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ABSTRACT 

Transition of a drug substance to drug product necessitates the use of excipients and often includes 

several unit operations.1 A risk associated with processing pharmaceutical solids is their propensity 

to undergo solid form transformations such as polymorphism and amorphization. Changes in the 

physical form during drug product manufacture or storage can have an influence on their chemical 

stability and product performance. The central goal of this thesis work is to mechanistically 

understand the influence of processing and formulation composition on the stability of 

pharmaceutical salts and cocrystals. 

Processing induced lattice disorder was investigated for caffeine-oxalic acid cocrystals. The 

unmilled cocrystals were stable in presence of excipient and water. However, very short milling 

times induced sufficient lattice disorder to induce cocrystal dissociation. Quantification of disorder 

was performed using X-ray diffractometry (XRD). The lattice disorder was proposed to be 

predominant on the particle surface experiencing shear and hence served to explain the 

disproportionate influence that low levels of disorder had on the stability of the cocrystals. 

Cocrystal dissociation was observed to be a water mediated reaction and was influenced by the pH 

of the microenvironment. Very low levels of lattice disorder, which cannot be characterized using 

bulk characterization tools such as XRD and thermal analysis, can induce chemical instability and 

lead to product failure. Disorder induced during processing was also imaging using atomic force 

microscopy. 

The second part of the thesis focused on understanding the challenges associated with the 

formulation development of levothyroxine sodium pentahydrate (LSP). The influence of 

pharmaceutical processing on the hydration state of LSP was investigated using single crystal and 

synchrotron X-ray diffractometry, and a novel crystal form of the drug was reported when it 

undergoes partial dehydration to form levothyroxine sodium monohydrate (LSM). LSM has a 

higher chemical reactivity than the pentahydrate form. The influence of excipients on the physical 

and chemical stability of LSP was investigated using synchrotron XRD and high performance 

liquid chromatography (HPLC). Hygroscopic and acidic excipients can induce dehydration and salt 

disproportionation of LSP, respectively. Microenvironment pH and excipient hygroscopicity were 

critical determinants of LSP stability.  
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Chapter 1. Introduction 

1.1 Introduction 

Recent introduction of combinatorial chemistry and high-throughput screening in drug discovery 

has promoted the development of numerous new chemical entities (NCE) with poor aqueous 

solubility. This poses a challenge to oral drug absorption as the drug needs to dissolve in GI fluid 

to enable absorption. Compounds with solubility limited oral absorption are typically categorized 

as BCS class II drugs.2-4 Owing to the prevalence of NCEs with poor water solubility in the 

discovery pipeline, identification and selection of optimum solid forms is critical from the 

standpoint of effective drug delivery.  

A simple and cost effective strategy to enhance the solubility of ionizable drugs is salt formation. 

This approach is also used to optimize the physicochemical stability and mechanical properties of 

active pharmaceutical ingredients (API). For non-ionizable drugs, wherein the ability of salt 

formation is rather limited, cocrystallization of the API with suitable coformers is an attractive 

alternative. While both salts and cocrystals have gained momentum due to the advantageous 

properties they confer to the API, the stability of these solid forms during drug product development 

mandates diligent investigations. The API would be combined with a suitable set of excipients and 

undergo pharmaceutical processing in order to develop a dosage form. The central goal of this 

thesis research is to understand the influence of pharmaceutical processing and excipients 

(including storage) on the physical form and chemical stability of model salts and cocrystals. These 

studies can provide a scientific basis for the design and development of mitigation strategies to 

circumvent the risk of unintended instability and thereby ensure robust drug products. 

1.2 Pharmaceutical solids 

1.2.1 Crystalline and amorphous solids. 

Pharmaceutical solids exist in either the crystalline or amorphous form. A crystalline solid can be 

described as one with molecules arranged in a perfectly ordered three dimensional lattice. This is 

also referred to as long-range order. An amorphous solid, on the other hand, is devoid of long range 

order. Amorphous solids are often referred to as being in the ‘disordered’ state. From a 

thermodynamic standpoint, crystalline solids are stable whereas the amorphous counterparts are 

metastable. Amorphous solids have higher molecular energy and mobility as compared to the 

crystalline forms.5,6  
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Differences in the molecular properties of crystalline and amorphous solids lead to distinctive 

physicochemical and mechanical properties. For instance, amorphous solids, owing to absence of 

crystal lattice energy, have a higher apparent solubility than the crystalline form. This property is 

valuable for BCS class 2 compounds. On the other hand, the higher molecular mobility and Gibbs 

free energy of amorphous solids promote physical and chemical instability.5,6  

It is crucial to have a comprehensive understanding of solid form landscape in order to select a 

solid form suitable for dosage form development. It is also instrumental to understand inadvertent 

conversions in the solid form during drug product development, such as introduction of disorder 

into otherwise crystalline solids during milling, mixing, blending and granulation. The unintended 

disorder can result in undesirable physical and chemical transformations. 

1.2.2 Pharmaceutical salts. 

1.2.2.a Introduction to pharmaceutical salts. 

Salt formation is an attractive avenue to modify the physicochemical and mechanical properties of 

ionizable drugs such as solubility, physical stability, hygroscopicity and crystallinity. Since most 

drug substances are weak electrolytes and ionizable, salt formation is a popular strategy to optimize 

their solid form. Approximately, 50% of all drugs on the market are formulated as salts.7,8 The 

crystal structure and consequently, the physicochemical properties of the salt form are often 

different from those of the parent compound. By using a range of pharmaceutically acceptable 

counterions with FDA GRAS (generally regarded as safe) status, the properties can be optimized 

to meet formulation needs. A schematic for salt and solid form selection has been presented in 

Figure 1.1. The choice of counterion is based on the nature of the ionizable functional group on the 

drug molecule. The “rule of 3”, i.e. a △pKa ≥ 3 between the ionic groups on the two species, is 

routinely used to form stable salts. 

1.2.2.b Stability of pharmaceutical salts. 

If a salt reverts to the corresponding free acid (or base), the reaction is referred to as salt 

disproportionation. Salt disproportionation reactions are a sub-category of acid-base reactions, and 

are often considered to be the reverse of salt formation. Numerous investigations have speculated 

the detrimental influence of salt disproportionation such as dissolution failure9, decrease in 

bioavailability10 and altered tablet disintegration11,12 Salt disproportionation in the solid-state has 

been reported to be a function of the pHmax of the drug and microenvironmental “pH” experienced 

by the salt.13,14 pHmax is defined as the pH of maximum solubility (in the solution state) and at pHmax, 

the salt and free acid (or base) co-exist in equilibrium. For salts of weak acids, if the pH of the 
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microenvironment drops below the pHmax of the salt, salt disproportionation will occur (and vice 

versa for bases). The microenvironmental acidity is the pH of the sorbed water layer formed by 

dissolution and saturation of the solid on the surface. This pH is believed to be influenced by the 

temperature, RH and formulation composition (especially excipients), and pH alterations have been 

implicated in salt disproportionation.15 

 

 

Figure 1.1. Salt and solid form selection.16 

 

1.2.3 Pharmaceutical cocrystals. 

1.2.3.a Introduction to cocrystals. Pharmaceutical cocrystals are multi-component crystalline 

solids where the active pharmaceutical ingredient (API) and coformer(s) combine 

stoichiometrically via non-covalent interactions.17,18 Cocrystallization has proven to be an effective 

strategy to selectively modify the physicochemical, mechanical and biopharmaceutical properties 

of an API without altering its pharmacologic activity. This approach has been used to enhance the 

aqueous solubility and dissolution rate of several poorly soluble drugs including fluoxetine 

hydrochloride19, nevirapine20, danazol21 and ibuprofen22. In compounds with a propensity to form 
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hydrates, for example caffeine and theophylline, cocrystallization provides an avenue to mitigate 

the risk of hydrate formation and improve physical stability. It is also an effective strategy for 

altering mechanical properties of the API, thereby aiding formulation development.22,23 Finally, 

cocrystallization has enabled oral bioavailability enhancement. Some of the cocrystal products in 

the market are Depakote® (divalproex sodium or the valproic acid cocrystal of sodium valproate)24, 

Lexapro (escitalopram oxalate)25, Entresto® (valsartan−sacubitril)26, SteglatroTM (ertugliflozin−L-

pyroglutamic acid cocrystal) 27 and Suglat (iproglifozin−L-proline).28 

1.2.3.b Stability of cocrystals. Significant progress has been made in the design and synthesis of 

pharmaceutical cocrystals. However, their stability, specifically the potential to undergo 

dissociation, has not been extensively investigated. Studies have highlighted the impact of 

temperature29 and humidity30,31 on cocrystal stability. Caffeine32 and theophylline33 cocrystals were 

prepared with different dicarboxylic acids, and the effect of water vapor pressure on cocrystal 

stability was investigated. The aqueous solubility of the coformer and the propensity of the API to 

form a hydrate were key determinants of the dissociation propensity. Eddleston et al29 also studied 

the effect of temperature on the dissociation behavior of a 1:1 cocrystal of caffeine with 

theophylline. The cocrystal stability was a critical interplay of entropy differences between the 

coformers, and enthalpic stabilization provided by cocrystal formation. Since pharmaceutical 

processing can entail elevated temperatures and water vapor pressures, these studies provide insight 

into potential instabilities during dosage form manufacture. However, the impact of processing 

induced mechanical stress and lattice disorder has not been investigated for cocrystal systems. 

1.2.3.c Formulation challenges. The formulation of a cocrystal as a solid dosage form (for the 

purpose of this discussion, tablets) necessitates the use of excipients and entails several processing 

steps. It is therefore important to evaluate the potential impact of both API-excipient interactions 

and processing on cocrystal stability. Since cocrystals are sustained by non-covalent interactions, 

they may be susceptible to dissociation. Excipients can promote cocrystal dissociation by bonding 

(hydrogen bonding or ionic) with the coformers. Duggirala et al34 evaluated the impact of a range 

of pharmaceutical excipients on the stability of caffeine-oxalic acid (2:1) cocrystals. Binary 

cocrystal-excipient mixtures were ground with water, using a mortar and pestle, and their stability 

was assessed. Excipient mediated cocrystal dissociation was observed to be independent of the 

water sorption behavior of the excipients, and was reported to be a consequence of the reaction 

between oxalic acid (the coformer) and ionic excipients. The model cocrystal system, in the absence 

of excipients, was stable even at elevated water vapor pressures. Recently, Koranne et al35 

investigated numerous prototype formulation compositions of theophylline-glutaric acid, 
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reportedly a robust cocrystal. Pronounced dissociation occurred in the presence of excipients with 

a high water sorption propensity. The solution mediated dissociation was believed to be initiated at 

the interface of cocrystal and excipient particles, specifically in the regions with lattice disorder. In 

both API and excipient particles, disorder can be introduced during pharmaceutical processing steps 

such as milling, mixing, granulation and compression.  The disorder introduced on the particle 

surface is expected to be more pronounced than in the bulk.  However, the impact of processing, 

and by extension disorder, on cocrystal stability has not been systematically investigated. In light 

of the potential destabilizing effect of excipients, it also becomes important to evaluate the 

combined effects of lattice disorder and excipients on cocrystal stability.  

1.2.4 Pharmaceutical hydrates. 

A pharmaceutical hydrate is a solid adduct containing the anhydrous form of the drug (also referred 

to as the ‘parent’ compound) and water. The incorporation of water in the crystal lattice of a 

compound influences its stability and performance. The hydrate form of a pharmaceutical solid can 

display differences in physicochemical and mechanical properties as compared to the 

corresponding anhydrous form. Some of these properties include physical stability, chemical 

stability, crystal structure, solubility, dissolution rate, flow and compaction behavior. The 

differences in the properties of a solid and its different hydration states can be attributed to the 

influence of water on the unit cell dimensions and intermolecular interactions, which in turn affects 

thermodynamic properties such as internal energy and crystal lattice energy (Figure 1.2). 

Considering the abundance of water in pharmaceutical manufacturing and product storage, it is 

estimated that approximately 30% of the compounds in the pipeline are capable of existing in 

different hydration states.36 

Based on structural attributes, hydrates can be classified into three categories: isolated site hydrates, 

channel hydrates and ion-coordinated site hydrates. Hydrates can also be categorized into 

stoichiometric and non-stoichiometric hydrates. In case of stoichiometric hydrates, the water 

content is well defined, and typically, the different hydration states have unique crystal structures. 

On the other hand, non-stoichiometric hydrates entrap water within the void spaces of the 

crystalline lattice and can have a continuously variable water content based on the relative 

humidity. Typically, these hydrates do not exhibit drastic changes in the crystal structure following 

sorption or release of lattice water. Both these kinds of hydrates are routinely encountered in drug 

product development, thereby mandating a detailed understanding of their influence on the stability 

and performance of the final dosage form.36 
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Figure 1.2. Flow chart highlighting the impact of hydration state on the physicochemical and 

mechanical properties of a drug. ‘A’ represents the surface area of the solid exposed to the 

dissolution medium, ‘k’ stands for the mass transfer coefficient; ‘Cs’ is the equilibrium 

solubility of the solid form; ‘C’ is the concentration in solution; ‘J’ represents the intrinsic 

dissolution rate and ‘dm/dt’ is the dissolution rate. Reproduced from Khankari et al.37 

1.3 Pharmaceutical processing  

Formulating a drug substance into a solid dosage form will likely involve multiple unit operations 

such as mixing, milling, granulation, and compaction. The mechanical stresses experienced by the 

API during these processing steps can result in physical form changes that in turn can have an 

undesirable impact on the biopharmaceutical performance of the dosage form. 

During drug product development, there is risk of unintended lattice disorder in the crystalline 

components (API and excipients). The loss in crystallinity during product development is also 

referred to as processing induced lattice disorder or mechanical activation. This has been discussed 

in subsequent sections. 
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1.3.1 Processing induced lattice disorder.  

Lattice disorder refers to a disruption in the long range order of a crystalline solid or reduction in 

the crystallinity of the substance. Lattice disorder can manifest either as local disorder (lattice 

defects like vacancies, impurities, dislocations and grain boundaries) or amorphization (Figure 1.3). 

Disorder generates regions of high energy and molecular mobility, which then lead to physical and 

chemical instability. 

Through the introduction of lattice disorder, there may a change in the physicochemical and 

mechanical properties of a compound. This may, in turn, have implications on the chemical stability 

and shelf life of the API in a dosage form. This phenomenon is of pharmaceutical relevance as 

routine industrial processing steps such as milling, coating and granulation, have the potential to 

induce lattice disorder in crystalline actives and excipients. Lattice disorder can be induced in solids 

as a consequence of numerous factors. 

 

Figure 1.3. Schematic of defects and disorder on a crystalline surface.38,39 

1.3.1.a Milling.  

Milling is a routinely employed unit operation in chemical and pharmaceutical manufacturing. An 

obvious and frequent use of milling is for particle size reduction. However, powders are subjected 

to mechanical stresses during the process, which may induce changes in other physical 

characteristics of the particles, for example amorphization and polymorphic transformations.40-42 

Cryomilling is an alternative to room temperature milling in order to mitigate the risk of phase 
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transformations inducted by rise in the temperature during milling. However, the risk of 

amorphization (crystalline  amorphous transition) still persists. 43-45  

1.3.1.b Dehydration induced lattice collapse. 

Hydrates are the most common of all crystalline solvates encountered amongst pharmaceutical 

materials and make up roughly 30% of the materials used in the pharmaceutical industry.46 

Different hydrate forms of a given compound are of importance owing to their ability to modulate 

the internal energy, enthalpy and entropy, which in turn influence the solubility, dissolution rate, 

stability, reactivity and bioavailability. Hydration states also have the potential to affect the 

mechanical properties of solids, hence altering product performance.37,38  

Unit operations employed during formulation development of oral solid dosage forms, such as 

drying, milling, mixing and compression may lead to the dehydration of a crystalline hydrate. The 

loss of water of crystallization can induce stress on the lattice, often leading to a loss of lattice 

structure i.e. amorphization.47 The consequent increase in molecular mobility of the amorphous 

form promotes its chemical reactivity. Owing to the influence of hydration state on the 

physicochemical and mechanical properties of the material, it is imperative to ensure the stability 

of the pharmaceutical hydrate during the formulation development process. 

1.4 Model systems 

1.4.1 Caffeine – oxalic acid (2:1) cocrystals. 

Caffeine-oxalic acid (CAFOXA; Table 1.1) cocrystals were chosen as the model for studying the 

influence of processing induced lattice disorder on cocrystal stability. Caffeine (1,3,7-trimethyl-

2,6-purinedione) is a central nervous system stimulant and a smooth muscle relaxant. Caffeine 

exists as a non-stoichiometric crystalline hydrate.32,48,49 Cocrystallization of caffeine with oxalic 

acid provides an avenue to control the solid form of the API. CAFOXA cocrystals have been 

reported to exhibit robustness against dissociation even at elevated vapor pressures. The cocrystals 

did not exhibit dissociation even following storage at 98% relative humidity (RH) at room 

temperature (RT) for 7 weeks. The tendency of disordered CAFOXA cocrystals to recrystallize at 

elevated RH rendered them an attractive system for our present work, as the recrystallization of the 

sample serves as an indirect proof of lattice disorder induced during pharmaceutical processing, 

such as tablet compaction and milling. 
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Table 1.1. Crystallographic data for 2:1 caffeine oxalic acid cocrystals reproduced from 

Trask et al.50 

Property Caffeine/oxalic acid (2:1) 

Experimental formula 

Formula weight  

Crystal system 

Space group  

a (Å) 

b (Å) 

c (Å) 

𝛂 (degrees) 

𝛃 (degrees)  

𝛄 (degrees)  

Z 

2(C8H10N4O2) · C2H2O4 

478.44 

Monoclinic 

P21/c  

4.41430(10)  

14.7701(5)  

15.9119(6)  

90  

96.4850(10)  

90  

2 

 

1.4.2 Levothyroxine sodium pentahydrate. 

1.4.2.a Hypothyroidism and levothyroxine. 

Hypothyroidism is a pathological condition wherein the thyroid gland does not secrete sufficient 

quantities of thyroid hormones. Levothyroxine is the first line of treatment for patients suffering 

from hypothyroidism. It is the synthetic form of the physiological hormone, thyroxine (also known 

as T4 (3,3’,5,5’ tetraiodo-l-thyronine)). Replacement therapy with levothyroxine is the primary 

and, in most instances, the only treatment option for hypothyroid patients.51-54 At any given time, 

5-10% of global human population suffers from hypothyroidism.55-61 Thyroid hormones are vital 

for normal growth and development and also have numerous metabolic, cardiovascular, 

neurological and calorigenic effects.62-71 In addition to supplementing thyroid levels, levothyroxine 

is also commonly used for patients with myxedema coma,72 non-toxic uninodular or multinodular 

goitre, and differentiated thyroid cancer in TSH (thyroid stimulating hormone) suppressive doses.73-

77 

The first ever thyroid hormone replacement products included desiccated thyroid extracts, thyroid 

glands and thyroglobulin from bovine and porcine origin. However, there were challenges with 

respect to the procurement as well as standardization of these products.78-84 The first synthetic 

substitute, levothyroxine sodium, was introduced into the US market in 1950s. The chemically 
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synthesized sodium salt is known to have the same therapeutic/physiological effects as the 

endogenously secreted, T4.55,81,85-92  It is routinely administered orally as tablets, though alternate 

dosage forms are also available. 

