASDs formulated with PAA, Figure 6.3 (A) and PVP, Figure 6.3 

(B) had small levels of crystalline material present after 10 and 20 minutes respectively. In 

contrast, the HPMC-AS ASD exhibited no SHG signal initially, with the first indications of 

crystallinity occurring at the 120-minute time-point, Figure 6.3 (C). Regardless of the polymer 

used, the evolution of the SHG signal during dissolution of all dispersions in Ensure Plus®, with 

respect to count and size with time, was much lower in comparison relative to observations in other 

media. 
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 Ensure Plus provide an interesting approach to mimic the fed-state gastric state, and  a 

better understanding of how ASDs perform in a complex biorelevant lipid-rich medium. It has  

 
Figure 6.3. SHG microscopy images of ezetimibe ASDs; (A) PAA at 25, 45, 60 and 120 minutes, 

(B) PVP at 30, 60, 75 and 120 minutes, and (C) HPMC-AS at 75, 120, 150 and 180 minutes, 
upon dissolution in Ensure Plus® at 37°C. Scale bar: 100 µm. 

high solubilizing power due to its high lipid content and the possible binding of drug to peptides 

or proteins. It can also lead to micelle formation, raising the solubility of highly lipophilic 

compounds. All the dispersions irrespective of the polymer showed significantly higher level of 

supersaturation in Ensure Plus® than both buffer and FeSSIF. HPMC-AS ASDs were the most 

stable formulation during dissolution in Ensure Plus®, where only tiny crystals could be observed 

after 2h, with little progression in size and number by 3 h, Figure 6.3 (C).  
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6.4 Conclusions 

Dissolution behavior of the dosage form in biorelevant media is the key to understand the 

effect of gastrointestinal compartment for in vitro processes.  SHG microscopy stands out to be 

the most valuable tool by selective identification of crystalline phase in highly turbid biorelevant 

media comprising of complex compositions enabling better understanding of nucleation and 

crystal growth kinetics during phase separation, which would not have been possible by any other 

suite of analytical technique. As Ensure Plus® contains lipid vesicles and micelles, they can 

substantially increase the solubilization capacity and therefore, affect the crystallization kinetics. 

From analysis of the SHG micrographs, it is clear that differences in the nucleation kinetics rather 

than growth rates dominate the overall trends in crystallinity. The present work explored the 

variations in dissolution behavior of ASD in a variety of media of relevance to oral delivery, which 

in turn will facilitate the formulation of ASDs that maximize supersaturation and are robust to 

crystallization.   
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CHAPTER 7. PHASE SEPARATION OF WEAKLY BASIC ASD 
DURING TWO-STAGE DISSOLUTION PROCESS 

7.1 Introduction 

Formulating a poorly soluble API as an ASD can significantly improve the intestinal 

absorption of the drug by increasing the apparent solubility.67 However, as the ASD resides in an 

energetically higher state, it always has the tendency to revert back to the crystalline state. The 

propensity is influenced by many different factors, including degree of supersaturation.68 

Crystallization inhibitors, such as polymers, excipients, surfactants are typically employed to 

maintain the supersaturated state over a sufficient period for efficient absorption.69 Polymers can 

delay crystallization by impacting nucleation and/or crystal growth.70 Although the mechanisms 

of preventing crystallizations are not extensively explored yet. For ASDs formulated with enteric 

polymers, which are practically insoluble at acidic pH and form suspensions under gastric 

conditions, it is extremely important to inhibit the crystallization in the matrix prior to complete 

dissolution in vivo.71 Thus, the drug release to the small intestine where absorption is typically 

favored can be controlled.  