Levothyroxine sodium is one of the most prescribed drugs in the United States with over 100 

million prescriptions annually.93-96 It is a low dose (25-300 µg/day) active pharmaceutical 

ingredient (API) and has a narrow therapeutic index (NTI).97-99 There is less than a two-fold 

difference between the minimum effective dose and the maximum tolerable dose. Patients requiring 

levothyroxine can be very sensitive to minor fluctuations in the administered dose.55,100-114 

Exceeding 20-25% of the therapeutic dose can result in serious side effects, warranting dose 

titration.115-123 The need for precise dose adjustment has resulted in numerous strengths (>10) 

ranging from 13 to 300 µg.124,125 The therapeutic failure may also stem from the chemical instability 

of the API in drug products and content non-uniformity – reflected by the numerous product 

recalls.126-128  

Thus, in addition to being one of the most prescribed drugs, levothyroxine sodium has a long history 

of being amongst the most recalled products from the market.  The chemical instability during 

shelf-life is a major reason for the recall.129-144 The problem is exacerbated by the low dose (API 

constitutes 0.04 - 0.5% w/w of the dosage form) and the consequent high excipient burden in 

levothyroxine formulations. Levothyroxine sodium is sensitive to temperature, light, pH, moisture 

and oxygen. Due to the potential chemical instability, historically, an overage of up to 20% was 

added to the drug product.145-151 However, such a practice is questionable in light of its narrow 

therapeutic index.147-151 Moreover the use of an overage, to compensate for drug degradation during 

product manufacture or storage, is discouraged by the FDA.152  

FDA has undertaken several measures to standardize the quality of the marketed products and to 

reduce variability in stability profile across manufacturers. In 1997, levothyroxine sodium was 

declared a “new drug”.153-155 In 2007, the FDA tightened the assay specifications for marketed 

products from 100 ± 10% to 100 ± 5% of the labelled amount. In 2008, the US Pharmacopeial 

convention updated the levothyroxine sodium product monograph to meet the updated FDA 

specifications.156-159 There has been a recall of over 100 million tablets between 2012-2015.160,161 

The stability of levothyroxine sodium ‘as is’ and in marketed drug products has been the subject of 

numerous publications. The influence of excipient properties and storage conditions on the physical 

form and chemical stability of the API were investigated earlier.162-167 It is well recognized in the 

literature that the excipients can govern the formulation performance.168-171 The excipient 

properties, specifically hygroscopicity and microenvironmental acidity, appeared to be 

determinants of drug stability.  
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1.4.2.b History - treatment of hypothyroidism. 

The earliest evidence of thyroid supplementation was in the sixth century when sheep thyroid was 

used to treat cretinism in China.82 In 1890, transplantation of animal thyroid glands yielded 

promising results in patients with myxedema coma.78-80,92 Desiccated hormonal products (dried and 

powdered), prepared from the thyroid glands of domesticated hog, beef or sheep were the preferred 

form of supplementation from the early 1890s to mid 1970s. 172,173 The desiccated products contain 

approximately 80% tetraiodothyronine (T4) and 20% triiodothyronine (T3) along with small 

fractions of iodinated compounds, such as monoiodotyrosine and diiodotyrosine. The ratio of T4 

to T3 in these preparations varied depending on the source (bovine or porcine). Desiccated thyroid 

extracts of porcine origin are still widely available. However, their use resulted in 

hypertriiodothyroninemia and thyrotoxicity in some patients, owing to improper dose adjustment  

and product variability.174 Treatment with thyroid extracts was time-demanding and expensive. In 

addition to the concern of content uniformity, these preparations had a short shelf life and were 

prone to induce allergic reactions owing to the potential immunogenicity of animal derived 

products.52,81,126,175-181 

In 1914, Kendall isolated and crystallized thyroxine (which contained 65.3% w/w iodine) and its 

chemical structure was elucidated.85,90 Following this, Barger and Harington successfully 

synthesized the unionized (free acid) form of thyroxine in 1927.87-89 They also uncovered the higher 

potency of the levo isomer as compared to the racemic mixture. However, the limited oral 

absorption of the free acid posed challenges with respect to bioavailability. The sodium salt of 

thyroxine with acceptable absorption profile was uncovered in 1949. In 1952, liothyronine (T3) 

was recognized as a more potent thyroid hormone.182-185 

Subsequently, tetraiodothyronine (T4) and triiodothyronine (T3) were synthesized and became 

commercially available. They were first marketed in the United States in 1955 but were not FDA 

approved until 1997. T4 monotherapy is the first line of treatment for hypothyroid patients with 

dose adjustments to normalize serum TSH.186-188 However, it might be inadequate in cases with 

deiodinase polymorphism (i.e. insufficient conversion of T4 to the more potent T3 by 5’-

deiodinase), thereby necessitating personalization of the treatment and/or addition of T3 (i.e. 

combination therapy).53,188,189 

1.4.2.c ADME of levothyroxine sodium. 

The dose of levothyroxine sodium for each patient has to be “tailored and titrated” and depends on 

numerous factors including patient’s age, disease state, cardiovascular status, other comorbidities, 

lean body mass, pregnancy status, coadministered medications and severity of hypothyroidism 
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(TSH and T4 levels).190-194 Levothyroxine is absorbed predominantly through the jejunal-ileal 

section of the gastro-intestinal tract. The absorption is highly variable and incomplete, hence 

limiting the bioavailability to 40-80%.195 The absorption of levothyroxine is facilitated by gastric 

acidity and adversely affected by gastro-intestinal abnormalities.  

Levothyroxine is typically administered as immediate release tablets of levothyroxine sodium 

pentahydrate. It reaches its peak plasma concentration within 2-4 hours following oral 

administration and has a half-life of 6-8 days.125,196-198 Absorption of levothyroxine is affected by 

food, disease state, age and co-administered drugs. The volume of distribution of levothyroxine is 

11-15 L. Levothyroxine has a high plasma protein binding which can be as high as 99.95%. The 

clearance of levothyroxine in euthyroid patients is 0.055 L/h. The low clearance and high serum 

half-life of levothyroxine are explained by the high plasma protein binding of the drug. 

Levothyroxine is eliminated slowly and primarily via sequential deiodination. In addition, thyroid 

hormones are also metabolized through sulfation and glucuronidation. Levothyroxine is excreted 

predominantly via kidneys. A fraction of the drug (approximately 20%) undergoes sulfation and 

glucuronidation followed by enterohepatic recirculation and elimination through feces.52,196,197,199-

201  

1.4.2.d Physicochemical profile of levothyroxine sodium. 

The IUPAC name is sodium (2S)-2-amino-3-[4-(4-hydroxy-3,5-diiodophenoxy)-3,5- 

diiodophenyl] propanoate. The sodium salt exists as a pentahydrate (C15H10I4NNaO4•5H2O) under 

ambient conditions (RH ≥ 15%). Levothyroxine has three ionizable functional groups - carboxyl, 

phenolic hydroxyl and an amino group with pKa values of 2.4, 6.9 and 10.1, respectively.202,203 In 

addition to the unionized/zwitterionic form, levothyroxine can exist as a cation, anion and dianion 

(Figure 1.4). The water solubility of levothyroxine sodium decreases as pH increases from 1 to 3, 

remains constant between 3 and 7 (zwitterionic form) and rises above pH 7 (Figure 1.5).203,204  
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Figure 1.4. (a) Ionization states of thyroxine. Adapted from Virili et al.201 

 

 

Figure 1.5. (A) pH - solubility profile of levothyroxine sodium at 25°C. Adapted from Won et 

al.203 (B) The solubility at selected pH values. Reproduced from Kocic et al.204,205 

1.4.2.e Debate over the BCS class of levothyroxine sodium. 

Levothyroxine sodium tablets exhibit erratic bioavailability, ranging from 40 to 80%, thereby 

necessitating an investigation of the factors affecting its oral absorption.206 There is disagreement 

in the literature with respect to the BCS (Biopharmaceutical Classification System) categorization 

of levothyroxine sodium. 

According to Kasim et al, levothyroxine sodium is a BCS class I drug.207 It has also been 

categorized as a BCS class 3 drug i.e. the API has permeability limited oral absorption.136,208-210 

However, other reports indicate that the API has dissolution limited oral absorption.206 Won et al 

elucidated the pH solubility profile of levothyroxine and determined the solubility of the unionized 

form of the API (i.e. levothyroxine) to be approximately 25 µg/mL over the pH range of 4 to 7 

(25°C). Levothyroxine is known to aggregate (a zwitterionic molecule; 50-100 nm in diameter) in 



 15 

aqueous media leading to an increase in the “apparent solubility” values to ≥ 1.5 mg/mL. The 

solubility increases multiple fold above and below this pH owing to the ionization of the amine and 

carboxylate group, respectively. However, levothyroxine sodium has an intrinsic dissolution rate 

(IDR) of 0.0002 mg/min/cm2 (for BCS class 1 and 3 drugs, this number is ≥ 0.1 mg/min/cm2) over 

the physiological pH range. In another study, the dose/ solubility ratios for three different doses of 

levothyroxine sodium (100, 150 and 500 µg) were determined at different pH values (i.e. pH 1.2 

 7.4). The clinically relevant doses (100 and 150 µg) failed to meet the criterion for high solubility 

(< 250 mL) drugs, whereas the 600 µg dose (which is seldom used) passed the criterion between 

pH 4.5 and 6.8 only.211 Based on multiple literature reports, the absorption of levothyroxine sodium 

seems to be both permeability and dissolution rate limited.212,213 

1.4.2.f Dissolution testing.  

The appropriate dissolution testing method for levothyroxine sodium tablets has been the subject 

of debate.206 While the United States Pharmacopeia (USP 43) specifies the use of HCl (0.01 N) 

with or without SLS (0.2% w/v), the British Pharmacopoeia (BP 2014) specifies distilled water 

without surfactant.214,215 At pH 2.4 (the USP method), the solubility of levothyroxine is very low 

(~ 2.5 µg/mL; 25°C). However, the use of sodium lauryl sulfate (SLS), at a concentration of 0.2% 

w/v, will enhance the dissolution rate by improving wetting.204,205,208,216,217 

The USP (USP 43) monograph of levothyroxine sodium tablets have five dissolution tests. They 

differ in terms of media volume (500 or 900 mL), paddle rotation speed (50 or 75 rpm), tolerance 

and the presence of SLS (0.2%) in the dissolution medium. The dissolution methods appear to be 

product specific. 

Pabla et al208 compared the dissolution profiles of Synthroid tablets (Abbott Laboratories, IL), 

Tirosint gel capsules (Institut Biochimique, Switzerland) and generic levothyroxine tablets (Sandoz 

Pharmaceuticals). The testing was performed using a USP II apparatus (75 rpm, 37°C for 3 sec; in 

the presence and absence of 0.05% w/v sodium lauryl sulfate in seven different buffers with pH 

ranging from 1.2 to 8.0). In 0.01 N HCl, only a fraction of the levothyroxine (< 25%) was in solution 

from both Synthroid and generic tablets even at 3 h while ~ 80% was dissolved from Tirosint 

capsules.   However, the presence of 0.05% SLS considerably accelerated the drug dissolution from 

tablet formulations with ~ 75% drug in solution in 30 minutes.  Since the SLS concentration is 

below its critical micellar concentration (0.24% w/v in water at 25°C)218,219, the improved wetting 

provided by SLS could be one explanation for the observed dissolution behavior. On the other 

hand, the dissolution profiles from the Tirosint gel capsules appeared to be much less dependent 

on the presence of surfactant.  In the presence of SLS, the dissolution profiles of all the three 
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formulations were substantially similar at ≥ 60 minutes. However, in the absence of SLS, the 

dissolution profiles from the three formulations exhibited pronounced differences with incomplete 

release even after 3 h. Even in the presence of SLS (0.05%), only the Synthroid tablet formulations 

exhibited pronounced pH dependence (over the pH range of 1.2 to 7.0). In the generic tablets, only 

~ 80% of the drug dissolved at pH  ≥ 4.0, while complete dissolution occurred at lower pH values.  

The dissolution profiles from the gel capsules appeared to be pH independent.  

Since the USP mandates the use of 0.01 N HCl, we will restrict our conclusions to the results 

obtained under highly acidic conditions. Based on these limited studies, we can conclude that: (i) 

the presence of SLS in the dissolution medium drastically influences the dissolution profile, (ii) the 

gel capsules appear to dissolve more readily than the tablets and (iii) and the dissolution profiles of 

the generic and Synthroid tablets show pronounced differences in the absence of SLS.  

The impact of gastric pH on dissolution is critical. In patients with reduced gastric acidity (for 

example, due to H. pylori, use of antacids or proton pump inhibitors, comorbidities or other 

concomitant medications), a higher dose of levothyroxine sodium tablets may be required. In these 

patients, the use of soft gelatin capsules or liquid solution of levothyroxine has been proposed.220-

229 Such an approach will present the drug directly in a solution state and may thereby facilitate oral 

absorption. 

1.4.2.g Chemical degradation pathways for levothyroxine sodium. 

In aqueous solutions, levothyroxine sodium undergoes deiodination, first to triiodothyronine 

(Scheme II; Won et al, 1992)203 and then to diiodo and monoiodo thyronine. The iodine atoms at 

the 3’ and 5’ positions are the first to be removed by electrophilic attack owing to the phenoxide 

ring resonance which gives them a more cationic character as compared to the iodine atoms on the 

other ring. The chemical reaction (loss of the first iodine) follows first order kinetics, and is 

accelerated as the solution pH is lowered (Figure 1.6 a).203 In the solid state, the API follows 

complex decomposition pathways with the disappearance of levothyroxine following first order 

kinetics (Figure 1.6 b).203,230 As expected, an increase in temperature accelerated the decomposition 

reaction.147, 231 Recently, the thermal degradation of thyroxine in the solid state was studied in detail 

using ultrahigh-performance liquid chromatography and high resolution mass spectrometry 

(UHPLC-HRMS). The predominant decomposition products resulted from oxidation and 

deiodination. The accurate determination of molecular masses coupled with multi-stage mass 

spectrometry enabled structure determination of the first and second generation degradation 

products. By coupling the techniques,  the reaction pathways were discerned and enabled an 
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understanding of the decomposition mechanism in the solid-state.232,233 HPLC coupled with ICP-

MS enabled separation and identification of levothyroxine degradation products in tablets.234  

 

Figure 1.6. Comparison of levothyroxine sodium stability in the solution (a) and solid (b) 

states.  (a) First order plots of the percent of levothyroxine sodium remaining as a function of 

time at solution pH values of 2.05 (■), 6.86 (●), 7.96 (▲) and 10.55 (◆) at 80°C. Decomposition 

occurred via deiodination. (b) First order plot obtained following isothermal storage of 

levothyroxine sodium at 50 (◆), 60 (▲), 70 (●) and 80°C (■). While the state of hydration of 

levothyroxine sodium was not mentioned, it is likely to be the pentahydrate since it is the 

stable form under ambient conditions. Storage in the temperature range of 50 to 80°C is 

expected to cause rapid dehydration (in a time scale of a few hours). Data from Won et al has 

been reproduced.203 

1.4.2.h Physical form and chemical stability.  

A correlation between the physical form and chemical stability of levothyroxine sodium has been 

long speculated.47,235-240 In 1951,  DL-thyroxine was reported to have a triclinic lattice with P1̅ 

space group.241 The crystal structure of the levo form of thyroxine sodium pentahydrate was 

reported to be triclinic (non-centrosymmetric) with P1space group.242 The authors highlighted the 

exceptional conformational flexibility of the two non-identical thyroxine anions in a unit cell, 

enabling easy water movement in and out of the lattice. Of the ten water molecules shared between 

two levothyroxine sodium molecules in an asymmetric unit, eight are directly coordination bonded 

to the sodium atoms whereas the other two are independent. The two symmetry independent 

thyroxine anions form the hydrophobic sheets which enclose the hydrophilic 001 plane containing 
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the two differently coordinated sodium ions and the non-coordination bonded water molecules. 

High resolution powder diffraction pattern and H-atom positions were later reported.243 

Based on systematic studies, the ability of lattice water to prevent oxidative decomposition of 

levothyroxine sodium pentahydrate was pointed out.244,245 Their experiments were conducted at two 

temperatures: room temperature (RT) to simulate realistic pharmaceutical processing conditions, 

and at 60°C to induce thermal stresses. Levothyroxine sodium pentahydrate underwent no 

decomposition, either at RT or at 60°C, when stored at 75% RH. However, at 0% RH, there was 

pronounced chemical decomposition even at RT, which was accelerated at 60°C. Thus the authors 

believed that the retention of lattice water was necessary for drug stability in the formulation. The 

use of hygroscopic excipients could lead to levothyroxine dehydration during product storage, and 

hence must be avoided. The risk of oxidative decomposition could be mitigated with packaging. 

The use of anti-oxidants could be a second possible approach.  

Tablets prepared by direct compression were reported to be more stable than those by wet 

granulation. In the direct compression process there was no need to dry granules – a processing 

step, which was could induce dehydration of levothyroxine sodium pentahydrate, and consequently 

accelerate its chemical decomposition in tablets.246  

The relation between loss of lattice water in levothyroxine sodium pentahydrate and its oxidative 

decomposition was investigated.164 The lattice water existed in ‘channels’ and oxygen occupied the 

channel sites vacated by dehydration. It then induced oxidative decomposition of levothyroxine 

sodium. When levothyroxine sodium pentahydrate was subjected to elevated temperatures in an 

XRD, the complete loss of lattice water was accompanied by a broadening of the X-ray peaks (loss 

in crystallinity). It was concluded that chemical decomposition was preceded by a change in the 

physical form of the API (refer to Figure 1.7).164  

 

Figure 1.7. (a) Overlay of diffraction patterns showing the impact of temperature on the 

physical form of levothyroxine sodium pentahydrate. The data was collected at 30, 40, 50, 60, 

70, 80, 90, 100, 110, 120 and 130°C—top to bottom. (b) Effect of relative humidity and 
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temperature on the chemical stability of levothyroxine sodium in the presence of molecular 

oxygen. Adapted  from Shah et al.164 

1.4.2.i Drug product analysis. 

Since levothyroxine sodium is administered at a very low dose, the excipients constitute a major 

weight fraction of the dosage form. Thus, any drug-excipient interaction has the potential to 

disproportionately influence the API stability (in light of its low dose). Moreover levothyroxine is 

known to be sensitive to light, oxygen, pH, water and to elevated temperatures.167,230,233 Interaction 

with excipients leading to chemical decomposition of levothyroxine sodium has been 

reported.166,247  

There are numerous marketed tablet formulations of levothyroxine sodium (Table 1.2). The narrow 

therapeutic index has necessitated dose titration in patients, and has also resulted in numerous 

dosage units, ranging from 25 to 500 µg per tablet. Most manufacturers have marketed formulations 

with over 10 dosage units, with increments as low as 12 µg. Even over this wide dose range, the 

major excipients would form a substantial fraction of the dosage form. In light of the very low dose 

of the API, any API-excipient interaction or incompatibility can result in instability-induced 

product failure.   

As pointed out earlier, there have been numerous instances of recall of levothyroxine formulations, 

with unacceptable level of chemical decomposition being one of the primary reasons.131-144 The role 

of excipients has been investigated. In 1990, a stability indicating HPLC assay was used to analyze 

multiple tablet batches procured from two different manufacturers.248 While the influence of 

individual excipients was not evaluated, the excipient(s) in one formulation were identified to be 

detrimental to levothyroxine stability. Tablets from the same manufacturer also exhibited batch-to-

batch variability.  

The authors expressed concern with the practice of dispensing a 100-day supply of levothyroxine 

sodium tablets to patients since the API is susceptible to decomposition upon exposure to light and 

moisture during the long time period of product usage. While this study was limited, both with 

respect to the stability testing conditions and identifying the role of individual excipients, it was 

one of the earliest reports on the subject and paved the way for future investigations on stability 

testing of levothyroxine sodium in drug products. 

The chemical stability of levothyroxine sodium was evaluated in the presence of numerous 

pharmaceutical excipients including pH modifiers.166 The influence of lactose anhydrate, 

microcrystalline cellulose, starch, mannitol and DCPA were individually investigated. When 

tableted with one of the first three excipients, the formulations failed to meet the USP potency 
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specification following storage for 3 months at 40°C/75% RH. It should be noted that the tablets 

were not packaged and were directly exposed to the stipulated conditions. Tablets prepared with 

either DCPA or mannitol exhibited better stability but exhibited > 10% decomposition following 6 

months of storage. Interestingly, the ‘as is’ API (uncompressed powder) was substantially stable 

(< 3% decomposition) following storage for 6 months. Thus all of these excipients, when present 

in a formulation, appeared to facilitate API decomposition.  

Aqueous slurries of individual diluents (dicalcium phosphate, microcrystalline cellulose) were 

prepared, their pH was adjusted between 3 and 11, and the stability of levothyroxine sodium was 

evaluated following storage at 50°C.  Levothyroxine sodium showed more degradation in excipient 

slurries at pH 3 (assay: 49-68%) than at pH 11 (assay: 89-96%). In excipient slurries with no pH 

modifications, the assay was intermediate between the two pH extremes (70-87%). The pH of the 

anion to zwitterion (pKa2) transition is 6.9. For the HPLC assay, the drug is extracted using 0.01 M 

sodium hydroxide in methanol.  Under this condition, all the salt is expected to convert to the free 

acid. Thus, the assay method is expected to be insensitive to disproportionation of the salt.15,249-251 

From Table 1.2, it is evident that lactose is an excipient in numerous levothyroxine drug products 

on the market. However, being a reducing sugar, it is prone to Maillard condensation reaction with 

levothyroxine sodium (the primary amino group), resulting in chemical decomposition of the 

API.252 Levothyroxine sodium has also been observed to be unstable in the presence of other 

carbohydrates such as sucrose and glucose. The use of polysaccharides such as mannitol, starch 

and maltodextrin has been claimed to be safe.253,254 However, as pointed out earlier, Patel and 

coworkers had observed unacceptable level of decomposition in presence of mannitol when stored 

at 40°C/75% RH for six months.166 Ledeti et al observed excipient incompatibility of levothyroxine 

sodium with mannitol, but only at elevated temperatures. Stability was achieved by combining 

sucrose and mannitol with an antioxidant (butylated hydroxy anisole).255,256 The use of alkaline pH 

modifiers has also been postulated as a useful strategy to improve formulation stability.166,203  

Collier et al247 performed comprehensive API-excipient compatibility testing in binary mixtures 

with API:excipient weight ratio ranging between 1:1 and 1:100 w/w. Excipients with different 

functionalities were tested. Crospovidone, povidone, and sodium lauryl sulfate (SLS) were deemed 

unsuitable owing to their hygroscopicity and potential to cause API decomposition. However, it 

may not be possible to extrapolate the results to actual formulations. The drug-excipient mixtures 

contained water and were stored at 60°C. Under these conditions, even the control i.e. 

levothyroxine sodium pentahydrate, exhibited up to 40% decomposition.  

Recently, a reformulated version of levothyroxine sodium tablets was introduced by Merck, with a 

shelf life of three years.257-259 The lactose in the original formulation was replaced with mannitol 
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and citric acid. This was done to mitigate the formation of levothyroxine-2-ketolactose, a 

decomposition product of Maillard reaction. An additional concern was lactose intolerance, which 

could also cause levothyroxine malabsorption.260-263  

Two marketed levothyroxine sodium formulations were heated up to 500°C in a DSC and in a TGA 

in ambient atmosphere.264 Similar investigation of the ‘as is’ levothyroxine sodium was also 

conducted enabling the evaluation of the collective influence of excipients on the thermal behavior 

of the API. Based on weight loss observed in the TGA, the authors concluded that the API 

decomposition was initiated at 155°C. This was contrary to other studies, carried out under 

nitrogen, which report  decomposition at 203°C.164,247 Thus oxidative decomposition, expected 

under ambient conditions, seems to occur at a much lower temperature. The excipients in the 

marketed tablets, by altering its apparent activation energy, were believed to influence the stability 

of levothyroxine sodium. Thermal analysis enables rapid excipient screening and has the potential 

to serve as an ‘accelerated stability’ tool. It can be combined with other characterization techniques 

to gain mechanistic insight into API-excipient interactions.  However, the elevated temperatures 

used (and the reactions observed under these conditions) do not realistically reflect the actual 

pharmaceutical processing and storage conditions.  

The compatibility of levothyroxine, individually with ten commonly used tablet excipients (1:1 

w/w binary mixtures; at room temperature), was evaluated by IR spectroscopy.  The same mixtures 

were also subjected to thermal analyses (DSC and TGA).163 By combining the results from the two 

techniques, the authors concluded that levothyroxine sodium was incompatible with sucrose, 

mannitol and sorbitol.  

In a formulation composition, by replacing microcrystalline cellulose with silicified 

microcrystalline cellulose (SMCC; microcrystalline cellulose combined with colloidal silicon 

dioxide) there was a pronounced improvement, both in API stability and content uniformity. SMCC 

is believed to provide a stabilizing matrix while also improving the flow properties.265 The use of 

anti-oxidants, such as butylated hydroxy anisole (BHA), prevented oxidative decomposition in the 

solid dosage forms.266,267 The use of gelatin and hydroxypropyl methyl cellulose as binders, also 

improved API stability.145 

1.4.2.j Bioequivalence and clinical interchangeability  

Ever since the introduction of Synthroid® tablets to the US market in 1955, numerous issues have 

been identified with use of levothyroxine sodium tablet formulations. These include  impaired 

absorption,55,125,201,268,269 incompatibility with other drugs and excipients,263,270-275 chemical 

instability of the API in marketed formulations,53,84,166,248,259,276 and more recently, concerns 
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associated with product interchangeability, i.e. the interchangeability of commercial levothyroxine 

product formulations.55,92,107,126,178,277-288 If a product switch is necessary, it is followed by careful 

dose titration and therapeutic drug monitoring.287,289 The adequacy and the appropriateness of the 

current bioequivalence standards are the subject of debate among clinicians. For products 

considered to be “therapeutically” equivalent, physicians have questioned their clinical 

interchangeability.122,290-296 Despite numerous studies and wide-ranging discussions between 

academic scientists, regulators and clinicians, no consensus has yet been reached on this issue.297-

301  

1.4.2.k Alternative oral dosage forms. 

While the tablet dosage form of levothyroxine sodium is the most popular, numerous literature 

reports advocate the use of soft gel capsules and oral solutions. There have been fewer 

malabsorption issues with these alternate dosage forms.227,229,302-312 Since these are solution dosage 

forms, they are suited for patients with reduced gastric acidity due to a variety of reasons - H. pylori 

infection, concomitant use of proton pump inhibitors or other gastro-intestinal disorders.313-315 

Liquid formulations are easier to administer to newborns and drug absorption is faster than from 

tablets. Despite these advantages, oral solutions of levothyroxine sodium are not preferred due to 

their short shelf-life and poor dose control.266,316,317 Solid lipid nanoparticles have been developed 

for oral delivery of levothyroxine sodium but clinical testing is needed to evaluate their safety and 

efficacy.318 
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Table 1.2. Marketed levothyroxine sodium formulations with the list of excipients in each 

dosage form. The first section contains oral tablet dosage forms. The formulation details of 

other oral dosage forms (soft gel, liquid) and injectables are presented in the second section.  

Their therapeutic equivalence codes (updated by the FDA in March 2020)297, if available, 

have been listed in parenthesis. 

 

Brand Manufacturer Levothyroxine sodium 

content in each dosage 

unit 

Excipients 

Synthroid124,319 

(AB2) 

Abbvie 25, 50, 75, 88, 100, 112, 

125, 137, 150, 175, 200 

and 300 µg 

Lactose monohydrate, 

magnesium stearate, 

povidone, talc, acacia, 

confectioner’s sugar 

Levothroid320  

(AB4) 

Forest/ Sanofi 

Aventis; 

Alvogen Group 

Holdings 4 LLC 

25, 50, 75, 88, 100, 112, 

125, 137, 150, 175, 200 

and 300 µg 

Calcium phosphate, 

microcrystalline cellulose, 

povidone, magnesium 

stearate, dye 

Levoxyl321 

(AB3) 

Jones/King 

Pharmaceuticals; 

Pfizer 

25, 50, 75, 88, 100, 112, 

125, 137, 150, 175, 200 

and 300 µg 

Microcrystalline 

cellulose, calcium sulfate 

dihydrate, croscarmellose 

sodium, magnesium 

stearate, sodium 

bicarbonate, dye 

Unithroid322 

(AB1) 

Jerome Stevens 

Pharmaceuticals 

25, 50, 75, 88, 100, 112, 

125, 150, 175, 200 and 300 

µg 

Lactose, starch, acacia, 

magnesium stearate, 

colloidal silicon dioxide, 

corn, microcrystalline 

cellulose, sodium starch 

glycolate 

Levo-T323,324 Alara 25, 50, 75, 88, 100, 112, Microcrystalline 
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125,137, 150, 175, 200 and 

300 µg 

cellulose, colloidal 

silicone 

dioxide, magnesium 

stearate, sodium starch 

glycolate 

Euthyrox325-327 Merck 

 

25, 50, 75, 88, 100, 112, 

125,137, 150, 175 and 200 

µg 

Mannitol, magnesium 

stearate, 

citric acid anhydrous, 

starch, gelatin, 

croscarmellose sodium 

Eltroxin328,329 GSK; 

Aspen Pharma Pvt 

Ltd  

 

13, 25, 50, 75, 88, 100, 

112,125, 137, 150, 175, 

200, 300 and 500 µg  

Microcrystalline 

cellulose, pre-gelatinized 

maize starch, talc, 

colloidal anhydrous silica, 

magnesium stearate. 

Generic 

Levothyroxine 

sodium330-333 

(AB4) 

Mylan 

 

25, 50, 75, 88, 100, 112, 

125, 137, 150, 175, 200 

and 300 µg 

Butylated hydroxy anisole 

(BHA), crospovidone, 

povidone, sucrose, 

ethanol, colloidal silicon 

dioxide, magnesium 

stearate, sodium lauryl 

sulfate, mannitol, 

microcrystalline cellulose 

Generic 

Levothyroxine 

sodium330-333 

Lupin Atlantis; 

Amneal Pharmas 

LLC 

25, 50, 75, 88, 100, 112, 

125, 137, 150, 175, 200 

and 300 µg 

Butylated hydroxy anisole 

(BHA), crospovidone, 

povidone, sucrose, 

ethanol, colloidal silicon 

dioxide, magnesium 

stearate, sodium lauryl 

sulfate, mannitol, 

microcrystalline cellulose 
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Oroxine 

tablets334 

Aspen Pharma Pvt 

Ltd 

50, 75, 100 and 200 µg Maize starch, lactose 

monohydrate, dextrin and 

magnesium stearate 

 

Soft Gel, 

Liquid and 

Injectable 

Formulations 

   

Tirosint soft 

gel 

capsules335,336 

IBSA 13, 25, 50, 75, 88, 100, 

112, 125, 137, 150, 175 

and 200 µg 

Gelatin, glycerin and 

water  

Tirosint-

SOL337 

(Oral solution) 

IBSA 13, 25, 50, 75, 88, 100, 

112, 125, 137, 150, 175 

and 200 µg/mL 

Glycerol, water 

*Oroxine 

Lyophilized 

powder for 

injection338 

APP 

Pharmaceuticals, 

LLC 

100, 200 and 500 µg Dibasic sodium phosphate 

heptahydrate, mannitol 

and sodium hydroxide 

Novothyral 

Lyophilized 

powder for 

injection 

Forest 

Pharmaceuticals, 

Inc 

100, 200, 500 µg Dibasic sodium phosphate 

heptahydrate, mannitol, 

and sodium hydroxide 

Thyreocomb 

N lyophilized 

powder for 

injection145,339 

Berlin-Chemie 

AG, Berlin 

100, 200 and 500 µg Levothyroxine, potassium 

iodide, potassium 

hydroxide 

 

Lyophilized 

powder for 

injection in 

Par sterile 100 µg per vial  

200 µg per vial 

500 µg per vial 

Dibasic sodium phosphate 

anhydrate, tribasic sodium 

phosphate, mannitol 
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single dose 

vials340  

Lyophilized 

powder for 

injection341-344 

 

Fresenius Kabi; 

Fera pharm; 

Dr Reddys; 

Maia Pharms Inc; 

Piramal Critical 

100 µg per vial  

500 µg per vial 

Dibasic sodium phosphate 

anhydrate, mannitol 

 

*This compilation focuses on oral levothyroxine sodium formulations. However, for the sake of 

completeness, the compositions of lyophilized formulations is also given.  
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1.5 Motivation and thesis overview 

The aim of this thesis research is to develop a comprehensive understanding of the impact of 

excipients, pharmaceutical processing conditions and storage on the physical and chemical stability 

of a model salt and cocrystal solid drug formulation. Mechanistic insights into these factors would 

enable rational product development of salts and cocrystals. A detailed investigation into the 

mechanism of instability (for instance, lattice disorder, microenvironmental acidity and excipient 

hygroscopicity) would promote rational excipient selection and process optimization for the design 

and development of robust formulations. 

This thesis has been divided into four research chapters. The first two chapters (Chapters 2 and 3) 

are focused on characterization and understanding of the influence of lattice disorder, induced 

during routine pharmaceutical processing, on the stability of a model cocrystal system. The next 

two chapters (Chapters 4 and 5) highlight the challenges associated with the formulation 

development of a rather popular salt i.e. levothyroxine sodium pentahydrate (LSP). The role of 

lattice dehydration and excipient properties on the physical and chemical stability of the API have 

been investigated in these chapters.  The conclusions and future directions of this thesis research 

are discussed in Chapter 6 and 7, respectively. A brief overview of the research chapters has been 

provided below. 

1.5.1 Chapter 2 

Cocrystal formation enables modification of the physicochemical and mechanical properties of an 

active pharmaceutical ingredient (API). Over the past two decades, significant progress has been 

made in the design and synthesis of pharmaceutical cocrystals.23,345-347 However, the challenges 

associated with the transition of cocrystals from a drug substance to drug product remain poorly 

understood. The formulation and manufacture of a cocrystal as a solid dosage form (for the purpose 

of this discussion, tablets) necessitates the use of excipients and often includes several unit 

operations. It is therefore important to evaluate the potential impact of both API-excipient 

interactions and processing conditions on cocrystal stability. Cocrystals are typically sustained by 

non-covalent interactions such as hydrogen bonds. They may be susceptible to dissociation in the 

presence of competing excipients. While some recent studies have investigated the role of 

excipients on cocrystal stability, the influence of pharmaceutical processing has not yet been 

investigated.34,35 Lattice disorder can be introduced in the API and excipients during pharmaceutical 

unit operations steps such as milling, mixing, granulation and compression. In light of the potential 

destabilizing effect of lattice disorder, it is important to evaluate the combined effects of lattice 
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disorder and excipients on cocrystal stability.  

In this work, we have systematically investigated the impact of processing-induced lattice disorder 

on cocrystal stability. Lattice disorder was introduced in CAFOXA (the model cocrystal) and 

DCPA (model excipient) by milling. In an effort to reflect actual pharmaceutical processing, the 

milling times were short (≤ 2 min). We hypothesize that even short milling times can induce 

adequate lattice disorder to render cocrystal system unstable. The “higher energy” of the 

disordered regions, both in CAFOXA and DCPA, are believed to be the sites for preferential 

sorption of water, the medium for the dissociation reaction.  In order to study the impact of 

comilling on cocrystal dissociation, CAFOXA and DCPA were mixed first and then milled together 

(‘comilled mixture’). Milling together may result in an increase in the inter-particulate contact area. 

In a separate set of experiments, the cocrystals and DCPA were milled separately and then mixed 

(‘physical mixtures’). Thus, two processing steps, i.e. milling and mixing, were interchanged to 

monitor their impact on cocrystal dissociation. 

The overall goal of this work was to systematically study the impact of processing-induced lattice 

disorder on the stability of the model cocrystal system. The specific objectives were (i) to quantify 

lattice disorder as a function of milling time, (ii) establish the relationship between degree of lattice 

disorder and extent of cocrystal dissociation, and (iii) understand the influence of co-processing 

(CAFOXA and DCPA) on lattice disorder and consequently, dissociation.  

CAFOXA has been widely reported to be a robust cocrystal. However, transitioning this into a 

stable solid dosage form requires careful consideration of the processing conditions and 

formulation composition. In the absence of excipient (DCPA), the cocrystals were robust and 

withstood routine processing (milling) as well as exposure to elevated water vapor pressures. In the 

presence of excipient, while the unmilled powder mixtures were stable to elevated RH (75% at 

RT), lattice disorder induced by milling for just 10 sec resulted in pronounced dissociation. Low 

levels of lattice disorder induced during routine processing steps, in a drug product environment, 

can lead to cocrystal instability. 

 1.5.2 Chapter 3 

In this work, atomic force microscopy (AFM) was used to investigate the impact of routinely used 

pharmaceutical unit operations, i.e. tablet compression and powder milling, on the crystallinity of 

CAFOXA tablets. Topography and phase imaging were performed on the samples using the 

‘tapping mode’ of AFM. Using the technique, we were able to visualize crystallization of the 

disordered samples upon exposure to elevated water vapor pressure. Low levels of disorder induced 

during pharmaceutical processing can potentially go undetected when characterized using routine 
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characterization techniques such as XRD and thermal analysis (which provide the bulk or weighted 

average of disorder). The determinantal and disproportionate influence of low levels of surface 

disorder has previously been reported (Chapter 2) thereby underlining the importance of its 

characterization.  

1.5.3 Chapter 4 

Levothyroxine sodium pentahydrate (LSP) is the standard treatment option for patients suffering 

from hypothyroidism. However, there is a limited understanding of the physical and chemical 

stability of LSP, leading to continued product recalls. The present work evaluated changes in the 

physical form of LSP under varying conditions of temperature and vapor pressure. 

While LSP is used in marketed formulations, the existence of the drug in other states of hydration 

has been suggested. However, these have not been comprehensively studied and characterized. Our 

preliminary studies suggested that the dehydration of the pentahydrate resulted in a crystalline 

monohydrate with a different lattice structure and overall lattice “contraction” upon the loss of the 

four molecules of water. The potential for an increase in reactivity of levothyroxine, due to a change 

in its physical form, formed the motivation for this work. 

Our work is driven by the following working hypotheses: (i) The crystal structure of levothyroxine 

sodium monohydrate (LSM), different from that of the pentahydrate, explains its high reactivity. 

(ii) In a drug product environment, LSP dehydrates to a lower hydrate, possibly LSM. 

We had the following objectives. (i) Identify the conditions of formation and stability of the 

different hydrates of levothyroxine sodium. (ii) Understand the changes in crystal structure as the 

pentahydrate is dehydrated, first to the tetrahydrate and then to the monohydrate. (iii) Obtain the 

crystal structure of LSM. (iv) Use solid state nuclear magnetic resonance (ssNMR) to understand 

the changes in conformation during and following the solid state pentahydrate to monohydrate 

transition.  

Our X-ray diffraction results indicate a change in the crystal structure of levothyroxine sodium 

upon dehydration of the pentahydrate salt to the monohydrate form (LSM) at 40°C/0% RH. LSM 

has a higher chemical reactivity than LSP. The formation of LSM in a drug product is therefore 

detrimental to its chemical stability. This work underlines the importance of comprehensive 

physical form characterization in preformulation and formulation development. 
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1.5.4 Chapter 5 

The goal of our work is to systematically investigate and understand the influence of excipients and 

storage conditions on the physical and chemical stability of LSP in solid oral dosage forms (tablets). 

The physical stability is discussed in the context of the different hydration states of levothyroxine 

sodium and its disproportionation to form levothyroxine free acid. Our work is driven by the 

following working hypothesis: (i) In presence of routine tableting excipients, LSP can undergo 

changes in its physical form, such as partial dehydration and salt disproportionation. The physical 

instability of LSP is governed by excipient properties such as hygroscopicity and surface acidity. 

(ii) The USP assay method is insensitive to physical instability of LSP in the drug product.   

We had the following objectives: (i) evaluate changes in the physical form of LSP when present as 

a mixture with excipients, (ii) quantify the chemical stability of LSP under accelerated stability 

testing conditions using both SXRD and HPLC and finally, (iii) assess the role of excipient 

properties (hygroscopicity and microenvironmental acidity) on the stability of LSP. 

Our X-ray diffraction results indicate partial dehydration and salt disproportionation of LSP when 

formulated with hygroscopic and acidic excipients, respectively. Chemical stability of LSP in 

presence of routinely used tablet excipients was also evaluated using XRD and HPLC. LSP is 

susceptible to chemical decomposition in presence of ‘unbound’ water (hygroscopic excipients), 

acidic excipients and reducing sugars. Alkaline and hydrophobic excipients provide an avenue to 

design stable solid oral dosage form of the API. This work underlines the importance of systematic 

excipient compatibility testing in preformulation and formulation development. 
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Chapter 2. The role of lattice disorder in water mediated dissociation of pharmaceutical 

cocrystal systems.* 

*Reprinted with permission from Kaur, N., Duggirala, N. K., Thakral, S., & Suryanarayanan, R. 

(2019). Role of lattice disorder in water-mediated dissociation of pharmaceutical cocrystal systems. 

Mol Pharm, 16 (7), 3167-3177. Copyright (2019) American Chemical Society. 

2.1 Synopsis 

Our objective is to mechanistically understand the implications of processing-induced lattice 

disorder on the stability of pharmaceutical cocrystals. Caffeine−oxalic acid (CAFOXA) and 

dicalcium phosphate anhydrate (DCPA) were the model cocrystal (drug) and excipient, 

respectively. Cocrystal−excipient mixtures were milled for short times (≤2 min) and stored at room 

temperature (RT)/75% RH. Milling-induced lattice disorder was quantified using powder X-ray 

diffractometry and gravimetric water sorption. Milling for even 10 s resulted in measurable disorder 

and an attendant tendency of the solid to sorb water. This was followed by cocrystal−excipient 

interaction leading to dissociation. The proposed mechanism of cocrystal dissociation entails the 

following sequence: sorption of water by disordered regions, dissolution of CAFOXA and DCPA 

in the sorbed water, followed by proton transfer from the coformer (oxalic acid) to DCPA, and the 

formation of hydrates of caffeine and calcium oxalate. As such, CAFOXA is a robust cocrystal, 

stable even under elevated humidity conditions (RT/98% RH). However, in a drug product 

environment, routine pharmaceutical processing steps such as milling and compaction have the 

potential to induce sufficient disorder to render it unstable.  