The gastrointestinal physiology can influence the solubility of an API.72 Crystallization 

kinetics also can vary significantly depending on level of pancreatic secretions, pH of the 

environment, gastrointestinal transfer, residence times etc. Altogether, these are pivotal for 

effectual formulation and drug product development. For weakly basic drugs, the increase in pH 

during intraluminal transit from the gastric compartment to the intestinal compartment in the 

fasted-state can drastically decrease the aqueous solubility (ionized to nonionized state), resulting 

in supersaturation.73,74 Therefore, in vitro dissolution experiments for weak bases should take into 

consideration the pH-shift occurring during the gastrointestinal transit.75 

Posaconazole is an extended-spectrum triazole antifungal exhibiting very low aqueous 

solubility and is considered a BCS class II drug. Posaconazole often suffers from variable and 

unpredictable absorption affected by several factors including meal intake, dosing regimen and 

gastric dysfunction in some patient groups.76 Noxafil® is the marketed delayed-release tablet 

comprising posaconazole molecularly mixed with hydroxypropylmethyl cellulose acetate 

succinate (HPMC-AS) where the ASD is prepared by hot melt extrusion. As HPMC-AS is a pH 

sensitive polymer, Noxafil® tablets provide a formulation approach to avoid extensive drug 
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release in the stomach and thus avoid some of the variability described above. When Noxafil® 

tablets were administrated, gastric aspirates under fasted and fed state indeed showed only a small 

extent of release in the stomach. 

In the present study, the drug release, supersaturation and crystallization kinetics of 

posaconazole ASDs, as well as Noxafil® tablets, using in vitro fasted-state biorelevant media 

representing gastric and small intestinal conditions were evaluated. A two-stage dissolution setup 

to test the role of pH shift on drug dissolution behavior was adopted. The impact of an abrupt shift 

from an acidic gastric environment represented by fasted-state simulated gastric fluid (FaSSGF 

[pH 1.6]), to a fasted state intestinal environment represented by fasted-state simulated intestinal 

fluid (FaSSIF [pH 6.5]), on the phase behavior was studied using SHG and two photon excited 

UV-fluorescence (TPE-UVF) microscopy to evaluate both solid state and solution state phase 

transitions. 

7.2 Materials and Methods 

Posaconazole (Form I) was purchased from Chemshuttle (Hayward, CA). Noxafil® delayed-

release tablets manufactured by Merck & Co. (Kenilworth, NJ) were purchased from the Purdue 

Pharmacy (West Lafayette, IN). Hydroxypropyl methylcellulose acetyl succinate (HPMC-AS) MF 

grade was supplied by Shin-Etsu Chemical Co. (Tokyo, Japan). Acetonitrile, hydrochloric acid 

(HCl), maleic acid, methanol and sodium chloride were purchased from Fisher Scientific 

(Pittsburgh, PA). Sodium hydroxide (NaOH) was obtained from Avantor Performance Materials, 

LLC (Radnor, PA). FaSSIF/FeSSIF/FaSSGF and FaSSIF version 2 powders were bought from 

Biorelevant (London, UK. 

 The dissolution testing for posaconazole ASDs consisted of two stages using two 

dissolution media: the gastric phase (FaSSGF), and the intestinal phase (FaSSIF). The two-stage 

dissolution setup is summarized in Figure 7.1. During both stages of dissolution, the media were 

stirred at 300 rpm, and the temperature was maintained at 37°C. 

 SHG microscopy was used to detect the onset of crystallinity during dissolution of 

posaconazole ASDs and tablet powder. The crystallization of SHG-active compounds can be 

detected by differentiating chiral crystals from an amorphous or solution state. TPE-UVF 

microscopy was also used as a compliment to SHG for sensitive detection of posaconazole 

presence irrespective of is physical state. Two-stage dissolution experiments were performed as 
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described above, however the amount of ASD relative to the dissolution media was scaled up (5 

times) to provide adequate SHG and TPE-UVF signals for image analysis. Accordingly, 80, 32, 

16 and 50 mg of the 10%, 25%, 50% ASDs and the tablet powder respectively, was weighed and 

 
Figure 7.1. Schematic of the two-stage dissolution experiments 

dispersed in 20 mL of FaSSGF. After 60 minutes, 20 mL of modified pH-FaSSIF concentrate was 

added to generate normal strength FaSSIF. Samples for SHG and TPE-UVF analysis were 

prepared by removing a small aliquot of the dissolution media at different time points. Time points 

taken for each sample were typically at 30 and 60 minutes of dissolution in FaSSGF, and at 30, 60, 