2.2 Introduction 

Cocrystals are defined as “..solids that are crystalline single phase materials composed of two or 

more different molecular and/or ionic compounds generally in a stoichiometric ratio which are 

neither solvates nor simple salts. If at least one of the coformers is an API and the other is 

pharmaceutically acceptable, then it is recognized as a pharmaceutical cocrystal.” 17,18,348,349 

Cocrystallization enables modification of the physicochemical and mechanical properties of an 

active pharmaceutical ingredient (API) without altering its pharmacological activity. This approach 

has improved the aqueous solubility and dissolution rate of several poorly soluble drugs including 

fluoxetine hydrochloride,19 nevirapine20 and danazol.21 In compounds that may exist both as an 

anhydrate and as a hydrate (wherein water is incorporated in the crystal lattice), for example 

caffeine and theophylline, cocrystallization provides an avenue to control the solid form and hence, 
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improve the physical stability. It is also an effective strategy for altering the mechanical properties 

of an API, thereby aiding manufacture into tablet dosage forms.22,23 Finally, cocrystallization has 

enabled oral bioavailability enhancement. This was demonstrated with carbamazepine-saccharine 

cocrystals, which exhibited superior biopharmaceutical properties compared to the marketed 

carbamazepine formulation containing anhydrous carbamazepine.350 Some of the cocrystal 

products in the market are Depakote® (valproic acid-sodium valproate)24, Odomzo® (sonidegib 

diphosphate)351, Lexapro® (escitalopram oxalate-oxalic acid)25, Entresto® (valsartan-sacubitril)26, 

SteglatroTM (ertugliflozin-L-pyroglutamic acid)27 and Suglat® (iproglifozin-L-proline).28 

Over the past two decades, significant progress has been made in the design and synthesis of 

pharmaceutical cocrystals.23,345-347 However, the stability of cocrystals, specifically their potential 

to undergo dissociation, has not been extensively explored. The impact of temperature29 and water 

vapor pressure30,31 on cocrystal stability was recently investigated. Caffeine32 and theophylline33 

cocrystals were prepared with different dicarboxylic acids, and the effect of water vapor pressure 

on cocrystal stability was studied. The aqueous solubility of the coformer and the propensity of the 

API to form a hydrate were reported to be key determinants of dissociation. Cocrystal stability can 

also be influenced by temperature. Eddleston et al29 studied the effect of high temperature on the 

dissociation behavior of a 1:1 cocrystal of caffeine with theophylline. Since pharmaceutical 

processing can entail elevated temperatures and water vapor pressures, stability testing under these 

conditions provide insight into potential instabilities during dosage form manufacture. 

The formulation and manufacture of a cocrystal as a solid dosage form (for the purpose of this 

discussion, tablets) necessitates the use of excipients and often includes several unit operations. It 

is therefore important to evaluate the potential impact of both API-excipient interactions and 

processing conditions on cocrystal stability. Cocrystals are typically sustained by non-covalent 

interactions such as hydrogen bonds. They may be susceptible to dissociation in the presence of 

competing excipients.352 Duggirala et al34 evaluated the impact of a range of pharmaceutical 

excipients on the stability of CAFOXA cocrystals. The model cocrystal system, in the absence of 

excipients, was stable even at elevated water vapor pressures. The authors proposed the dissociation 

to be a result of the reaction between oxalic acid (the coformer) and ionic excipients. Recently, 

Koranne et al35 investigated the stability of another reportedly robust cocrystal, theophylline-

glutaric acid, in multiple prototype formulation compositions. Pronounced dissociation occurred in 

the presence of excipients with a high water sorption propensity.  In a continuation of this work, 

the role of coformer and excipient properties on the solid-state stability of theophylline cocrystals 

was investigated.353 In both theophylline and caffeine cocrystal systems,34,35 the solution mediated 

dissociation was believed to be initiated at the interface of cocrystal and excipient particles, 
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specifically regions with lattice defects. Disorder can be introduced in the API and excipients 

during pharmaceutical unit operations steps such as milling, mixing, granulation and compression. 

The disorder introduced on the particle surface is expected to be more pronounced than in the bulk. 

However, the impact of processing, and specifically the role of lattice disorder, on cocrystal 

stability was not investigated by the authors. In light of the potential destabilizing effect of lattice 

disorder, it is important to evaluate the combined effects of lattice disorder and excipients on 

cocrystal stability.  

We were interested in systematically understanding the impact of processing-induced lattice 

disorder on cocrystal stability. We therefore evaluated the impact of milling, a routinely employed 

unit operation, on the dissociation of CAFOXA cocrystals. In our earlier investigation, when binary 

mixtures of CAFOXA and dibasic calcium phosphate anhydrate (DCPA) were ground with 30% 

w/w water, cocrystal dissociation was immediately evident.34 However, the role of lattice disorder 

on cocrystal stability was not investigated in detail. In this study, lattice disorder was introduced in 

CAFOXA and DCPA by milling. In an effort to reflect actual pharmaceutical processing, the 

milling times were short (≤ 2 min). We hypothesize that even short milling times can induce 

adequate lattice disorder to render cocrystal system unstable. The “higher energy” of the 

disordered regions, both in CAFOXA and DCPA, are believed to be the sites for preferential 

sorption of water, the medium for the dissociation reaction.   

In an industrial setup, an API and an excipient may be ‘co-processed’ necessitating studies on how 

this may impact the product performance.354,355 When solid mixtures are milled, the extent of lattice 

disorder in each phase is expected to be influenced by its properties as well as the mixture 

composition.34,40 In order to study the impact of comilling on cocrystal dissociation, CAFOXA and 

DCPA were mixed first and then milled together (‘comilled mixture’). Milling together may result 

in an increase in the inter-particulate contact area amongst materials. In a separate set of 

experiments, the cocrystals and DCPA were milled separately and then mixed (‘physical 

mixtures’). Thus, two processing steps, i.e. milling and mixing, were interchanged to monitor their 

impact on cocrystal dissociation behavior. 

The overall goal of this work was to systematically study the impact of processing-induced lattice 

disorder on the stability of the model cocrystal system. The specific objectives were (i) to quantify 

lattice disorder as a function of milling time, (ii) establish the relationship between degree of lattice 

disorder and extent of cocrystal dissociation, and (iii) understand the influence of co-processing 

(CAFOXA and DCPA) on lattice disorder and consequently, dissociation.  
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2.3 Experimental section 

2.3.1 Materials.  

Caffeine (CAF, Sigma Aldrich), oxalic acid (OXA, Sigma-Aldrich) and dicalcium phosphate 

anhydrous (DCPA, Rhodia Pharma Solutions) were used as received. Caffeine-oxalic acid 

cocrystal (CAFOXA) cocrystals were prepared using the aqueous slurry method32 and 

characterized by powder X-ray diffractometry (XRD). The experimental and calculated diffraction 

patterns are shown in Supporting Information (Figure 2.10). 

2.3.2 Preparation of binary mixtures.  

For determining the role of DCPA on CAFOXA cocrystal stability, the two components were used 

at a ratio of 1:1 w/w. The powders were processed in two different ways. For the ‘comilled 

samples’, the binary (CAFOXA-DCPA) mixture was first mixed and then milled. Hence, both the 

formulation components were milled together. For the second sample set, termed as ‘physical 

mixture’ for the purpose of this discussion, the individual components were first milled (separately) 

and then mixed.  

2.3.3 Water sorption analysis.  

Water sorption and desorption data was collected using an automated water sorption analyzer 

(DVS-1000 Advantage, Surface Measurement Systems, Middlesex, U.K.). Approximately 10 mg 

of the powder was placed in a quartz sample pan and equilibrated at 0% RH (25°C) for 1 h under a 

nitrogen flow rate of 200 mL/min. The RH was then increased at 10% increments to 90% RH. At 

each RH value, if the mass change (dm/dt) was less than 0.001% in 15 min, attainment of 

equilibrium was assumed. The maximum hold time at each RH value was 4 h. 

2.3.4 Differential scanning calorimetry (DSC).  

A differential scanning calorimeter (model Q2000, TA Instruments) equipped with a refrigerated 

cooling accessory was used. The instrument was calibrated with indium. Between 2 and 5 mg of 

sample was hermetically sealed in an aluminum pan. All measurements were performed at a heating 

rate of 10°C/min under nitrogen purge (50 mL/min).  

2.3.5 Thermogravimetric analysis (TGA).  

A thermogravimetric analyzer (model Q50 TGA, TA Instruments) was used. Approximately 5 mg 

of the powder sample was placed and heated in an aluminum pan from RT to 300°C at a rate of 
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10°C/min with a dry nitrogen purge (75 mL/min). The TGA data were analyzed using the 

commercial software (Universal Analysis 2000, TA Instruments, New Castle, DE).  

2.3.6 Powder X-ray diffractometry (XRD).  

The powder samples were exposed to Cu Kα radiation (40 kV and 40 mA) using a diffractometer 

(D8 ADVANCE; Bruker AXS, Madison, WI, USA) over an angular range of 5 - 35° 2θ with a step 

size of 0.0196° and a dwell time of 0.5 sec. Data analysis was performed using commercially 

available software (JADE Materials Data, Inc., Livermore, CA).  

For percent crystallinity measurements, scans were performed over an angular range of 2 - 70° 2θ 

with a step size of 0.0196° and a dwell time of 0.5 sec. The position of knife-edge was adjusted to 

obtain diffraction patterns at low angular values (high d-spacings). For all X-ray measurements, 

the sample weight was kept constant. The instrumental contribution to peak broadening in 

diffraction patterns was accounted for using lanthanum hexaboride (SRM 660c, NIST) as standard. 

For samples milled for different time durations, the total diffracted intensity remained constant, 

whereas the crystalline intensity dropped with increasing milling time. The unmilled samples were 

assumed to be 100% crystalline. The total diffracted intensity is the integrated intensity over the 

angular range of 2 to 70 °2θ. The crystalline intensity is obtained by subtracting the background 

and amorphous contributions from the total diffracted intensity.  

For the in situ dissociation measurements, the X-ray sample cell was maintained at 75% RH (RT) 

using an external humidifier (saturated sodium chloride solution). The relative humidity and 

temperature in the sample cell was monitored by sealing one end of a digital humidity sensor (EK- 

H4, Sensirion AG, Switzerland) into the X-ray sample cell, while the other end of the sensor was 

connected through an interface to a computer. This enabled us to continuously measure the 

headspace RH and temperature experienced by the sample. The intensity of the 10.6° 2θ peak of 

caffeine hydrate (one of the decomposition products of cocrystal dissociation) was used to quantify 

cocrystal dissociation. A standard curve, relating 10.6° 2θ peak of caffeine hydrate with its 

concentration in physical mixtures containing  caffeine hydrate, calcium oxalate (another 

decomposition product) and CAFOXA (reactant) was generated, and used to quantify dissociation. 

2.3.7 Cryomilling.  

Cryomilling (or cryogenic milling) was performed using SPEX SamplePrep, Model 6750 freeze 

mill. A stainless steel impactor is driven back and forth against the end plugs of the cylindrical 

polycarbonate vial (SPEX SamplePrep #6751 vials) in the grinding chamber.356 The sample vial 

was submerged in liquid nitrogen throughout the milling process to circumvent thermal transitions. 



 37 

A constant sample weight of one gram was loaded into the vial each time and milling was 

performed for predetermined time durations. The samples were milled for 10, 30, 60 and 120 sec 

at a constant milling rate of “10” (i.e. 20 impacts per sec). For milling times longer than one min, 

multiple cycles were used wherein the samples were milled for 1 min followed by cooling for 2 

min. The pre-cooling time for all the samples was kept constant at 4 min. Following milling, the 

vials were equilibrated at room temperature in a desiccator containing anhydrous calcium sulphate.  

2.3.8 Particle size distribution.  

A laser diffraction particle analyzer (Microtrac Bluewave, with an in-line ultrasonicator) was used. 

The samples were suspended in Isopar-G and circulated through the optical cell. Data analysis was 

done using Microtrac Flex, which is based on algorithms utilizing Mie and modified Mie 

calculations for spherical and non-spherical materials, respectively. The results are represented as 

mean (volume-weighted) particle size with standard deviation (n=3). 

2.3.9 Surface area.  

BET surface area analysis was performed for the samples at -195.85°C with an equilibration 

interval of 10 sec. The ramp rate used for the study was 10°C/min and the duration of the run was 

120 min. 

2.4 Results and discussion 

2.4.1 Baseline characterization. 

Caffeine-oxalic acid (2:1) cocrystals (CAFOXA). The X-ray diffraction (XRD) pattern of the 

cocrystal was superimposable on the calculated pattern from the Cambridge Structural Database 

(CSD; GANXUP). The thermal behavior, characterized by DSC and TGA, was in excellent 

agreement with literature.34 TGA heating curve and its derivative plot exhibited no measurable 

weight loss up to 150°C (Supporting Information; Figure 2.11 and Figure 2.12). There was 

negligible water uptake (< 0.2% w/w) over the RH range of 0 to 90% (25°C). The sorption-

desorption profiles are provided in Supporting Information; Figure 2.14.  

Dibasic calcium phosphate, anhydrate (DCPA). The XRD pattern was in excellent agreement with 

literature reports.357,358 DCPA was characterized by intense peaks at 26.4 and 30.2° 2θ. Thermal 

analysis revealed degradation at elevated temperatures (> 400°C) with no evidence of melting.359 

The water sorption and desorption profiles overlapped (Supporting Information; Figure 2.11, 

Figure 2.13 and Figure 2.14).360 
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2.4.2 Lattice disorder.  

Lattice disorder refers to a disruption of the long range order of a crystalline solid or reduction in 

the crystallinity of a compound. Two types of disorders can be introduced into a perfectly 

crystalline solid i.e. thermodynamic disordering and kinetic disordering. A perfectly crystalline 

material possesses the three long range symmetry operators i.e. translational, orientational and 

conformational order. The loss of one or more of these symmetry operators leads to thermodynamic 

disordering in the material. On the other hand, kinetic disordering is the processing-induced 

disorder which refers to the gradual loss of sample crystallinity and generation of amorphous 

material.361-365  

Milling is known to cause lattice disorder, manifested as a decrease in the degree of 

crystallinity.366,367 However, in many previous investigations, milling was carried out for long time 

periods, sometimes extending to h.40,364 Since milling times tend to be quite short in actual 

pharmaceutical processing, our studies were restricted to very short processing times (≤ 120 sec). 

Moreover, high impact milling can increase the sample temperature.368,369 The surface of the 

particles which come in direct contact with the steel impactor can experience a rise in 

temperature.370-372 This increase can be sufficient to cause physical as well as chemical 

transformations.40 Cooling the samples with liquid nitrogen will minimize the risk of thermal 

effects.  

Milling CAFOXA, for up to 2 min, did not cause a pronounced change in the XRD pattern (Figure 

2.1A) except for a decrease in the intensity of the low angle peaks (2θ < 20°). In case of DCPA, no 

effect of milling could be discerned (Supporting Information; Figure 2.15). On the other hand, 

when a binary mixture of CAFOXA and DCPA (1:1 w/w) was milled (hereafter referred to as 

‘comilled’ mixtures), even the shortest milling time (10 sec), resulted in a decrease in the intensity 

of the CAFOXA peaks. This decrease was measurable for the low angle peaks (Figure 2.1B and 

Supporting Information; Figure 2.16). 
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Figure 2.1. X-ray diffraction patterns of (A) milled CAFOXA and (B) comilled mixture of 

CAFOXA and DCPA (1:1 w/w). The milling times were: (a) 0, (b) 10, (c) 30, (d) 60, and (e) 

120 sec.  

 

The effect of milling on the crystallinity was determined by two approaches. The total diffracted 

intensity, i.e. the XRD pattern over the angular range of 3 to 70° 2θ, provided a direct measure of 

the % crystallinity. The ‘as is’ cocrystals and DCPA were assumed to be 100% crystalline 

(reference standards). Therefore, the reported crystallinity values are with respect to the unmilled 

materials. Milling caused a measurable decrease in the crystallinity of CAFOXA. There appeared 

to be a linear decrease in crystallinity as a function of milling time for up to 60 sec.  In contrast, the 

crystallinity of DCPA was unaffected by milling. The comilled systems were much more sensitive 
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to milling time. The decrease in crystallinity was most pronounced at the shorter milling times 

(Figure 2.2A). X-ray line broadening can be brought about, both by a reduction in crystallinity, and 

a decrease in crystallite size (typically < 1 micron). The particle size values are given in supporting 

information (Supporting Information; Figure 2.17). Milling for 10 sec caused a decrease in particle 

size of both CAFOXA and DCPA. However, longer milling times, caused a measurable but only a 

small change in the size of DCPA particles. In case of CAFOXA, the particle size seemed to be 

unaffected by milling times longer than 10 sec. The effect of milling time on particle size could 

also be discerned from surface area measurements. The comilled mixture milled for 120 sec, 

exhibited a very small (< 5%) increase in surface area (Supporting Information; Table 2.1). 

Therefore, the observed effects at longer milling times (milling time > 10 sec) could be attributed 

predominantly, if not completely, to lattice disorder.  

 

Figure 2.2. (A) Crystallinity (%) as a function of milling time of CAFOXA, DCPA and the 

comilled mixture of CAFOXA and DCPA. (B) The effect of milling time on the width of a 

representative diffraction peak of CAFOXA (2θ=16.4°) milled alone and with DCPA 

(comilled).  The peak width is represented as full width at half maximum (FWHM in degrees, 
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2θ). The lines are drawn to assist in visualization of trends. Error bars represent standard 

deviation (n=3). 

 

The width of the X-ray peaks, measured as full width at half maximum (FWHM), provided another 

measure of lattice disorder (Figure 2.2B). While the cocrystals milled alone exhibited an increase 

in FWHM as a function of milling time, this effect was more evident in the comilled mixtures. 

Thus, in the presence of DCPA, the effect of milling on the crystallinity of CAFOXA was 

amplified. No peak broadening was observed in the DCPA peaks, milled alone or comilled 

(Supporting Information; Figure 2.15). 

 

 

Figure 2.3. Gravimetric water sorption behavior of (a) CAFOXA cocrystals, and (b) DCPA 

(Mean ± SD; n=3).  

 

Water sorption behavior is an indirect but very sensitive indicator of lattice disorder. Crystalline 

solids will only adsorb water - a surface phenomenon and the amount adsorbed will be a function 

of the surface area of the solid. In case of partially crystalline materials, in addition to adsorption, 

there will also be sorption of water by the amorphous regions. The amount sorbed will be a function 

of the amorphous content of the sample and occurs principally via hydrogen bond interactions.373-

375 As expected, the highly crystalline unmilled cocrystals exhibited a very small weight gain of 

0.02% at 80% RH (Figure 2.3a). On the other hand, in the milled cocrystals, the weight gain 

increased as a function of milling time. Similar trends were observed in both DCPA (Figure 2.3b) 

and comilled  mixtures (Figure 2.4). 
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Figure 2.4. Gravimetric water sorption of comilled (CAFOXA-DCPA) mixtures (Mean ± 

SD; n=3). The inset shows data at RH ≤ 60%. 

 

In case of DCPA, while there was no discernible reduction in crystallinity based on XRD 

measurements, the water sorption results suggested an increase in lattice disorder as a function of 

milling time. Water sorption is known to be a very sensitive indicator of lattice disorder and is 

particularly well suited to discern very early (first) evidence of disorder. For example, the disorder 

induced in completely crystalline sucrose by milling it for 5 sec became evident from water sorption 

data. 376,377  

When CAFOXA and DCPA were comilled, the crystallinity of CAFOXA was influenced, both by 

the milling process and the presence of DCPA (Figure 2.2). The crystallinity of DCPA may also be 

affected similarly. The effect of milling in presence of the second component could be discerned 

from the difference in water sorption behavior between the comilled mixture and the individually 

milled components (CAFOXA and DCPA). At RH values up to 50%, the behavior of the comilled 

mixtures was comparable to the individual components (weighted average of the sorption behavior 

of CAFOXA and DCPA (Supporting Information, Figure 2.18). However, when the RH values 

were progressively increased (≥ 70%), the comilled mixtures exhibited an abrupt weight gain as a 

function of RH. These results suggest that factors other than crystallinity are likely to be responsible 

for the observed increase in water sorption. This was investigated in detail in the section dealing 

with co-processing.360,378 
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2.4.3 Cocrystal dissociation.  

As mentioned earlier, a major consequence of the lattice disorder induced by milling was the strong 

water sorption propensity of the system. Water sorption by the disordered lattice regions will lead 

to plasticization (i.e. Tg lowering), increase the molecular mobility and hence, the reactivity. When 

the binary mixture was comilled for 10 sec and stored at RT/75% RH for 24 h, cocrystal dissociation 

was evident from XRD results (Figure 2.5a). Characteristic peaks of caffeine hydrate and calcium 

oxalate hydrates (monohydrate, dihydrate and trihydrate), all products of cocrystal dissociation, 

were observed 373,374 (Figure 2.5a). The intensities of the product phases suggest substantial 

dissociation in 24 h. 

Crystalline solids when stored at RH > RH0 (water vapor pressure of its saturated solution) are 

known to dissolve in the sorbed water. The water vapor pressure of a saturated solution of 

CAFOXA (RH0) at RT is not known. The RH0 of DCPA, in light of its very low aqueous solubility, 

is expected to be close to 100%. However, the introduction of lattice disorder is known to facilitate 

water sorption at RH < RH0.
379 Therefore, at the surface of milled CAFOXA and DCPA particles, 

the sorbed water can “dissolve” in the disordered regions of both CAFOXA and DCPA. This water 

can now act as a medium and facilitate the reaction between CAFOXA and DCPA. 37,38 

It is instructive to consider the “microenvironment” of disordered DCPA containing sorbed water. 

The “acidity” of excipients has been represented as either solution/suspension pH or pHeq.
380,381 The 

slurry pH of DCPA was reported to be ~ 5.5. Since the cocrystal is composed of a neutral API and 

an acidic coformer (oxalic acid; pKa values of 1.3 and 4.3 at 25°C),34 only the ionization behavior 

of the latter would be pH dependent. Thus the microenvironment in the vicinity of DCPA would 

favor oxalic acid ionization and hence drive cocrystal dissociation. The water mediated transfer of 

protons from oxalic acid to hydrogen phosphate anion (HPO4
-), is expected to result in the 

formation of calcium oxalate and phosphoric acid (Figure 2.5b). XRD provided evidence of all the 

phases except phosphoric acid (Figure 2.5a). The caffeine formed, following the dissociation of 

CAFOXA, existed as a hydrate. This is its expected physical form at RT/75% RH. 34,382  
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Figure 2.5. (a) X-ray diffraction patterns of a CAFOXA-DCPA (1:1 w/w) mixture comilled 

for 10 sec, and stored at RT/75% RH for 24 h. Characteristic peaks of possible decomposition 

products are highlighted. (b) Proposed mechanism of water mediated CAFOXA cocrystal 

dissociation in the presence of DCPA at RT/75% RH. 
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2.4.4 Experimental controls. 

The roles of sorbed water, processing and excipient were evaluated using the following controls. 

(1) Comilled mixture (120 sec) stored at RT/0% RH. (2) ‘As is’ cocrystals milled for 120 sec and 

stored at RT/75% RH. (3) Physical mixture of ‘as is’ unmilled cocrystal and excipient stored at 

RT/75% RH. In all three systems, stored for up to a month, there was no evidence of cocrystal 

dissociation (no evidence of caffeine anhydrous/ hydrate formation).  

The first control establishes the role of water in mediating the dissociation reaction. Milling (second 

control), as expected, caused a broadening of the XRD peaks of CAFOXA. However, on storage, 

there was a progressive decrease in peak width revealing recrystallization. The disordered surface 

regions are expected to sorb water. Water acts as a plasticizer, increases molecular mobility and 

facilitates recrystallization (Figure 2.6). This control established the role of DCPA in cocrystal 

dissociation. The lattice disorder caused by milling and the water sorption on storage at 75% RH 

are two conditions necessary for dissociation. However, the dissociation reaction could not proceed 

in the absence of the second reactant (DCPA). CAFOXA cocrystals were reported to be stable, 

even after slurrying in water for 24 h.30 The stability of the unmilled physical mixture (third 

control), highlighted the influence of milling induced lattice disorder on cocrystal dissociation. In 

the unmilled system, storage at 75% RH caused negligible water sorption. As pointed out earlier, 

highly crystalline CAFOXA and DCPA are not expected to sorb water at 75% RH. In the absence 

of sorbed water, the medium for the dissociation reaction is absent, and consequently the system is 

stable. 

 

Figure 2.6. The effect of storage on the width of a representative diffraction peak of CAFOXA 

(2θ=16.4°). The peak width is represented as full width at half maximum (FWHM in degrees, 

2θ). CAFOXA was milled for 120 sec and stored at RT/75% RH. Error bars represent 

standard deviation (n=3). 
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2.4.5 Impact of co-processing on cocrystal dissociation. 

When the cocrystals and DCPA were milled separately (each for 120 sec) and then mixed (‘physical 

mixture’), storage at RT/75% RH caused measurable dissociation in 10 h (Figure 2.7). However, 

when the comilled (the two components mixed and then milled for the same duration) sample was 

subjected to the same experiment, the dissociation observed was much more pronounced (Figure 

2.9). The reduction in crystallinity following comilling was much higher than in the physical 

mixture (Figure 2.2). Moreover, milling together is expected to result in an increase in the inter-

particulate contact area amongst materials. 

 
Figure 2.7. Dissociation (expressed in %) of CAFOXA following storage at RT/75% RH.  A 

physical mixture of CAFOXA and DCPA (1:1 w/w) was comilled either for 10 (CM 10 sec) or 

120 (CM 120 sec) sec. CAFOXA and DCPA were individually milled for 120 sec and mixed 

(PM 120 sec). Percent dissociation for comilled and physical mixtures maintained at RT/75% 

RH in an X-ray holder for 10 h. For details on the calculation of percent dissociation, refer to 

Supporting Information, Figure 2.19. 

 

The water sorption behavior of the comilled and the physical mixtures was compared following 

storage under two conditions: RT/50% RH and RT/75% RH. As discussed in the section on lattice 

disorder, water sorption by the comilled mixtures at 50% RH resulted in a weight gain that was 

comparable to that of the separately milled components (Supporting Information, Figure 2.18). 

Though comilling resulted in higher lattice disorder than in the physical mixtures, this did not 
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translate to a substantial difference in the amount of sorbed water. At this RH, only a small amount 

of water was sorbed, which was insufficient to mediate cocrystal dissociation.  

Upon exposure to 75% RH, the amount of water sorbed was adequate to mediate the dissociation 

reaction. Cocrystal dissociation could be inferred from the appearance of caffeine hydrate peak 

(Figure 2.8). Since comilling resulted in higher overall lattice disorder (discussed earlier, Figure 

2.2), the amount of water sorbed is expected to be higher than in the physical mixtures. However, 

the difference in water sorption behavior between these differently processed samples, became very 

pronounced at RH ≥ 70%. Thus, factors other than lattice disorder likely play a role. The increased 

inter-particulate contact brought about by comilling, appears to facilitate the dissociation reaction. 

This is evident from the much higher peak intensity of caffeine hydrate in this system (Figure 2.8a), 

reflecting increased dissociation (Figure 2.7). 

The dissociation reaction would be followed by additional water sorption. This is because the 

products of the dissociation reaction, caffeine hydrate and calcium oxalate hydrates, incorporate 

water in their lattices. The stoichiometric water content in the four hydrates- caffeine hydrate, 

calcium oxalate monohydrate, calcium oxalate dihydrate and calcium oxalate trihydrate are 

approximately 7, 12, 22 and 27% w/w respectively. The difference in the water sorption behavior 

between the comilled and physical mixture (milling for 120 sec) could therefore be attributed to 

the differences in the extent of cocrystal dissociation in these two systems.  

2.4.6 Impact of lattice disorder on cocrystal dissociation. 

The effect of comilling time on the dissociation behavior warranted detailed consideration. 

Comilling for only 10 sec brought about substantial instability (Figure 2.7). Milling for a much 

longer time period of 120 sec, caused only a marginal increase in cocrystal dissociation. We had 

earlier observed that a short milling time of 10 sec had the most pronounced impact on lattice 

disorder. These results have significant practical implications. It is evident that: (i) even very short 

processing times, can profoundly impact the lattice disorder, with implications on solid form 

stability, and (ii) highly ordered lattices (close to 100% crystalline; ‘as is’ CAFOXA and DCPA), 

appear to be most sensitive to processing. Once disorder is induced, further decrease in crystallinity 

appears to require longer processing times.  
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Figure 2.8. (A) X-ray diffraction patterns of CAFOXA and DCPA, individually milled and 

then mixed (PM), or comilled (mixed and milled together). The milling time was 120 sec and 

the mixtures were stored either at RT/50% RH or RT/75% RH for 10 h. The XRD patterns 

of CAFOXA (reactant) and caffeine hydrate (product) are also provided. (B) Water sorption 

kinetics of these mixtures at 50 or 75% RH (25°C).  
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2.5 Significance  

In recent years, there have been significant advancements in the design and synthesis of 

pharmaceutical cocrystals, providing a new avenue to tailor the physicochemical, mechanical, and 

in several instances, the biopharmaceutical properties of drugs.349 Formulating a cocrystal into a 

dosage form (in this context, a solid formulation) will likely entail multiple unit operations such as 

milling, granulation and compaction. In many of these steps, the drug will be co-processed with 

one or more excipients. Mechanical stress, experienced during pharmaceutical processing, has 

resulted in physical transformations of the API.366,367,383-385 Such transitions can have an impact on 

the biopharmaceutical performance of the final dosage form. 

We have evaluated the impact of realistic processing conditions (no longer than 2 min of milling) 

on crystallinity and subsequently, cocrystal stability. Even a very short milling time of 10 sec 

resulted in a measurable lattice disorder, and more importantly, rendered the system unstable 

leading to cocrystal dissociation. The disordered solids had a high propensity to sorb water, and we 

postulate that the drug-excipient interaction leading to cocrystal dissociation occurred in the sorbed 

water. The reaction was brought about by an interplay of three factors: (i) disorder (processing), 

(ii) water (ubiquitous) and (iii) excipient (formulation). Thus, this work highlights the potential for 

routine processing steps and a widely used excipient to facilitate the dissociation reaction. 

CAFOXA has been widely reported to be a robust cocrystal. However, transitioning this into a 

stable solid dosage form will require a careful consideration of the processing conditions and 

formulation composition. 

It is also instructive to compare cocrystal dissociation with salt disproportionation. In cocrystals, 

since the API is non-covalently linked to the coformer, the presence of excipients with “competing” 

functional groups can lead to dissociation. Processing-induced lattice disorder can dramatically 

increase the reactivity and accelerate cocrystal dissociation. In case of salt formulations, the 

disproportionation propensity was influenced by the alterations in microenvironmental acidity 

brought about by the excipient.386 If we compare cocrystals to salts, one can argue that, cocrystals 

will pose formulation challenges (hydrogen bonds in cocrystals versus ionic bonds in salts).  
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Figure 2.9. Flow chart highlighting the role of water, lattice disorder (induced by milling) 

and inter-particulate contact area on cocrystal dissociation. 

Mitigation strategies. Lattice disorder, by enabling water sorption, sets the stage for the cocrystal-

excipient interaction leading to dissociation. Thus, stability can likely be conferred by preventing 

lattice disorder. However, this is an unrealistic expectation, from the perspective of dosage form 

manufacture. If annealing is practically feasible, it can serve as a stabilization strategy. Careful 

control of the water vapor pressure may also prevent dissociation. The other mitigation strategies 

were discussed earlier.353 Hydrophobic excipients can potentially be used to coat, either the API or 

excipient particles, so as to serve as a barrier to water sorption.387 Alteration in microenvironmental 

pH, through the use of pH modifiers, has been observed to be effective. Similarly, the use of neutral 

excipients may also serve as a suitable strategy to mitigate cocrystal dissociation.353 

2.6 Conclusions 

Milling induced lattice disorder resulted in sufficient water sorption so as to mediate the cocrystal-

excipient interaction, leading to dissociation of caffeine-oxalic acid (CAFOXA) cocrystals. In the 

absence of excipient (DCPA), the cocrystals were robust and withstood routine processing (milling) 

as well as exposure to elevated water vapor pressures. In the presence of excipient, while the 

unmilled powder mixtures were stable to elevated RH (75% at RT), lattice disorder induced by 

milling for just 10 sec resulted in a pronounced dissociation. Low levels of lattice disorder induced 

during routine processing steps in a drug product environment can lead to cocrystal instability. 
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2.7 Supporting information 

 

Figure 2.10. Experimental and calculated X-ray diffraction patterns of CAFOXA. The 

calculated pattern was obtained from the CSD database. 

 

 

Figure 2.11. DSC heating curves of (a) CAFOXA and (b) DCPA. The samples were heated in 

hermetically sealed pans. 
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Figure 2.12. TGA and derivative (right y-axis) TGA heating curves of CAFOXA. 

 

 

 

Figure 2.13. TGA and derivative (right y-axis) TGA heating curves of DCPA. 
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Figure 2.14. Water sorption and desorption curves of (a) CAFOXA and (b) DCPA at 25°C. 

 

 

 

Figure 2.15. (A) X-ray diffraction patterns of DCPA samples milled for (a) 0, (b) 10, (c) 30, 

(d) 60 and (e) 120 sec. (B) The effect of milling time on the width of a representative diffraction 

peak of DCPA (2θ =26.4°). The peak width is represented as full width at half maximum 

(FWHM in degrees, 2θ). Error bars represent standard deviation (n=3). 
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Figure 2.16. Overlay of X-ray diffraction patterns of comilled CAFOXA cocrystals. The 

milling times were (a) 0, (b) 10, (c) 30, (d) 60 and (e) 120 sec. The diffraction patterns were 

offset to assist in visualizing the peak intensities. 

 

 

 

Figure 2.17. Mean particle size of unmilled and milled CAFOXA and DCPA (Mean ± SD; 

n=3). 
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Figure 2.18. Water sorption data of comilled (CAFOXA-DCPA), and the average of 

separately milled CAFOXA and DCPA. All samples were milled for 120 sec. 

 

 

Figure 2.19. Plot of the caffeine hydrate peak intensity (2θ =10.6°) versus its weight fraction 

in ternary mixtures of caffeine hydrate, CAFOXA and calcium oxalate.  The dissociation of 

cocrystal will result in the formation of caffeine hydrate and calcium oxalate.  Therefore, 

mixtures were prepared with CAFOXA concentration ranging from 97% to 9% w/w. The 

first sample is the cocrystal before it undergoes any dissociation (there caffeine hydrate 

content is 0.0% w/w). The last mixture represents 90% cocrystal dissociation (the caffeine 

hydrate content is 61.5% w/w). This data enabled us to generate a hypothetical “standard 

curve” of caffeine hydrate peak intensity as a function of % dissociation. Plot (b) was used to 

determine the % dissociation in the unknown samples (Figure 2.7 in the main manuscript). 

Error bars represent standard deviations (n=3).  
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Table 2.1. Surface area measurements of binary (CAFOXA-DCPA) powder mixtures. 

Sample 
BET Surface area 

(m2/ g) 

% increase in surface area  

(compared to unmilled sample) 

Unmilled physical mixture 6.82 - 

Milled physical mixture (120 sec) 7.67 12.5% 

Comilled mixture (120 sec) 7.03 3.1% 
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CHAPTER 3 
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Chapter 3. Use of Atomic Force Microscopy (AFM) to monitor surface crystallization of 

disordered caffeine-oxalic acid (CAFOXA) cocrystals in real time. 

3.1 Synopsis 

Our objective is to monitor surface crystallization of disordered caffeine-oxalic acid (CAFOXA) 

cocrystals under elevated water vapor pressure using AFM. Disorder was induced in the cocrystals 

using powder compaction and milling for 10 sec. The processes, reflective of realistic 

pharmaceutical processing steps, caused the surface reactivity to increase. The ‘active’ sites 

underwent rapid crystallization under elevated water vapor pressure. The disordered surface of the 

tablets had a high propensity to sorb water which led to a rise in the molecular mobility and 

consequently promoted crystallization. Using the technique, we were able to directly visualize 

crystal growth on the tablet surface. The work also revealed the important role played by the water 

vapor pressure in the atmosphere. 

3.2 Introduction 

Pharmaceutical cocrystals are becoming increasingly popular as an attractive strategy to modulate 

the physicochemical, mechanical and biopharmaceutical performance of active pharmaceutical 

ingredients.50,388,389 Cocrystals are defined as “solids that are crystalline single phase materials 

composed of two or more different molecular and/or ionic compounds generally in a stoichiometric 

ratio which are neither solvates nor simple salts. If at least one of the coformers is an active 

pharmaceutical ingredient (API) and the other is pharmaceutically acceptable, then it is recognized 

as a pharmaceutical cocrystal.”390,391 Caffeine-oxalic acid (CAFOXA, 2:1) cocrystals have been 

extensively investigated. In contrast to caffeine, the cocrystal of caffeine with oxalic acid exhibited 

high resistance to hydrate formation under elevated vapor pressure (7 weeks at RT/98% RH). This 

enabled control of solid form and rendered CAFOXA suitable for development.30,31,50  

Recent work by Kaur et al392 has highlighted the influence of processing induced lattice disorder 

on the stability of CAFOXA cocrystals in the presence of excipients. Disorder can be defined as a 

decrease in the long range order in crystalline lattices (also referred to as amorphization). 

240,361,393,394 Lattice disorder results in an increase in the free energy (mechanical activation), which 

in turn has implications on its physicochemical (for instance, solid-solid phase transitions) and 

mechanical properties. Owing to the critical impact of crystallinity on physicochemical and 

mechanical properties, it is imperative to detect and characterize lattice disorder.366,393-395 

Lattice disorder (i.e. loss in crystallinity) can be characterized using numerous techniques such as 

powder X-ray diffractometry (PXRD), Raman spectroscopy396-398, solid state nuclear magnetic 

resonance (ssNMR)399,400, thermal analysis (calorimetry)401,402 and gravimetric water 
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sorption.403These techniques provide average or bulk estimates of disorder.404 However, 

advancements in surface analysis techniques such as surface energy measurements (inverse gas 

chromatography, IGC)405 and atomic force microscopy (AFM)406,407 have allowed characterization 

of disorder localized on the sample surface. An understanding of the properties of the surface is 

important because they may be critical to the sample’s physicochemical and mechanical 

performance.  

AFM is a sensitive, non-destructive technique for direct imaging of surface structure. In AFM, 

imaging is performed by scanning the sample surface with a stylus or “tip” of nanoscale sharpness 

mounted near the end of a microcantilever. The forces experienced by the tip while interacting with 

a sample surface causes flexural cantilever motions which are measured by reflecting a laser beam 

off the cantilever and onto a split photodiode. These measurements in turn drive a feedback circuit 

to displace the cantilever base towards or away from the sample so as to keep the measurable 

approximately constant and thereby track (image) surface topography. Imaging can be performed 

in various “modes”, traditionally including quasistatic contact or AC/“tapping”, which differ in the 

feedback signal employed, i.e. either a cantilever’s quasistatic deflection or its sinusoidally driven 

resonant amplitude, respectively. This topographic/structural imaging technique has been used to 

monitor phase changes on crystal surfaces and has found value in the surface evaluation of 

pharmaceuticals.408-410 Recently, AFM was used to study the surfaces of CAFOXA and caffeine-

malonic acid cocrystals following exposure to elevated water vapor pressure (RT/75% RH). While 

oxalic acid cocrystals exhibited surface restructuring to form "smoother" crystal surfaces, the 

malonic acid cocrystals sorbed water leading to cocrystal dissociation. Surface imaging captured 

the water sorption phenomenon. 411 

The surface restructuring, following storage at elevated RH, may be a consequence of a disordered 

surface. Low levels of lattice disorder induced during pharmaceutical processing can potentially go 

undetected when characterization is performed using techniques such as X-ray powder 

diffractometry (XRD) and differential scanning calorimetry (DSC), because these latter methods 

probe “bulk” or “average” disorder. The undesirable and disproportionate influence of surface 

disorder has previously been reported, thereby underlining the importance of its characterization.392 

We had earlier evaluated the impact of realistic processing conditions (milling for ≤ 2 minutes) on 

the crystallinity and subsequent stability of CAFOXA cocrystals.392 Even a very short milling time 

of 10 sec caused measurable lattice disorder (measured by XRD and gravimetric water sorption), 

induced instability and led to cocrystal dissociation. This work highlighted the interplay of lattice 

disorder, water sorption and excipient on cocrystal dissociation. The results were particularly 

surprising because CAFOXA is considered a robust cocrystal.  
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As tablets are the most popular dosage forms, many pharmaceuticals will be subjected to 

compression. This raises an important question. What will be the effect of compression on the 

behavior of cocrystals, and more specifically, the behavior at cocrystal surfaces? Secondly, if the 

surfaces of crystals are disordered, will compression render these surfaces even more reactive? 