120 and 180 minutes of dissolution in FaSSIF. Each sample was pipetted into a round nylon-6/6 

flat washer (inner diameter, 6.069 mm; outer diameter, 11.938 mm; thickness, 0.381 mm; Small 

Parts Inc., Logansport, IN) mounted on a glass slide. SHG and TPE-UVF images were acquired 

using a commercial second order nonlinear imaging of chiral crystals (SONICC) instrument 

manufactured by Formulatrix (Bedford, MA). SONICC uses the Fianium FemtoPower laser 

operating at 1064 nm with 51 MHz repetition rate and a 166 fs pulse width. Beam scanning with 

resonant mirror/galvanometer with 8 kHz fast axis beam scanning generates images. For TPE-

UVF experiments, the fundamental beam was doubled to 532 nm through focusing onto and 

through a lithium triborate crystal (LBO, 5×5×2 mm). The 532 nm incident light was then directed 

through the beam scanning unit and then focused onto the sample with a dichroic mirror centered 

at 532 nm with a 10x objective (Nikon, 0.3 NA). The SHG signal at 532 nm was collected in trans-

direction by a 10x near-UV objective (Thorlabs, 0.25 NA. Brightfield and TPE-UVF images were 
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collected in the epi-transmission. SHG microscopy images were acquired at 350 mW infrared (IR) 

power and an exposure time of 894 ms, while TPE-UVF images were acquired at 50 mW power 

and 447 ms as an exposure time. SHG and TPE-UVF images had fields of view of dimensions of 

1925 μm × 1925 μm, and scans were obtained in different focal planes in the Z direction, at 100 

μm steps. Imaging analysis was performed using ImageJ 1.05b software. The number of new 

particles formed per unit time was obtained by employing the built-in particle counting algorithm 

in ImageJ, using the time dependent SHG and TPE-UVF images. 

7.3 Results and Discussions 

7.3.1 Study of phase separation during dissolution by SHG and TPE-UVF 

SHG images acquired during dissolution of these systems at different time-points are 

shown in Figures 7.2. All three dispersions, plus the tablet powder, displayed the presence of 

crystallinity early on during the FaSSGF stage. As shown in Figure 7.2 (A), (B) and (D), the 10%, 

25% ASDs and tablet powder showed a few crystals after 30 minutes of immersion in acidic media. 

In FaSSIF, SHG-active domains were also present at 30 minutes and 180 minutes with an increase 

in number at the later timepoint. The 50% ASDs were highly crystalline in terms of size and 

number of crystals compared to the other dispersions, throughout all timepoints of the dissolution 

experiments, Figure 7.2 (C). It should be noted that no crystals were observed in the ASDs prior 

to dissolution studies, strongly suggesting that crystallization was initiated by suspension in gastric 

conditions. Figure 7.3 shows TPE-UVF images which can be used to monitor the 

suspension/dissolution of ASDs and tablet powder in FaSSGF and FaSSIF. During suspension in 

FaSSGF, TPE-UVF images revealed large ASD particles containing posaconazole (posaconazole 

is not fully released in the gastric medium due to the polymer insolubility). Upon media transfer 

to FaSSIF, the TPE-UVF- active signals notably decreased for the 10%, 25% ASDs and tablet 

powder, consistent with drug release as the polymer dissolved in the higher pH environment. This 

was not the case for the 50% ASDs however, which is consistent with extensive crystallinity in 

the ASD matrix. It should be noted that the fields of views form both SHG and TPE-UVF were 

not exactly congruent, thus overlaid images cannot be trivially generated. The corresponding 

brightfield images for the 10% ASDs are also displayed (Figure 7.3) providing further information 

about the ASD particles during dissolution.  
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7.3.2 Quantification of crystalline and undissolved amorphous drug content 

Finally, integration of the SHG signal intensity was utilized to calculate the fractional 

volume crystallinity for SHG, while the overall fractional volume of posaconazole species 

(crystalline and amorphous) was be assessed by using the TPEF signal intensity. These results are 
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Figure 7.2. SHG images of posaconazole ASDs prepared at (A) 10%, (B) 25%, (C) 50% drug 

loading and (D) tablet powder upon suspension/dissolution in FaSSGF for 30 minutes (left 
column), dissolution in FaSSIF for 30 minutes (middle column), and dissolution in FaSSIF for 