Thirdly, what role will ambient moisture (water vapor pressure in the atmosphere) play on the 

reactivity of the crystal surfaces? 

Atomic force microscopy is a uniquely powerful technique to study the surfaces of particles. In this 

project, we wanted to evaluate the behavior of cocrystals following compression. Before 

compression, low levels of disorder were introduced in these crystals by cryomilling them for 10 

sec. This enabled us to evaluate the combined effects of milling induced disorder and compression 

on the cocrystal behavior. AFM images of the compressed materials were obtained while they were 

exposed to 75% RH (at RT). This provided information on the surface behavior in real time.  

Topography and phase imaging (the latter derived from the phase lag of tip motion relative to 

sinusoidal driving excitation, sensitive to tip-sample dissipation)412 were performed on the samples 

using AC/“tapping” mode of AFM. Using the technique, we were able to directly visualize crystal 

growth on the tablet surface. The process of compression caused the surface to become ‘active’ and 

recrystallize on storage. However, the introduction of additional low levels of lattice disorder, by 

milling the powder for 10 sec, caused a dramatic increase in surface reactivity and substantially 

accelerated the surface crystallization. The work also revealed the important role played by the 

water vapor pressure in the atmosphere. It is well known that disordered regions in lattice will have 

a strong tendency to sorb water.403,413,414 The attendant increase in molecular mobility drives the 

surface recrystallization. We believe that is the first report of the effects, in real time, of processing 

(compression) and lattice disorder (induced by milling) on the surface recrystallization behavior of 

particles on the tablet surface. 

3.3 Experimental section 

3.3.1 Materials.  

Caffeine (CAF; Sigma-Aldrich) and oxalic acid (OXA; Sigma-Aldrich) were used as received. 

Caffeine-oxalic acid (CAFOXA) cocrystals were prepared using the aqueous slurry method.50 The 

cocrystals were characterized using powder X-ray diffractometry (XRD). The experimental and 

calculated diffraction patterns were in agreement. 

3.3.2 Differential scanning calorimetry (DSC).  

A differential scanning calorimeter (model Q2000, TA Instruments) equipped with a refrigerated 

cooling accessory was used. The instrument was calibrated with indium. Approximately 2-5 mg of 
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powder sample was placed and sealed in a hermetic aluminum pan. All measurements were 

performed at a heating rate of 10 °C/minute under nitrogen purge (50 mL/min). The data was 

analyzed using TA Universal Analysis by TA Instruments, New Castle, DE. 

3.3.3 Thermogravimetric analysis (TGA).  

A thermogravimetric analyzer (model Q50 TGA, TA Instruments) was used. Approximately 4-5 

mg of the powder sample was heated in an aluminum pan at a rate of 10 °C/min with a dry nitrogen 

purge (75 mL/min). The TGA data was analyzed using TA Universal Analysis by TA Instruments, 

New Castle, DE. 

3.3.4 Preparation of tablets.  

CAFOXA tablets were prepared by compressing 150 mg of the powder to 177 MPa in a hydraulic 

press (Carver model C laboratory press, Menomonee Falls, WI) using flat faced punches. The 

tablets, 8 mm in diameter and 1.5 mm thick, were annealed by storing at RT/75% RH for 3 weeks. 

In this case, annealing refers to crystallization of the disordered regions of the tablet by using 

elevated water vapor pressure to increase molecular mobility. 

3.3.5 Water sorption analysis.  

Water sorption analysis was performed for the annealed CAFOXA powder (starting material for 

preparing milled and tablet samples), the milled CAFOXA powder sample, the tablets freshly 

compacted and the annealed tablets. For data collection, a thin fragment of the tablets was used. 

Data were collected using an automated water sorption analyzer (DVS-1000 Advantage, Surface 

Measurement Systems, Middlesex, U.K.). Approximately 10 mg of the sample (powder or tablet) 

was placed in a quartz sample pan, and equilibrated at 0% RH (25°C) for 2 h under a nitrogen flow 

rate of 200 mL/min. The relative humidity (% RH) was raised in 10% increments to 90% RH and 

brought back to 0% RH, at 10% decrements. At each RH value, equilibrium was assumed if the 

mass change (dm/dt) was less than 0.001% in 15 min with maximum hold time set at 4 h for each 

RH value. 

3.3.6 Cryogenic milling.  

One gram of the powder sample was loaded into the cylindrical polycarbonate vial (SPEX 

SamplePrep #6751 vials) with stainless steel end plugs and an impactor (SPEX SamplePrep, model 

6750). The vial was placed in the grinding chamber and remained submerged in liquid nitrogen 

throughout the milling experiment. The vials were pre-cooled for 20 minutes followed by milling 

for 10 sec at a milling rate of 10 (which refers to 20 impacts per sec). At the end of the milling 

process, the vials were equilibrated at RT in a desiccator containing anhydrous calcium sulphate 

prior to sample removal. 
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3.3.7 Atomic force microscopy (AFM).  

Imaging was performed using a Keysight 5500 environmental scanning probe microscope running 

Picoview 1.20 software. The Keysight XYZ piezoscanner (model 9524A) was operated in closed 

loop X−Y (90 μm range) with a Z range of ~8 μm. The design of the instrument isolates the sample 

stage from the piezoelectric scanner and associated electronics, thus allowing for sample 

temperature and atmosphere control. The Keysight PicoAPEX sample chamber was customized by 

connecting a commercial humidity controller (ETS Electro-Tech Inc. model 514, with in-chamber 

hygrometer) to maintain 80 (±5)% RH using an ultrasonic humidifier actuated by the controller. 

Data was collected in the dynamic mode, also referred to as “tapping” or AC mode. Under 

conventional amplitude-modulation feedback, with cantilever vibrated near its fundamental 

flexural resonance to provide height and phase along with error signal (amplitude) images. An 

aluminum-backside coated silicon cantilever (Mikromasch Europe; NSC 36) with a nominal force 

constant of 0.6 N/m, resonance frequency of 65 kHz and nominal radius of curvature of ~8 nm was 

used for all measurements at setpoint oscillation amplitudes in the 14 to 28 nm range, being ~ 0.7% 

of free oscillation amplitudes in the 20 to 40 nm range. Aided by the phase signal and amplitude 

and phase vs. Z curves, parameters were selected to place the oscillator in the net attractive regime 

to maintain a delicate tip-sample interaction. The resonant and drive frequencies were 98.50 and 

98.85 kHz, respectively.415 Image sizes ranged from 2 to 50 μm, and scan rates between 0.20 – 0.33 

lines per sec at a resolution of 512x512 pixels. Data post-processing was performed using the 

freeware Gwyddion, version 2.53. Height and phase images were simultaneously acquired. 

3.4 Results and discussion 

3.4.1 Preliminary characterization. Baseline characterization of CAFOXA cocrystals was 

performed using thermal analysis (DSC and TGA), and XRD. The XRD pattern of CAFOXA 

cocrystals was superimposable on the pattern calculated from the Cambridge Structural Database 

(CSD; see Kaur et al392, Figure S1). The thermal behavior, characterized by DSC and TGA 

(Supporting information; Figure 3.6), was in agreement with the literature.34 The DSC heating 

curve exhibited a sharp endothermic event at 215C reflecting the melting point of CAFOXA 

cocrystals.  

There was a negligible weight change (< 0.2% w/w) over the RH range of 0 to 90% for the ‘as is’ 

powder sample (at 25°C; Figure 3.1). The very low water uptake by the CAFOXA sample at 

elevated RH is reflective of the highly crystalline nature of the material. For crystalline samples, 

the water uptake and consequent weight change is a function of the surface area of the sample 

available for adsorption – a surface phenomenon. On the other hand, for partially or completely 
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amorphous samples (in our case, compressed or milled samples), the weight gain will be due to 

both adsorption and bulk sorption (via hydrogen bond interactions) of water. The amorphous 

content in these sample will dictate the amount of water sorbed by the sample. 

3.4.2 Lattice disorder and cocrystal instability.  

In our previous work, the impact of realistic pharmaceutical processing (milling for 10  120 sec) 

on the crystallinity and consequent chemical stability of CAFOXA cocrystals was evaluated. The 

results indicated that even 10 sec of milling resulted in measurable disorder and a disproportionate 

increase in sample instability. The surface disorder induced by milling resulted in an attendant 

tendency of the sample to sorb water. The disorder translated to instability in the presence of DCPA 

at RT/75% RH.392 

The diffraction patterns of unmilled and milled (for 10 sec) milled CAFOXA cocrystals seemed 

indistinguishable (Kaur et al392, Figure 1a). Upon calculating percent crystallinity, a 4% drop in the 

diffraction pattern’s AUC following milling (Kaur et al392, Figure 2a) was observed for the milled 

samples. Gravimetric water sorption, an indirect but highly sensitive measure of lattice disorder, 

indicated a 10 fold increase (0.2% at RT/90% RH) in water uptake following milling (Figure 3.1). 

As discussed earlier, the amount of water sorbed by the sample is a function of the amorphous 

content of the sample. It is also instructive to recognize that milling also results in a decrease in the 

particle size of the sample, as has been reported in our previous work,392 which may contribute to 

an increase in surface area and consequent weight gain under elevated RH. However, the weight 

gain due to particle size reduction is not expected to be pronounced.  

As can been seen from Figure 3.1, measurable water sorption was also observed for the unmilled 

tablet compacts. At 25°C/90% RH, the freshly prepared tablet compact exhibited a weight gain of 

0.09%. The weight gain was lower (0.05% under similar conditions) for the “annealed” tablets 

indicating crystallization of disordered regions of the tablet following storage at RT/75% RH for 3 

weeks. Literature reports indicate that storage under elevated water vapor pressure promote 

recrystallization of CAFOXA.32,392 In our earlier work, we observed a pronounced decrease in the 

width (indicative of recrystallization) of a characteristic diffraction peak of CAFOXA cocrystal 

following storage of milled sample at RT/75% RH for 12 h (Figure 6 in Kaur et al 392). This 

corroborated existing reports of CAFOXA crystallization upon exposure to elevated water vapor 

pressure. 
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Figure 3.1. Water sorption data for CAFOXA powder and tablet samples at 25°C. The 

starting material (a highly crystalline powder sample of CAFOXA cocrystals) is referred to 

as the ‘annealed powder’. The powder was cryomilled for 10 sec and is referred to as the 

‘milled sample’ in the figure legend. The behavior of a freshly prepared tablet as well as the 

tablet sample stored RT/75% RH for 3 weeks (‘annealed tablet’) are also shown.  

 

3.4.3 Impact of tableting on the crystallinity of caffeine-oxalic acid (CAFOXA) cocrystals. 

Compaction of a powder to form a tablet involves multiple stages. First, the applied pressure leads 

to a reduction in bulk volume (removal of air) and powder rearrangement to enable a close packing 

of the particles. Following dense packing, the high compression pressure leads to formulation of 

inter-particulate bonds and localized deformation of the crystals. The localized stresses can lead to 

either plastic deformation of the crystals or fracture. The tendency of the crystals to undergo brittle 

fracture is proportional to the compaction pressure.416-418 The high mechanical stresses experienced 

by the powder bed upon compression can also cause phase transformations. These transformations 

include amorphous  crystalline419, crystalline  amorphous 240,420 or a change in the polymorphic 

form.421 In addition to the compression pressure, the tablet also experiences additional mechanical 
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stress on the surface owing to the die wall friction. Hence, the tablet surface is expected to exhibit 

a higher stress-induced phase transformation than the bulk (core).419 

CAFOXA cocrystals were plate shaped with smooth surface (Supporting information; Figure 3.8). 

These crystals are known to have a low elastic recovery and high fracture. The plate like habit 

renders it difficult for the crystals to orient themselves in different directions upon application of 

pressure, thereby resulting in fracture and poor compaction.422  

Figure 3.2 shows the surface topography (XY plane) of a compressed tablet of CAFOXA 

cocrystals. Color scales are used to represent height as shown with the color bar at right. 

Topography imaging enables visualization of individual crystals that make up the tablet compact. 

It appears that while some crystals have void spaces (trenches) between them, others are pressed 

up against each other and show inward deformation at the interface. The 3D-rendered versions of 

the height images enable a better perception of these features.  

Investigation of tablet surfaces have earlier been attempted using techniques (such as optical 

microscopy, SEM, laser profilometry and AFM) to determine compaction behavior, tablet porosity 

and to correlate crystal structure to mechanical properties.423-426 

 

Figure 3.2. Representative 2D- (top) and 3D- (bottom) rendered AFM height images of a 

tablet surface prepared by compacting CAFOXA cocrystals. Acquired images decrease in 

size from left to right. (Vertical scale is stretched compared to lateral scale in the 3D 

renderings.)  
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3.4.4 Surface changes upon exposure to high humidity.  

Figure 3.3 (left) compares representative 50x50-µm height images in 2D of (a) a freshly prepared 

compact of unmilled cocrystals and (b) the same sample following storage for 3 weeks at RT/75% 

RH, on a consistent color-rendering scale. The surfaces contain obvious “chasms”, dark in 2D 

rendering between crystals, as well as some apparent deformations at interfaces between abutting 

crystals (visible upon close inspection). Most notably, the freshly prepared tablet (a) exhibits a 

relatively smooth surface compared to the high-RH exposed tablet (b), qualitatively observed in 

the more uniform color rendering. Quantitative differences between (a) and (b) are extracted by 

Fourier analyzing (at right) the topography contained each 512x512 matrix dataset. Figure 3.3c 

overlays radial power spectral density functions extracted from each topography dataset. These 

curves display the lateral-scale-dependence of roughness, by plotting essentially the amplitude of 

Fourier components (i.e., sinusoidal decomposition of topography) versus their wavelength with 

log-log scaling. Large-amplitude, long-wavelength Fourier components are quantified in the left 

portion of the plots whereas small-amplitude, short-wavelength Fourier components are quantified 

in the right portion of the plots. Most importantly, one observes that the 75% RH annealed sample 

exhibits larger Fourier amplitudes (power spectral density) over essentially all wavelengths; that is, 

the annealed sample is rougher – varies more in height – over essentially all lateral scales evaluated. 

Thus this observation not only quantifies the presence of the obviously deep “chasms” separated 

by large lateral distances, but also a much less obvious presence of increased roughness over small 

scales. (We more closely examine such small-scale features in Figure 3.5.) 

We attribute the decrease in surface smoothness following 75% RH exposure to crystal growth on 

the surface and resulting heterogeneous lateral displacement of molecules. As stated in the previous 

section, we postulate that compaction causes the creation of disorder. When stored at elevated RH, 

disordered regions on the surface of the sample can absorb water and the consequent increase in 

the molecular mobility facilitates crystallization. This proposed surface crystallization of 

disordered sites is qualitatively consistent with water sorption results in Figure 3.1: the “annealed 

tablets” sorb less water than freshly prepared compacts due to surface crystallization and reduction 

in disordered sites (that serve as major contributors to weight gain as humidity increases).  



 67 

 

Figure 3.3. Representative 2D renderings of ambient AFM height images of (a) a freshly 

prepared tablet of CAFOXA cocrystals, and (b) the same tablet after storing at RT/75% RH 

for 3 weeks. (c) Radial power spectral density functions computed for images in (a,b).   
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3.4.5 Using in situ AFM to monitor surface crystallization on cocrystal tablets upon 

exposure to RT/75% RH. 

In order to probe changes at disordered sample surface regions of CAFOXA cocrystals, cryomilling 

was employed to induce lattice disorder, then elevated-RH, in situ AFM imaging performed. 

Cryogenic milling, as opposed to milling at RT, was chosen to mitigate thermal effects. Processing-

induced disorder is believed to be predominantly on the surface of the particles (at low levels of 

mechanical activation) as the surface of the particles experiences shear. Thus AFM is especially 

useful for imaging induced changes. 

Figure 3.4 (t =0) contains exemplary 2D and 3D renderings of AFM height images of a 10 sec 

milled tablet compact. The sample was imaged in real time at 77 (±2%) RH (at RT). Crystal 

appearance and growth was observed on the surface of the sample as bright (in 2D case) needle-

shaped objects. In 3D-rendering the corresponding crystal heights are quantified While the 2D 

images are valuable to image crystal growth in the xy plane, 3D imaging provides quantification 

of vertical growth of these crystals above the principal surface plane (see two crystals highlighted 

within rectangles at 18 and 22 h).  

Whereas various water vapor mediated changes have been observed over  time scales of weeks for 

unmilled compacts, in Figure 3.4 pronounced changes in surface morphology are observed for 

milled samples within hours. We note that the growth of crystals is relatively faster over the first 

10-12 h of exposure (seen over the course of many acquired images). Crystal growth is interpreted 

as a consequence of pronounced lattice disorder that is assumed to be prevalent on the sample 

surface. It is difficult, however, to interpret with confidence whether the growth of crystals over 

the surface is occurring as a consequence of molecular diffusion from the trenches.  
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Figure 3.4. Representative 2D (left) and 3D (right) renderings of in situ AFM height images 

showing time-dependent surface topography transformation on a milled (10 sec) CAFOXA 

sample during exposure to RT/80% over 22 h. 2D and 3D renderings are explicitly designated 

with rectangles around two of the crystals. (Vertical scale is stretched compared to lateral 

scale in the 3D renderings.)  
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Figure 3.5 (i) exemplifies surface changes for a 10 sec milled compact following exposure to 

elevated vapor pressure, in real time. The larger effects of 8 h of exposure to 75% RH is seen by 

comparing 30x30-um image (b) to that of (a): the appearance of elongated needle shaped crystals. 

Additional bright dots are also observed suggesting smaller crystals. Closer inspections of a 

subregion (dashed square) before and after the 8-hr exposure, as shown in (c,d),  reveals clear 

evidence of surface coarsening and the appearance of rectilinear crystals on a smaller scale than the 

“needles” of (a,b). Imaging over an even smaller region, as shown in (e,f), to more closely examine 

such small-scale transformations, further revealed the coarsening of somewhat rounded, odd-

shaped or polygonal “pebbles” into slightly larger and more squarish/rectilinear objects.  

Figure 3.5 (ii-a) shows phase imaging of a 5x5-µm region of milled compact following exposure 

to 80% RH for 8 h. Phase imaging provides complementary information to surface topography and 

helps to distinguish regions with different mechanical properties. Dissipative interactions between 

tip and surface result in a modification of the phase shift between the base and tip ends of the AFM 

cantilever (physically 90 degrees at resonance when free from the surface but zeroed at this point 

in the Keysight AFM software).415 Figure 3.5 (ii-a) reveals bright-phase crystallites embedded in a 

darker-phase matrix. Darker corresponds to higher energy dissipation (for the case of a net repulsive 

interaction, exploited here to maximize contrast) in regions away from obvious crystalline moieties. 

These darker regions of greater dissipation are postulated to be more amorphous/disordered sites. 

Thus one identifies crystals growing from more disordered regions on the surface following 

exposure to elevated water vapor pressure.  

The crystals observed in Figure 3.5 (ii) had a different morphology than those seen in larger (20-

50 µm) images. This morphology has not been previously reported in the literature. The probability 

of these crystals being a different polymorph or products of cocrystal dissociation was ruled out by 

XRD characterization. No change in the peak positions in the diffraction pattern of the milled 

samples was observed. The XRD results only showed sharpening of the peaks (decrease in peak 

broadening) and an increase in peak intensity following exposure of the milled sample to RT/75% 

RH (indicative of increase in sample crystallinity). 
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Figure 3.5. Representative AFM height and phase images showing recrystallization of 

milled (10 sec) CAFOXA sample upon exposure to RT/80% RH. (i) Comparison of the 

milled sample surface imaged in situ at RT/80%RH at t = 0 and 8 h. White arrows are 

used as reference markers. (ii) includes smaller, more highly resolved images of the 

recrystallized regions at 8 h. Crystals with a different morphology were observed in (ii). 
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3.5 Significance 

Compression of crystalline materials  is known to cause lattice disorder.427-429 The disordered 

regions, being metastable, would have a tendency to revert back to a crystalline state.  Following 

compaction of several pharmaceuticals, including aspirin and sucrose, scanning electron 

microscopy revealed surface recrystallization.430  Interestingly, in some of the model compounds, 

crystallization  was observed within 60 minutes of compression. 

CAFOXA is directly compressible, and exhibits plastic deformation and brittle fracture upon 

consolidation. Tableting induced mechanical stresses led to crystalline defects, especially on the 

tablet surface. We postulate that the low levels of disorder induced as a consequence of 

pharmaceutical unit operations are predominant on the surface of the particles. This renders surface 

analysis highly valuable for imaging the induced disorder. The goal of this work is to characterize 

recrystallization of disordered tablet sample surfaces upon exposure to elevated vapor pressure. 

The recrystallization is expected to be accelerated in the presence of water vapor.  On exposure to 

water vapor, the disordered regions can sorb water, get plasticized and rapidly undergo 

recrystallization. Thus the “surface restructuring” can be accelerated when compacts are exposed 

to high RH.  AFM provided a method for directly and selectively visualizing the compact surface. 

By performing the AFM studies under controlled RH conditions, the changes in compact surface 

were monitored in real time.  These results provided the timescale for surface recrystallization as a 

function of processing as well as storage.. 

While pronounced changes were observed for the milled sample after 10 h, the surface of the 

compact continued to "evolve"  up to 22 h (Figure 3.4).  Thus the mobility on the compact surface 

is sustained for a prolonged time period.  This behavior could be attributed to the combined effects 

of milling (for 10 sec) and compression. Please note that in the present work, milling is reflective 

of any/all unit operations that can potentially result in mechanical activation of the solids. 

For the unmilled compacts, the structural changes were observed to occur at a slower pace (weeks 

following storage; Figure 3.3). The differences in time scales of structural transformations in Figure 

3.3 and 3.4 is indicative of higher disorder (and consequently faster recrystallization) in the milled 

tablet samples. 

It is instructive to recognize that during drug product manufacturing and storage, the presence of 

unbound water in the system can impact both the physicochemical stability of the API as well as 

excipient functionality, thereby rendering it undesirable. The recrystallization of the disordered 

regions observed in this work is a classic example of water mediated phase transformation in a drug 
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product environment. In our earlier work,392 the presence of unbound water in the system resulted 

in rapid dissociation of CAFOXA cocrystals (milled for 10 sec) in the presence of excipient DCPA. 

3.6 Conclusions 

Lattice disorder is induced by routinely used pharmaceutical processing steps i.e. tablet 

compression and milling. The phase transformation of the disordered surface regions of CAFOXA 

cocrystals, upon exposure to elevated water vapor pressure, was studied using environmental AFM 

in real time. Topography and phase imaging indicate the appearance and growth of needle shaped 

crystals of CAFOXA at and above 75% RH (at RT). The crystallization was more discernable for 

the milled samples as compared to the unmilled tablet samples.   
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3.7 Supporting information 

 

Figure 3.6.  DSC and TGA heating curves of CAFOXA cocrystals. 
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Figure 3.7. Gravimetric water-desorption behavior of  CAFOXA cocrystals at 25C. 
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Figure 3.8.  Optical microscopy of CAFOXA cocrystals. 

 

Figure 3.9. Optical images of the tablet sample and cantilever.  
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Chapter 4. Partial dehydration of levothyroxine sodium pentahydrate in a drug product 

environment: structural insights into stability.* 

*Reprinted with permission from Kaur, N., Young, V., Su Y., & Suryanarayanan, R. (2020). Partial 

dehydration of levothyroxine sodium pentahydrate in a drug product environment: structural 

insights into stability. Mol Pharm, 17 (10) 3915–3929. Copyright (2020) American Chemical 

Society. 

4.1 Synopsis 

Levothyroxine sodium pentahydrate (LSP; C15H10I4NNaO4•5H2O) gradually loses one molecule of 

water of crystallization as the water vapor pressure is decreased from 90 to 15% RH (40°C), a 

behavior characteristic of nonstoichiometric hydrates. LSP loses four molecules of water of 

crystallization to form levothyroxine sodium monohydrate (LSM; C15H10I4NNaO4•H2O) under 

realistic storage conditions (40°C/0% RH for three hours). The crystal structure of LSP was 

determined following which the specimen was partially dehydrated in situ to form LSM.  The 

crystal structure of LSM provided insight into its potential for high reactivity. Thus its presence in 

a drug product is undesirable. In LSP – oxalic acid mixtures stored in a hermetic container at 40°C, 

there was moisture transfer from drug to excipient. Synchrotron X-ray diffractometry revealed 

dehydration of LSP resulting in LSM, while anhydrous oxalic acid transformed to its dihydrate. In 

formulations of LSP, chemical degradation of levothyroxine sodium may be preceded by its partial 

dehydration. 

4.2 Introduction 

Levothyroxine sodium (3,3’,5,5’ tetraiodo-l-thyronine) is the sodium salt of the levo isomer of 

thyroxine (physiological thyroid hormone).242,431 It is the standard, and usually the only and life-

long treatment option, for patients suffering from hypothyroidism, a chronic illness characterized 

by low thyroid hormone levels.300,432-434 Over 100 million levothyroxine prescriptions were 

dispensed in the United States in 2018.435,436 

Levothyroxine sodium formulations are available in the form of tablets, capsules and oral 

solutions.437-439 Solid dosage forms are formulated with the pentahydrate (C15H10I4NNaO4•5H2O). 

Precision in the amount of drug administered to the patient is necessitated by the narrow therapeutic 

index and is challenging because of its low dose (25-300 µg/dose).433,440-444 Multiple studies have 

also revealed high patient sensitivity to the brand of the formulation and to minor alterations in 

formulation composition.285,289,292,445-448  
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In addition to being one of the most prescribed drugs in the world, levothyroxine tablets continue 

to be one of the most recalled from the market, due to issues pertaining to the chemical instability 

of the active pharmaceutical ingredient (API).449,450 Levothyroxine sodium pentahydrate (LSP) is 

reported to undergo chemical decomposition through complex pathways.451,452 The chemical 

instability issue is exacerbated by its low dose. Considering the high excipient burden of the drug 

product, levothyroxine sodium formulations demand a rigorous control over additives, processing 

conditions and storage requirements in order to have an acceptable shelf life. In 2007, the FDA 

tightened the potency specification for levothyroxine sodium, from 100 ± 10% to 100 ± 5% (of the 

labelled amount) in marketed products. Soon after, in 2008, the US Pharmacopeial convention 

updated the product monograph to meet the new FDA specifications.453,454 This was done to control 

the quality of the marketed products and reduce variability in stability profile across manufacturers. 

However, there continue to be market recalls.449 Considering the critical need of this drug, the 

problem of chemical decomposition in levothyroxine sodium products needs to be urgently 

addressed and resolved. 

The chemical stability of levothyroxine, both in the solid state and in solid dosage forms, has been 

the subject of several publications. In 2003, Patel et al455 reported that  LSP was stable for 6 months 

even under accelerated stability conditions (40°C/75% RH). However, the API exhibited 

pronounced chemical decomposition in the presence of excipients. The hygroscopicity and 

microenvironmental acidity of the excipients were critical determinants of API instability. 

Recently, the role of numerous excipients on the chemical stability of  LSP was explored.247,456 

There is incomplete understanding of the role of the physical form of levothyroxine sodium on its 

stability. Hamad et al457 attributed the chemical instability to oxidation of the dehydrated API. In 

this study, the impact of temperature, water vapor pressure and molecular oxygen on API stability 

was evaluated. The pentahydrate resisted oxidation under elevated temperature and water vapor 

pressure (60°C/75% RH). However, when the water vapor pressure was reduced to 0% RH, the 

API started losing its lattice water and the consequent dehydrated material underwent oxidative 

decomposition at RT. Thus, the chemical decomposition was preceded by partial dehydration. In 

another recent work, the high chemical reactivity of the dehydrated API was ascribed to 

amorphization of the crystalline (pentahydrate) lattice upon loss of bound water. The authors also 

indicated that the lattice water in levothyroxine sodium is present in channels and upon removal of 

water, oxygen occupies the vacated sites, leading to API oxidation.164  

While LSP is used in marketed formulations, the existence of the drug in other states of hydration 

has been suggested. However, these have not been comprehensively studied and characterized. Our 

preliminary studies suggested that the dehydration of the pentahydrate resulted in a crystalline 
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monohydrate with a different lattice structure and overall lattice “contraction” upon the loss of the 

four molecules of water. It is evident from the literature that the product phase formed by 

dehydration of a hydrate can be much more reactive than the parent compound.37,38,237,458-461 The 

potential for an increase in reactivity of levothyroxine, due to a change in its physical form, formed 

the motivation for this work. 

Our work is driven by the following working hypotheses: (i) The crystal structure of levothyroxine 

sodium monohydrate (LSM), different from that of the pentahydrate, explains its high reactivity. 

(ii) In a drug product environment, LSP dehydrates to a lower hydrate, possibly LSM. 

As a first step towards testing this hypothesis, we needed to comprehensively characterize the solid 

phases of levothyroxine. Specifically, the dehydration behavior of LSP, and the composition and 

properties of the product phases had to be understood. We had the following objectives. (i) Identify 

the conditions of formation and stability of the different hydrates of levothyroxine sodium. (ii) 

Understand the changes in crystal structure as the pentahydrate is dehydrated, first to the 

tetrahydrate and then to the monohydrate. (iii) Obtain the crystal structure of LSM. (iv) Use solid 

state nuclear magnetic resonance (ssNMR) to understand the changes in conformation during and 

following the solid state pentahydrate to monohydrate transition.  

A battery of analytical techniques, specifically, differential scanning calorimetry (DSC), 

thermogravimetric analysis (TGA), gravimetric water sorption/desorption, powder X-ray 

diffractometry (XRD; both laboratory and synchrotron sources), and spectroscopy (IR and NMR) 

were used for the comprehensive characterization of the different solid phases of levothyroxine 

sodium. The dehydration phase behavior was monitored by XRD and ssNMR. The crystal structure 

of LSM provided insights into its chemical reactivity. The in situ monohydrate formation, by the 

pentahydrate dehydration, could potentially explain the observed chemical instability of 

levothyroxine sodium. It is instructive to recognize that this change in physical form can occur 

under realistic processing and storage conditions, and can impact the quality of marketed products. 

4.3 Experimental section 

4.3.1 Materials.  

LSP (C15H10I4NNaO4•5H2O) was purchased from Biophore Pharma Inc and was used as received. 

The powder sample was stored in air-tight opaque polyethylene bags in a freezer at -25°C. Drierite® 

(anhydrous calcium sulfate) was purchased from Sigma-Aldrich (St. Louis, MO).  
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4.3.2 Water sorption and desorption analysis.  

Water sorption and desorption studies were performed using an automated water sorption analyzer 

(Q5000 SA, TA Instruments, New Castle, DE). Approximately 5 mg of the powder was placed in 

a quartz sample pan and equilibrated at 50% RH for 1 h at 40°C and a nitrogen flow rate of 200 

mL/min. The RH was raised, at increments of 10%, up to 90%. The RH was then reduced, again in 

decrements of 10%, to 0%. At each RH value, if the mass change (dm/dt) was less than 0.005% in 

15 min, attainment of equilibrium was assumed. The maximum hold time at each RH value was 4 

h. Sorption and desorption studies were also performed at 20 and 25°C with all other parameters as 

discussed above. The data was analyzed using commercial software (Universal Analysis 2000, TA 

Instruments, New Castle, DE). 

4.3.3 Differential scanning calorimetry (DSC).  

A differential scanning calorimeter (model Q2000, TA Instruments, New Castle, DE) equipped 

with a refrigerated cooling accessory was used. The instrument was calibrated with indium. 

Approximately 5 mg sample was hermetically sealed in an aluminum pan with a pinhole. 

Measurements were performed at heating rates of 1, 5 10 and 20°C/min under a nitrogen purge (50 

mL/min). The data was analyzed using commercial software (Universal Analysis 2000, TA 

Instruments).  

4.3.4 Karl fischer titrimetry (KFT).  

The water content in the powder samples was determined using a coulometric titration apparatus 

(Karl Fischer Coulometer C20, Mettler Toledo, Columbus, OH). Approximately 20 mg of the 

powder sample was introduced into the titration cell. The commercially available reagent, 

Hydranal, was used for the experiment. The reported results are the mean of three determinations. 

4.3.5 Thermogravimetric analysis (TGA). 

In a thermogravimetric analyzer (model Q50 TGA, TA Instruments, New Castle, DE), 

approximately 5 mg of the sample was heated in an aluminum pan from 25 to 300°C at 10°C/min 

under dry nitrogen purge (75 mL/min). The TGA data were analyzed using commercial software 

(Universal Analysis 2000, TA Instruments, New Castle, DE). 

4.3.6 Powder X-ray diffractometry (PXRD).  

Data was collected in a diffractometer (D8 Advance; Bruker AXS, Madison, WI) using Cu Kα 

radiation (40 kV × 40 mA) over an angular range of 5−35° 2θ with a step size of 0.02° and a dwell 
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time of 0.5 sec. The instrument was equipped with a variable-temperature stage (TTK 450; Anton 

Paar, Graz- Straßgang, Austria) and a silicon strip one-dimensional detector (LynxEye, Bruker 

AXS, Madison, WI, USA). For the variable temperature experiment, the sample was heated at 

10°C/min to 90°C. Commercially available software (Jade 2010, Materials Data, Livermore, CA) 

was used for data analysis. 

4.3.7 Synchrotron X-ray diffractometry (SXRD).  

Experiments were performed in transmission mode in the 17-BM-B beamline at Argonne National 

Laboratory (Argonne, IL, U.S.A.). A monochromatic circular X-ray beam (wavelength = 0.45256 

Å; beam diameter = 300 μm) and a two- dimensional (2D) area detector (XRD-1621, PerkinElmer) 

were used. A triple-bounce channel-cut Si single-crystal monochromator with [111] faces polished 

was used, which limited the line broadening to its theoretical low limit (i.e., the Darwin width). 

The sample to detector distance was set at 900 mm. Calibration was performed using an Al2O3 

standard (SRM 674a, NIST). Powder samples were hermetically sealed in aluminum pans and the 

diffraction pattern was collected in the transmission mode. Commercially available software (Jade 

2010, Materials Data, Livermore, CA) was used for determining the integrated peak intensities. 

4.3.8 SXRD of LSP tablet.  

LSP powder (200 mg) was filled into a tablet die and held in place with a flat-faced lower punch. 

The powder bed was compressed in a hydraulic press (Carver model C laboratory press, 

Menomonee Falls, WI) to a compression pressure of 177 MPa. The tablet diameter was 8 mm, and 

the thickness was 1 mm. The tablet was placed in a sample chamber maintained at 40°C/0% RH. 

The chamber was made of aluminum, with a removable lid, and contained a sample holder with 

heaters and temperature/ humidity probes. The chamber also had a small air circulating muffin fan 

and glass beakers containing Drierite. Two circular windows were created in the chamber and 

sealed with Kapton tape to permit the entrance and exit of the X-ray beam. This setup allowed us 

to collect the diffraction data, in the transmission mode, while the tablets were stored under the 

desired condition. After 3 h, the chamber was returned to RT (~ 25°C) and the humidity of the 

chamber was increased to 75% RH. This was accomplished by placing a beaker containing 

saturated sodium chloride solution in the sample chamber. XRD patterns were collected over the 

next three hours.386 
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4.3.9 Dehydration of levothyroxine in a drug product environment.  

A physical mixture of LSP and the excipient (1:1 w/w) was prepared, cryomilled for 5 sec and 

stored at 40°C in: (i)  hermetically sealed DSC pans, (ii) chambers maintained at 75% RH and (iii) 

desiccators maintained at 0% RH. The chambers maintained at 0 and 75% RH also contained 

Oxyrase. Samples were collected at day 0, 14 and 28 and characterized using synchrotron XRD as 

previously discussed. 

4.3.10 Single crystal X-ray diffraction.  

A specimen of LSP (approximate dimensions 0.240 x 0.120 x 0.020 mm3) was placed into the 

center of a 200 µm MiTeGen Dual Thickness Microloop™ and mounted on a Bruker-AXS 

VENTURE PHOTON-III diffractometer (APEX3, Bruker Analytical X-ray Systems, Madison, 

WI) for data collection, first  at 178 K for LSP and then at 268 K for LSM. The data collection was 

carried out using MoKα radiation (parabolic mirrors) with a frame time of 6 sec and a detector 

distance of 4.0 cm. A strategy program was used to assure complete coverage of all unique data in 

point group 1 symmetry to a high resolution limit of 0.70 Å. All frames were collected with 1.20° 

step widths. For LSP, a preliminary set of cell constants were calculated from reflections harvested 

from two sets of frames. These initial sets of frames were oriented such that orthogonal wedges of 

reciprocal space were surveyed. The intensity data were corrected for absorption and scaling 

(SADABS, Bruker Analytical X-ray Systems, Madison, WI). Final cell constants were calculated 

from 2739 strong reflections (SAINT Bruker Analytical X-ray Systems, Madison, WI). Once this 

experiment was completed the cryostat temperature was raised to 263 K while repeating the same 

data collection strategy. We hypothesized the specimen could be partially dehydrated in situ from 

LSP to LSM. The reflections became extremely streaky over the next 2 h of data collection. The 

appearance of the reflection data indicated an incomplete conversion to LSM or possibly this 

specimen was damaged beyond providing useful data. The 263 K data was not useful. The 

temperature of the cryostat was then raised to 268 K. While reflections that were streaky rapidly 

coalesced into point-shaped reflections, the high-resolution data were now limited to an 

approximate 0.80 Å resolution. A second unit cell determination using the same method as above 

found the unit cell volume for LSM based on previous XRD experimentation. The data collection 

was started using the same strategy as used above. The LSM crystal form appeared to be stable 

under these conditions for about 1.5 h when further dehydration to the presumed anhydrate turned 

the specimen to “dust”. Both LSP and LSM crystal structures were solved using SHELXT-2014 

and refined using SHELXL-2018. The space group P1 was determined based on absence of 

reflection conditions and non-centrosymmetric intensity statistics. Direct-methods solutions were 
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calculated which provided most non-hydrogen atoms from the E-map. Full-matrix least squares / 

difference Fourier cycles were performed which located the remaining non-hydrogen atoms. All 

non-hydrogen atoms were refined with anisotropic displacement parameters except where 

indicated. All hydrogen atoms were placed in ideal positions and refined as riding atoms with 

relative isotropic displacement parameters unless otherwise stated.462,463 The crystal structure files 

have been submitted to CCDC (Deposition Number for LSP is 2011361 and LSM is 2011362). 

4.3.11 Solid-state nuclear magnetic resonance spectroscopy.  

ssNMR experiments were carried out on a 400 MHz Bruker HD Advance III spectrometer in the 

Biopharmaceutical NMR Laboratory, BNL, at Pharmaceutical Sciences, MRL (Merck & Co., Inc., 

West Point, PA, USA). An HFX magic angle spinning (MAS) probe was tuned to 1H and 13C double 

resonance modes for all one-dimensional (1D) and two dimensional (2D) 13C experiments. Samples 

were packed into 4 mm zirconia rotors and spun at a MAS frequency of 12 kHz. Sample 

temperature was maintained  at 294 K. 1D 13C ramped-amplitude cross polarization (CP) MAS 

spectra were collected under SPINAL-64 heteronuclear decoupling with a 1H decoupling field of 

100 kHz during acquisition. 2D heteronuclear dipolar correlation (HETCOR) between 1H and 13C 

were obtained for chemical shift assignments, as described previously.464 Relatively short (50 ms) 

and long (2000 ms) contact time (τCP) were utilized to establish the 13C and 1H connectivity. 1D 1H 

spectra were obtained from a direct polarization (zg) experiment. Typical pulses were 2.5 µs for 1H 

and 4.0 µs for 13C. A 2 ms of CP contact time and 24.6 ms acquisition time were used in each 

experiment. 1H and 13C chemical shifts were externally referenced to the 1H intensity of water at 

4.70 ppm and 13C signal of α-Gly carbonyl signal at 176.49 ppm. All spectra were processed in 

TopSpin.  

4.3.12 Scanning electron microscopy.  

A field emission gun scanning electron microscope (FEG-SEM), JEOL 6500 equipped with an 

energy dispersive spectrometer (EDS) was used for morphological analyses. It has an operating 

range of 0.5 to 30 kV with an ultimate resolution of 1.5 nm. Secondary electron imaging was used 

for the mapping. The powder sample was sprinkled on an aluminum stub using a double-sided 

adhesive carbon tape (Ted Pella, PELCO Tabs, 12 mm OD, Prod No. 16084-1) and was coated 

with a thin layer (10 nm) of iridium. 
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4.3.13 High pressure liquid chromatography (HPLC).  