180 minutes (right column). Scale bar: 100 µm. 

summarized in Figures 7.4. In Figure 7.4 (A), the volume fraction crystallinity % appeared to 
increase with time for all systems until it reached a maximum at 240 minutes of dissolution.  
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Figure 7.3. Brightfield and TPE-UVF images of posaconazole ASDs prepared at (A) 10%, (B) 
25%, (C) 50% drug loading and (D) tablet powder upon suspension/dissolution in FaSSGF for 

30 minutes (left column), dissolution in FaSSIF for 30 minutes (middle column), and dissolution 
in FaSSIF for 180 minutes (right column). The corresponding brightfield images for (A) 10% 

ASDs are shown in the first row. Scale bar: 100 µm. 
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Additionally, the 50% ASDs had the highest average volume crystallinity compared to the other 

systems, where the final crystallinity at end of the experiment was roughly 250 times that of 25%  

ASDs. Figure 7.4 (A) demonstrates the volume fraction of undissolved posaconazole species as 

detected from the TPE-UVF signal intensity. Except for the 50% ASDs, all systems demonstrated 

higher volume fraction values of detectable posaconazole species in the FaSSGF dissolution stage, 

in comparison to the FaSSIF dissolution stage, since the majority of the drug was not released in 

the gastric medium.  

 
Figure 7.4. Volume fraction (%) calculated for (A) SHG signal (crystallinity) and (B) TPE-UVF 
signal (undissolved posaconazole either in amorphous or crystalline form) for all ASDs and the 

tablet powder at different time points, upon dissolution in FaSSGF then FaSSIF. The dashed 
vertical line denotes media transfer at that timepoint. Error bars are omitted for clarity. 
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The drug remaining in the undissolved ASD appears to be susceptible to crystallization when 

suspended in an aqueous solution. This is clearly demonstrated in Figure 7.2, where SHG images 

indicate that some crystals are present following suspension of the ASDs in the gastric medium, 

even after only 30 minutes. TPE-UVF analysis (Figure 7.3) confirms that phase-separated 

posaconazole is still present in the matrix, and therefore full release in the gastric medium had not 

occurred for any of these systems. The extent of crystal formation was found to be much greater 

in the 50% ASD, although varying levels of crystallinity evolved in all formulations. The finding 

raises questions about the functionality of polymers with pH dependent solubility, not only in terms 

of controlling drug release, but also in mitigating drug crystallization upon dissolution. Notably, 

no crystallinity was detected in any ASD prior to immersion in gastric media indicating that 

HPMC-AS is effective at preventing crystallization during ASD fabrication, but not upon exposure 

to water. In Figure 7.5, the ratio of the average volume fraction crystallinity (based on SHG 

analysis) and the average volume fraction of undissolved posaconazole (based on TPE-UVF 

analysis) is shown for all dispersions during suspension/dissolution in FaSSGF after 30 minutes. 

This ratio provides an estimate of the percentage of matrix crystallization that occurred in the 

gastric media and highlights the much higher extent of crystallization in the 50% ASDs relative to 

the other formulations, which show only limited crystallinity. 
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Figure 7.5. Ratio of volume fraction crystallinity to volume fraction posaconazole (from Figure 

7.4) during suspension/dissolution in FaSSGF after 30 minutes. 

Despite the higher dissolved concentration in gastric conditions, a minimal extent and duration 

of supersaturation was observed for the 50% ASD upon media transfer. This can be attributed to 

the presence of extensive matrix crystallization (Figure 7.2). Crystals present in the undissolved 

matrix at the time of media transfer were released when HPMCAS dissolved in the higher pH 

environment. These posaconazole crystals were expected to grow rapidly due to the ambient 

supersaturation present in the intestinal medium, whereby the rate of desupersaturation depended 

on the surface area available for crystal growth, the extent of the initial supersaturation, as well the 

occurrence of any additional primary or secondary nucleation events. For the 50% ASD, extensive 

matrix crystallization occurs in the gastric stage, and correspondingly, desupersaturation is 

instantaneous, to an extent that the first analysis point reveals that the amorphous solubility is not 

achieved. In addition, no posaconazole nanodroplets were observed for these ASDs. This implies 

that majority of posaconazole remaining in the ASD matrix underwent crystallization in the gastric 

medium stage, whereby no detectable amorphous drug was still present (Figure 7.5). This was not 

the case for the low drug loading systems, since they had a much lower crystal burden and a largely 

amorphous content at the time of media transfer, and consequently, a greater potential for 

supersaturation. 
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7.4 Conclusion 

Characterization of posaconazole ASDs in a multi-compartmental biorelevant dissolution 

setting was crucial to understanding the impact of pH-shift on drug release, supersaturation and 

precipitation kinetics. The extent of generated supersaturation upon conversion to the unionized 

state of posaconazole in the intestinal medium, was highly affected by the amount of posaconazole 

released in the gastric medium and the extent of matrix crystallization in the undissolved ASD 

particles. SHG microscopy images revealed the presence of crystals during the first stage of 

dissolution for all systems, which promoted further crystallization during dissolution in the 

simulated intestinal medium, even when supersaturation was initially generated. These in vitro 

dissolution results provide insights for better formulation prediction of poorly soluble weakly basic 

drugs, in the context of utilizing controlled-release ASDs, as well as understanding origins of 

intraluminal absorption variability for such systems.  
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CHAPTER 8. NON-NEGATIVE MATRIX FACTORIZATION FOR 
ISOLATING DAMAGE-FREE REFLECTIONS IN 

MACROMOLECULAR SYNCHROTRON DATA COLLECTION 

8.1 Introduction 

High resolution structures of macromolecules enable rational drug design and provide direct 

insights into fundamental mechanisms of action in proteins and protein assemblies.77 Currently, 

X-ray diffraction (XRD) is arguably one of the most versatile tools for the generation of high-

resolution structures supporting such efforts.78 However, X-ray induced damage during diffraction 

data collection, results in overall loss in diffraction intensity, which ultimately limits the achievable 

resolution.79,80 The precise mechanism by which photoelectrons of the high-energy X-ray beam 

contribute towards the loss in diffraction resolution still leaves room for exploration.  

 Significant work has been done to combat the issue of radiation damage induced to protein 

crystals during X-ray diffraction. Performing experiments under cryogenic conditions can 

significantly decrease the induced radiation damage.81However, cryo-cooling of the crystals can 

lead to an increase in mosaicity, which results in a reduction in diffraction signal to noise and an 

increase in spot overlap and does not allow for access to dynamic information within the crystal.82 

Few mathematical models have been established to predict the diffraction intensities by 

extrapolation to a zero-dose point.83,84 Beam shaping to produce a “top-hat” beam profile has been 

used to reduce the non-uniform X-ray exposure associated with traditional Gaussian beam 

profiles.85,86 Implementation of this method is nontrivial and does not actually reduce the X-ray 

dosage delivered to the crystal, still resulting in damage. Free radicals generated during X-ray 

diffraction can be removed using radical scavengers in an effort to reduce secondary radiation 

damage, although additives can complicate the crystallization process and there is a large 

variability in the success of this method. In the X-ray free electron laser (XFEL) approach, atomic 

resolution diffraction data are being produced without the need of cryo-cooling the sample to 

reduce damage, an alternative source is followed by utilizing the “diffract, then destroy” 

approach.87 XFEL has been proven to be significantly effective only for serial crystallography, not 

for single crystal data collection. Nevertheless, new ways to reduce the influence of damage during 

X-ray data collection are continually being explored.  
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In this work, the numerical isolation of the unperturbed peaks by non-negative matrix 

factorization (NMF) method is proposed. In brief, the original XRD pattern of tetragonal lysozyme 

prior to any significant X-ray damage was recovered. Identification of multiple sequential 

perturbations was enabled by NMF and corresponding changes in the reflections from each of 

them were isolated. 

8.2 Methods 

8.2.1 Synchrotron XRD data acquisition 

The crystallization protocol for tetragonal lysozyme was adapted from a method previously 

reported88 and further detailed in previous publications.89 For cryogenic X-ray diffraction 

experiments, crystals were prepared in 96-well plates and then looped and flash-frozen in liquid 

nitrogen. For room temperature diffraction experiments, crystals were grown in capillaries, which 

were then sealed with epoxy prior to mounting for diffraction.  

All X-ray diffraction data were collected at the Advanced Photon Source (APS) at Argonne 

National Lab using GM/CA@APS beamline 23-ID-B. Diffraction of lysozyme under cryogenic 

conditions was acquired with a 20 μm-diameter X-ray beam, 20 ´ 20 μm cell size, with 1 s 

exposure time and full unattenuated beam and a detector distance of 200 mm. A full tilt series 

involving a 90-degree rotation of the lysozyme crystal in 0.9-degree increments was obtained using 

these conditions.  

To assess the X-ray damage caused by radiation in the mother liquor adjacent to a crystal, 

room temperature diffraction was performed with the same conditions used for diffraction at 

cryogenic temperatures. A flowchart detailing the room temperature diffraction data acquisition 

can be found in Figure 8.1. Radiation was imposed at one spot on the crystal for 10 ms. After a 1-

minute interregnum, the process was repeated for 5 cycles. A grid area was then selected 

surrounding the crystal and radiated with a 1 s exposure at each stop in the grid. Radiation of the 

previously selected spot on the crystal was repeated for another 5 cycles with the same conditions.  
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Figure 8.1. Schematic for data collection by X-ray radiation in locations adjacent to the crystal at 
room temperature. 

8.2.2 Algorithm 

8.2.2.1 Dimension Reduction 

Peak-fitting was performed to identify discrete reflections arising from crystal diffraction. 

A MATLAB script written in-house was used to read-in a series of synchrotron X-ray diffraction 

patterns, which were all taken at the same location of the crystal repeatedly, i.e. with accumulated 

X-ray dosage. The first step involved identification of peaks in the first image of the stack and then 

tracking the intensities of these peaks through the entire stack of images. For image peak 

identification at a particular tilt angle, intensity-based threshold settings were applied on a per 

pixel basis following background subtraction. Each individual peak was fit to a Gaussian, and the 

99.95% confidence interval was used to track corresponding reflections throughout the data 

acquisition stack. Based on these criteria, the following information regarding individual peaks in 

each image was obtained: (i) number of pixels in the peak, (ii) X coordinate of the center of the 

peak, (iii) Y coordinate of the center of the peak, (iv) integrated intensity of the peak, and (v) 

distance from the peak center to the center of the diffraction image. The peak-identification results 

of the first XRD image served as a "library" or "reference" for subsequent XRD images. The 
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program then compared the (X,Y) location and variance of peaks in a given image with 

corresponding parameters within the “library”, which were scored as arising from the same 

reflection when overlapping within 99.95% confidence. Next, the integrated intensities of peaks 

scored to be from the same reflection within the image stack were arranged in a matrix D, with M 

rows and N columns, where M is the number of peaks in the peak library, and N is the total number 

of XRD images.  

8.2.2.2 NMF 

In the NMF formulation of the XRD problem, the N experimentally measured (or generated) 

diffraction intensity patterns were combined into one observational data matrix DM´N, given by the 

product of the (yet unknown) matrices C and S (Equation 8.1). The overall algorithm comprising 

of dimension reduction followed by NMF has been illustrated in Figure 8.2. At each of the N peaks 

at every M image, the values of the matrix D are formed by a linear mixing of K unique but 

unknown end members. These end members form the unknown matrix, CM´K (Equation 8.3), 

blended by an also unknown mixing matrix, SK´N (Equation 8.2). The goal of the NMF algorithm 

is to retrieve the K original non-negative basis patterns (encoded in C) that optimally recover the 

M measured intensity values for each peak in D. Since both factor matrices C and S are unknown, 

and even their size K (i.e., the number of unique components) is unknown the problem is under-

determined if no additional constraints are imposed. In NMF, both the amplitudes of the diffraction 

peaks and the amplitudes in C are assumed to be positive, consistent with the underlying physics. 

With these constraints, solution of Equation 8.1 is no longer necessarily under-determined, and 

can be solved by iterative solutions for C and S. NMF can solve such types of problems by 

leveraging the multiplicative update algorithm.  

One of the complications of the classical NMF algorithm is that it requires a priori estimate 

of K, the number of end members. In this particular case, we assumed the number of unique 

components produced during XRD data collection is 3. The assumption was based upon the 

optimum recovery of XRD patterns of the components and their kinetics approach. First, assuming 

three pure components (K = 3), the contributions of individual peaks in each unique diffraction 

pattern was determined, removing negative entries. Since negative concentrations correspond to 

nonphysical results, negative entries were set to zero.  

 𝐷(3×5) = 𝐶(3×8)𝑆(8×5) (8.1) 
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 𝑆 = 	 (𝐶:𝐶);<𝐶:𝐷 (8.2) 

 

From the guessed set of contributions, the diffraction pattern of each component was determined, 

again setting negative entries to zero.  

 𝐶 = 𝐷𝑆:(𝑆𝑆:);< (8.3) 
 

The algorithm was iterated between these two steps until no negative values were present in either 

S or C. 

8.2.3 Kinetic modeling 

The variation in the concentration of NMF components were modeled as a first-order 

kinetic process. A first-order reaction can be described by a system of differential equations, 

 𝑑𝐴
𝑑𝑡 = 𝐾𝐴 

 

(8.4) 

where A#⃗
AB

 is a vector of derivatives representing the change in concentration of a reactant or product 

with respect to time, K is a matrix of rate constants, and  is a vector of length m containing 

concentrations of reactants and products. As has been demonstrated previously,90 this differential 

equation can be solved in such a way as to show that, 

 𝐴BCCCC⃗ = (𝑃𝑒FB𝑃;<)𝐴GCCCC⃗  
 

(8.5) 

such that, 

 Λ = 	𝑃;<𝐾𝑃 
 

(8.6) 

where  is a diagonal matrix and P is an orthonormal matrix of dimension m´m. This relation is 

used in this work to generate the first-order fits to the variation in component concentrations 

extracted via NMF. 

A
!

L
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Figure 8.2. Flowchart of the algorithm for dimension reduction followed by NMF. 

8.3 Results and Discussions 

8.3.1 Decomposition into multiple XRD patterns 

Matrix C contained information about contribution of each individual peak towards each 

unique component. Therefore, after multiple rounds of iteration to obtain C with no negative 

entries, 4096 ´ 4096 pixels simulated XRD images were generated to assist in visualization of the 

outputs. The MATLAB generated images after NMF, as seen in Figure 8.3, depicted the 

reconstructed XRD pattern of the three decomposed components, namely (A), (B), and (C). The 

color scale bar on the right side of each image signified the relative intensity of each peak in each 

component. 

It is worthwhile to make a note on the angular distribution of the peaks. As shown in Figure 

8.3, no significant difference was noticeable among the angular distributions of the peaks in all of 

the three components and relative intensity of the peaks was indeed the key determining factor. 

Algorithm for dimension reduction followed by non-negative matrix factorization (NMF)

Read-in a series of synchrotron XRD patterns with different accumulated X-ray dosage 

1. Identify the peaks in the first image 2. Tracking the intensities of these 
peaks through the stack of images 

Peak Library: 
(i) Peak index
(ii) Number of pixels 
(iii) X coordinate of the center of the peak
(iv) Y coordinate of the center of the peak 
(v) Integrated intensity of the peak
(vi) Distance from the peak center to the center 
of the diffraction image

D matrix
M rows, N columns

M (number of peaks in the Peak Library) 
N (total number of XRD images) 

Dimension reduction 
(Peak-fitting to identify discrete reflections arising from crystal diffraction) 

Non-negative Matrix Factorization

! "×$ = & "×' ( '×$
(Assuming three unique components, K =3)

Determine contributions of individual peaks in each 
unique diffraction pattern, removing negative entries

( = 	 &*& +,&*!
From guessed set of contributions, determine the diffraction 
pattern of each component, setting negative entries to zero & = !(* ((* +,

Iterate 
until no 
negative 
values



85 
 

 
Figure 8.3. (A), (B), (C) Decomposed XRD patterns for three components; (D), (E), (F) angular 

distribution of the peaks in three respective components. 

8.3.2 Kinetic modeling of X-ray damage 

Matrix S from equation 8.1 depicts the change in concentration of the peaks with increasing 

dose for three individual components. Equation 8.6 was used for first-order kinetic modeling to fit 

the variation in relative integrated intensities of the peaks in respective components. The results of 

the fitting are shown in Figure 8.4 for A, B, and C. Remarkably, the different components appear 

to be consistent with a simple, sequential kinetics process. The unperturbed protein had the highest 

overall integrated intensity at the beginning of the damage process, with small, but not zero 

contributions present from the damaged protein, namely B, and C. Component A undergoes rapid 

damage by the X-ray radiation fairly quickly, after ~20-30 doses. Whereas, relative integrated 

intensities of components B and C started to increase at the same rate. While B experienced an 

initial rise and then fall, C showed a consistent increase and then maintained the same relative 

contributions even after going through high-energy radiation damage at the end of 90 doses. 

(A) (B) (C)
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Figure 8.4. Kinetics of propagation of damage at cryogenic conditions. 

 

8.3.3 Effect of X-ray exposure around the crystal at room temperature 

Free radicals produced by primary and secondary photoelectrons can migrate at room temperature 

to produce X-ray damage through a mechanism largely shut down at cryogenic temperature. At 

this condition, even a small amount of radiation dose can damage the protein crystal to a significant 

extent. The effect of X-ray exposure around the crystal (i.e. in the mother liquor), without any 

direct exposure on the crystal was investigated. The results are outlined in Figure 8.5, where the 

top profile, (A) illustrated change in the overall integrated intensity of XRD peaks due to damage 

induced by radiation around the crystal at room temperature and the bottom profiles, (B), (C), and 

(D) represented variation of the intensity after decomposition into three components by applying 

NMF. The vertical bar in each plot signifies the point at which the X-ray radiation was applied 

around the crystal, that was between 6th and 7th data point. In Figure 8.5 (B), (C), and (D) the initial 

slower loss or gain in relative integrated intensities can be attributed to the damage process due to 

the direct exposure at the center of the crystal till the 6th data point. As the crystal experienced 

immediate damage caused by the diffusion of radiation in the mother liquor around the sample, all 

the components exhibited sudden decrease or increase in intensity, rendering rapid transitions due 
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to damage. Without the application of NMF, the effect of radiation around the crystal was not 

pronounced in the change of overall integrated intensity for the whole protein. 

 
Figure 8.5. (A) Change in the overall integrated intensity of XRD peaks, (B), (C), and (D) 
decomposition into multiple components after applying NMF due to damage induced by 

radiation around the crystal at room temperature. 

8.4 Conclusions 

A “damage-free” set of reflections in macromolecular crystallography was mathematically 

isolated by NMF. Biological samples undergoing X-ray induced damage under synchrotron X-ray 

radiation impose a fundamental limit in data collection for crystallography/structural biology. 

Damage during diffraction data collection can have a significant impact on the quality of the 

recovered protein structures. Here, we recovered the native X-ray diffraction (XRD) pattern of 

tetragonal lysozyme prior to X-ray exposure. NMF enabled identification of multiple sequential 

perturbations and isolated the corresponding changes in the reflections from each. NMF is a matrix 

factorization method that can extract scattered and significant features from large high-

dimensional datasets. In NMF, the entire set of dose-varying reflections were cast in a matrix-form 

as a product of two non-negative matrices, describing the correlated sets of reflections and 

amplitudes of a small number of pure components. The findings indicate that the unperturbed 
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protein transitions rapidly into multiple sequential components with X-ray exposure corresponding 

to a dose of 20 MGy under cryogenic conditions. At room temperature, NMF enabled independent 

isolation of perturbations to the reflections from direct X-ray exposure versus diffusion of 

molecular radicals generated upon solvent exposure. During room temperature X-ray data 

collection, the crystals were damaged faster than cryogenic conditions. Application of NMF during 

the damage mechanism helps in observing the firsthand effects of indirect X-ray radiation around 

the sample.  
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