To understand the chemical stability of levothyroxine sodium under different storage conditions 

and in the presence of excipients, HPLC analysis was performed. All chromatographic analyses 

were carried out using a Waters Alliance 2695 separations module equipped with degasser, 

quaternary pump, automatic injector, column oven and Waters 2996 Photo diode array detector. 

Separation was achieved using a Zorbax Eclipse XDB analytical column (150 mm x 4.6 mm id) 

with 5 µm particles and C18 stationary phase. The mobile phase was 

acetonitrile:water:trifluoroacetic acid (400:600:0.05) with a flow rate of 1 mL/min. The detector 

wavelength for UV absorption detection was set to 225 nm. The column was maintained at 25°C. 

Data was collected and analyzed using Empower 3 (Waters, PA). All samples were prepared using 

a solution of 0.01 M sodium hydroxide in methanol. The methanolic solution was prepared by 

diluting 1 mL of aqueous 1 M sodium hydroxide solution using methanol with a final volume of 

100 mL.451,457,465 The calibration curve is presented in Supporting Information (Figure 4.11). 

4.4 Results and discussion 

4.4.1 Baseline characterization of LSP.  

The X-ray diffraction pattern of LSP was superimposable on the diffraction pattern reported in the 

literature and the Powder Diffraction Files of the International Centre for Diffraction Data 

(QQQETG01; Supplementary Information, Figure 4.12).2,466 The thermal behavior, characterized 

using DSC and TGA, was in agreement with the literature (Figure 4.1).247,457 The DSC heating 

curve exhibited three endothermic events below 110°C all of them attributable to dehydration and 

vaporization of water. Based on the weight loss of 9.8% observed between RT and ~100°C, there 

is complete dehydration of the pentahydrate. The water content determined by KFT (9.7 ± 0.1% 

w/w) was in agreement with the TGA results. The stoichiometric water content of the pentahydrate 

is 10.1% w/w. Based on the TGA profile, the loss of water appears to be gradual and continuous. 

This is supported by the DSC results, wherein overlapping endotherms were observed.   

Complete dehydration of LSP appears to result in at least a partially amorphous phase. This 

conclusion is based on the appearance of a glass transition (Tg) event at ~ 156°C (Figure 4.1; inset). 

In a separate experiment, the sample was heated to 160°C, cooled to RT and reheated. While all 

the thermal events attributable to dehydration were absent, as expected, the Tg was observed.  The 

overlapping exothermic events, observed at temperatures ≥ 200°C, could be attributed to 

decomposition of levothyroxine sodium.33,164   
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Figure 4.1. DSC and TGA heating curves of LSP. The DSC profile over the temperature 

range of 145 to 180 °C has been expanded in the inset. 

4.4.2 Water sorption analysis.  

The water sorption/desorption behavior of LSP was evaluated isothermally over the RH range of 

90 to 0%, at 20, 25 and 40°C. The pentahydrate was equilibrated at 50% RH and the water vapor 

pressure was progressively increased. This RH was selected since LSP has been reported to undergo 

dehydration only below 50% RH.164 After reaching 90% RH, the water vapor pressure was 

progressively decreased to 0%, and then increased back to 90%, and the weight was continuously 

monitored (Figure 4.2).   

At all the three temperatures, there was no pronounced hysteresis. This becomes very clear when 

the desorption-sorption cycles were repeated several times at 40°C (Figure 4.2; inset). The 

desorption cycle aids in understanding the dehydration behavior of the pentahydrate. At 40°C, the 

total weight change between 90 and 0% RH was ~ 7.9% w/w with a progressive weight loss as the 

vapor pressure was decreased. Starting with the pentahydrate at 90% RH, when the water vapor 

pressure was lowered to 15% RH, the weight loss corresponds to loss of one molecule of water of 

crystallization (~2% w/w) indicating that levothyroxine sodium exists as a tetrahydrate at 

40°C/15% RH. Below 15% RH, the sample exhibits a steep weight change and the total weight loss 

at 40°C/0% RH corresponds to removal of four molecules of water of crystallization (the calculated 

weight loss following dehydration of pentahydrate to monohydrate was 8.1%; the observed weight 
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loss was 7.9%). When the sample was held at 40°C/0% RH for 30 days, no further weight loss was 

observed indicating the resistance of the monohydrate to undergo further dehydration.  

The water desorption/sorption behavior at 20 and 25°C were qualitatively similar to that at 40°C. 

At 20°C, a total weight change of 5.3% was observed between 90 and 0% RH. At 40°C, a much 

higher weight loss of 7.9% was observed. The effect of temperature became pronounced at RH < 

20%. The tetrahydrate formation occurred at 20% RH at 40°C, but only at 10% RH at 20 and 25°C. 

The water desorption-sorption behavior is typical of a channel (or a non-stoichiometric) hydrate.164, 

460 Levothyroxine sodium has been reported to have a ‘layered’ structure with hydrophobic sheets 

composed of levothyroxine and hydrophilic sheets of water along the 001 plane.242 This is discussed 

in a subsequent section dealing with the crystal structures of levothyroxine sodium in different 

states of hydration. 

 

Figure 4.2. Water desorption and sorption behavior of LSP. The inset represents the 

isothermal water sorption/desorption at 40°C. For each cycle, the sample weight at 90% RH 

represents LSP (the starting material). The sample weight at other RH values were scaled 

accordingly. At each temperature, the lower profile was the sorption cycle. 
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4.4.3 Synchrotron XRD.  

The diffraction patterns of the samples following storage under different conditions provided a 

detailed insight into the structural changes following dehydration of LSP. At 40°C/0% RH, we had 

earlier observed ~ 8% weight loss, leading to the formation of the monohydrate (Figure 4.2). The 

XRD pattern, reveals the change in lattice structure following partial dehydration (Figure 4.3). 

Peaks appeared at 9.2, 11.0, 12.0, 12.4 and 14.9° 2θ. Thus, the pentahydrate to monohydrate 

transition is accompanied by a change in the crystal structure. The sharpness of the peaks indicates 

the highly crystalline nature of the monohydrate. However, when heated to 60°C/0% RH for 3 h, 

there was a pronounced change in the XRD pattern. There was also a loss in crystallinity, evident 

from the amorphous halo over the angular range of ~ 19 to 25° 2θ. The water content of LSP, stored 

at 60°C/0% RH for 3 h, was ~ 1% w/w, suggesting that the sample was a mixture of LSM and 

anhydrous levothyroxine sodium. Heating to 85°C for 3 h caused complete dehydration.  Based on 

our limited studies, complete water removal from the lattice by dehydration results in a partially 

crystalline anhydrous phase. This transition is also accompanied by a change in lattice structure. 

Preliminary indexing results of the sample heated to 60°C, revealed lattice contraction. The detailed 

characterization of anhydrous levothyroxine will be the subject of a future publication. Our DSC 

heating curve of the pentahydrate had revealed the appearance of a glass transition event at ~ 156°C 

(Figure 4.1). More comprehensive variable temperature XRD of levothyroxine sodium was 

conducted earlier.164 When the pentahydrate was heated to 110°C, the residual crystallinity was low 

and at 120°C, the sample was X-ray amorphous. Interestingly, no chemical decomposition was 

observed, even in samples heated up to 130°C, revealing the thermal stability of this compound in 

the absence of molecular oxygen. This indicates that while dehydration of levothyroxine sodium is 

essential, it is not sufficient to induce chemical decomposition. 

In another similar experiment performed at the synchrotron source in situ, LSP was compressed 

into a tablet, stored at 40°C/0% RH, and the diffraction patterns were continuously collected 

(Figure 4.4). In comparison to the powder patterns discussed previously, X-ray line broadening is 

observed for the tablets which is attributed to the compression induced loss in crystallinity. 

Following storage at 40°C/0% RH, pentahydrate to monohydrate transition was initiated within 30 

mins and was complete in < 3 h. After 3 h, the chamber was returned to RT (~ 25°C) and the 

humidity of the chamber was increased to 75% RH. The transition back to the pentahydrate, 

initiated within the first hour of exposure to the elevated vapor pressure environment, was complete 

in < 3 h (Figure 4.5). Both the dehydration and rehydration kinetics under the test conditions appear 
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to be similar. Also, the crystallinity of the starting pentahydrate tablet to the rehydrated tablet seems 

comparable indicating no lattice disorder in the sample upon partial dehydration of LSP to LSM. 

In summary, while the monohydrate is crystalline, its complete dehydration results in a reduction 

in sample crystallinity. When the pentahydrate was dehydrated to the anhydrous form by heating 

to 85°C under nitrogen purge (in a powder diffractometer) and then exposed to 75% RH (at RT), it 

quickly regained moisture to convert to the stable pentahydrate but with a lower sample crystallinity 

(data not shown). Thus, the different hydration states are readily reversible. In another study, XRD 

data were collected, at 10°C intervals, when LSP was heated up to 130°C. Above 85°C, there was 

incremental lattice disorder with completely X-ray amorphous material observed at 120°C 

(Supporting information; Figure 4.13).164 

 

 

Figure 4.3. Diffraction patterns of LSP and samples analyzed following storage of LSP at 

different temperature/RH conditions for 3 h. The bottom pattern is that of ‘as is’ LSP. While 

the XRD patterns were obtained using synchrotron radiation (0.45256 Å), they were 

converted to Cu Kα radiation (1.54 Å), so as to enable direct comparison with the reference 

patterns. The XRD patterns of LSP obtained following long term storage at 40°C/75% RH is 

presented in the supporting information (Figure 4.14). 
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Figure 4.4. XRD patterns of an ‘as is’ LSP tablet stored at 40°C/0% RH for three hours. The 

experiment was performed using the temperature/humidity controlled chamber placed in the 

path of synchrotron beam. Selected angular ranges, where some of the characteristic peaks 

of LSP and LSM are observed, are highlighted. The topmost and bottommost diffraction 

patterns are the calculated diffraction patterns of LSM and LSP respectively. In an effort to 

maintain clarity, only diffraction patterns at selected time points are shown. 

4.4.4 Single crystal XRD.  

In order to elucidate the changes in the crystal lattice upon dehydration, the crystal structures of 

LSP and LSM were obtained. Crystals of LSP were grown by slow evaporation of a methanolic 

solution of levothyroxine sodium under ambient conditions. It is interesting that the salt crystallized 

as a pentahydrate, by incorporating water vapor from the atmosphere into the crystal lattice. The 

crystals were colorless, plate shaped and strongly birefringent (Supporting information; Figure 

4.16, 4.17 and Figure 4.18).  

LSP has a triclinic unit cell with the space group P1 and the unit cell parameters were in accordance 

with literature reports.242,466 The unit cell volume at 178 K was 1206.4(8) Å3. The LSP structure is 

perhaps better understood as the putative levothyroxine sodium tetrahydrate (LST) with two non-

coordinated solvent water molecules within the hydrophilic region.242 Figure 4.6 (a) depicts the 
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structural features of LSP. The central hexa-coordinated sodium cation and the aromatic portions 

of the thyroxine molecules have pseudo-inversion symmetry. The glycine fragments of the 

thyroxine molecules and the penta-coordinated sodium cation of Na2 break this pseudo-symmetry. 

The carboxylic acid functional groups coordinate Na1 at cis-positions while four water molecules 

fill the remainder of the coordination sphere. One water molecule OW4 bridges Na1 to Na2. The 

second sodium cation is found penta-coordinated with four terminal water molecules. The present 

structure is in agreement with the previous reports,242 with the exception of data collection 

temperature. At 178 K few N-H and O-H donor hydrogen atoms were located unambiguously in 

the difference Fourier map. Most were placed by inference based on these local hydrogen bond 

donor-acceptor environments. The N-H hydrogen atoms were refined positionally while 

maintaining a riding isotropic displacement relative to the host nitrogen atom. The water oxygen 

atoms exhibiting large anisotropic displacements were modelled in two disordered groups in the 

ratio of 0.69(3):0.31(3) with constrained isotropic displacements for the final model.  

 

Figure 4.5. XRD patterns of levothyroxine sodium tablet stored at RT/75% RH for three 

hours. Before this experiment, LSP tablets had been stored at 40°C/0% RH for three hours. 

The results were presented in Figure 4.4. In a continuing experiment, the storage conditions 

were changed to RT/75% RH and the XRD patterns were collected. Selected angular ranges, 

where some of the characteristic peaks of LSP and LSM are observed, are highlighted. The 
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calculated diffraction patterns of LSP and LSM are also provided (Supporting information; 

Figure 4.15). The experiment was performed using the temperature/humidity controlled 

chamber placed in the path of synchrotron beam. 

The loss of two solvent water molecules leads to the appearance of the putative LST at 40°C/15% 

RH in the water desorption curve. Since these water molecules are not coordinated with the sodium 

cations, their loss leads only to the collapse of water channels.242 The water desorption curve 

appears to have a discontinuity whereby water loss accelerates in the continuum between LSP and 

LSM. We believe this water loss occurred while we monitored the diffraction experiment in the 

263–268 K range resulting in the formation of LSM shown in Figure 4.6(b). 

The thyroxine portions of the LSM crystal structure are similar to LSP with some flexing of 

torsional angles. Eight water molecules are lost as LSM forms with a reshuffling of some hydrogen 

bonds. There is a 64.1 Å3 decrease in the volume of the unit cell due to this phase transition (Table 

4.1). The crystal structures of both LSP and LSM are uncommon in the coordination environments 

of the sodium cations to the carboxylate groups. In LSP, the alanine side chains on both molecules 

are coordinated to the same sodium cation, which in turn is bonded to the second sodium cations 

via a lone bridging water molecule. This structure isolates the -Na(H2O)5 cation fragment away 

from the thyroxine carboxylate groups. When water leaves the crystal lattice to form LSM, the two 

sodium cations and the thyroxine carboxylate groups transform to a bridged rhomboid-like 

assembly with each sodium cation coordinated directly to different water molecules. In LSP, the 

sodium cations were five- and six-fold coordinated. However, upon loss of water, the sodium 

cations, carboxylate groups and remaining coordinated water molecules reconstruct to form a 

coordinately unsaturated structure leaving the sodium cations three- and four-fold coordinated. An 

interesting feature of LSM is the disorder of one of the sodium cations(Na2/Na2’) resulting in its 

partial occupancy in two different sites in the structure. This is illustrated in Figure 4.7 where the 

closest contacts to neighboring atoms for both Na2’ are shown. The partial occupancies of Na2 and 

Na2’ refine to a 0.69(3):0.31(3) ratio. Figure 4.7 illustrates these coordination environments. Na2’ 

is within a void where the penta-coordinated Na2 was located in the LSP structure. As a test, if the 

partially-occupied Na2’ atom is removed from the crystal structure, then PLATON/SOLV467 test 

finds the increase in void space is approximately 24.5 Å3 while Na2’ makes no significant contacts 

with any oxygen atoms. This suggests it is disordered within this void space. A search of the CSD468 

found no similar crystal structures containing two sodium cations, two carboxylic acid groups and 

only two water molecules in a similar arrangement comparable to LSM. This structure appears to 
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have unique coordination geometry not found elsewhere in the literature. These two disordered 

sodium positions are 1.629 Å apart. 

An increase in the chemical reactivity was observed following storage of LSP at RT/0% RH.457 We 

had observed LSM formation under these conditions (Figure 4.2). By combining these two 

observations one can conclude that the monohydrate is chemically more reactive than the 

pentahydrate. The lattice structure, in these two hydration states, can explain the reactivity 

difference. In the asymmetric unit of LSP, the coordination number of one sodium cations is 5 and 

the second is 6. However, in LSM, the coordination numbers of the sodium cations are reduced to 

3 and 4. The reduction in the coordination numbers of the sodium cations coupled with the 

conformational changes in the asymmetric unit, increase the risk for the sodium cations to be in 

close proximity to the oxidizable amino (NH2) group, effectively activating the reaction of the 

amino group with atmospheric O2. It is known that in sodium salts with easily oxidizable anions, 

the cation can activate this oxidation process, perhaps by initial weak coordination to the O2 

followed by rapid electron transfer to the anion.469,470 

The lattice modifications following the water loss can also explain the increased chemical 

reactivity. Following dehydration, oxygen can occupy “vacated channels” which were earlier 

occupied by water molecules in LSP. In other words, the water molecules in the LSP lattice exerted 

a “protective” effect and resisted interaction with oxygen. Following water loss and formation of 

LSM, the lattice is rendered “porous and less protected” thereby enabling interaction with oxygen. 

The crystal packing of LSP and LSM is provided in the supporting information (Figure 4.19). The 

vacated channel theory has been proposed recently.164  
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Figure 4.6. (a) LSP is displayed with anisotropic displacements drawn at 50% probability for 

all atoms except for water oxygens coordinated to Na2 which are drawn with isotropic 

displacements. The minor occupancy of these water molecules are omitted as well as all 

hydrogen atoms and both solvent water molecules. Atoms shaded in red break the pseudo-

inversion symmetry of the two thyroxine molecules. (b) LSM is displayed with anisotropic 

displacements drawn at 50% probability for all atoms. The minor occupancy sites of the 

disordered sodium cation as well as all hydrogen atoms are omitted for clarity.211 
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Figure 4.7. LSM is displayed in a ball and stick drawing to illustrate the non-bonded contacts 

(Å) found for Na2’. The non-bonding contacts between the two LSM residues above Na2’ are 

also shown. One contact is omitted for clarity that overlaps in the foreground: Na2’··· O8 (x, 

y, z-1)  = 2.943 Å. The residue at the bottom illustrates the bonding for the major occupancy 

for Na2.211 
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Table 4.1. Crystal data and structure refinement for LSP and LSM. 

  



 97 

4.4.5 ssNMR of LSP and the dehydrated samples.  

NMR chemical shifts are sensitive to the surrounding electronic environment and therefore are 

often utilized to probe structural changes of small organic molecules in both crystalline and 

amorphous forms.471-474 XRD revealed structural differences between LSP and LSM. In this 

section, we utilize 1H and 13C ssNMR, as an orthogonal technique to X-ray, to investigate the 

dehydration induced structural perturbation of LSP from RT to 80°C at 0% RH. The chemical 

structure of LSP and its representative 2D 13C-1H HETCOR spectra are shown in Figure 4.8(a) and 

Figure 4.20, respectively. In the 2D spectra, 1D 13C and 1H spectra are exhibited as projections in 

direct and indirect dimensions, respectively. The sample for 2D spectra (Supporting Information; 

Figure 4.20) is LSP powder stored at 40°C/0% RH for 3 h, the condition to cause LSP  LSM 

transition. The 2D experiments facilitated the 13C resonance assignments, which are critical for 

probing site-specific structural details.475 For example, the C1 shows correlations with aliphatic 

protons (H2/3) at a short mixing time at 50 ms and with aromatic protons at a relatively long contact 

time at 2000 ms. 

Two sets of 13C peaks are observed as expected since two LSP molecules in an asymmetric unit are 

non-identical and are known to exist in different conformations as shown in Figure 4.6.476-478 

Tentative 13C assignments are based on a solution NMR study479 and a combination of 1D 13C and 

2D 13C-1H correlation experiments, as previously described.464 2D spectra observe mostly one-bond 

correlations when utilizing a short CP transfer time (τCP) at 50 ms and demonstrate multi-bond 

connectivity at a relatively long 2000 ms transfer. 

Table 4.2, in the supporting information, summarizes the chemical shifts of LSP stored at RT/0% 

RH and 85°C/0% RH. For example, the peaks at 175.9 and 173.5 ppm are attributed to the 

carboxylate carbons (C1). The peaks between 36.0 and 35.4 ppm are ascribed to the aliphatic side 

chain carbon (C2) directly bonded to the carboxylate and amine groups, while the peaks at 57.7 

and 55.8 ppm are due to the aliphatic carbon (C3) attached to the tyrosine ring.  
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Figure 4.8. (a) Chemical structure of LSP. (b) 1D 1H spectra of LSP powder and samples 

stored under different temperatures at 0% RH for 3 h. 1H spectra are normalized by aromatic 

peaks of LSP at approximately 5-10 ppm. Note the gradually decreased intensity of the sharp 

water peak at ~ 4.55 ppm for samples stored at higher temperatures. (c e) 1D 13C spectra of 

LSP powder and samples stored under different temperatures (0% RH) for 3 h. (c) Full 

spectra; and enlarged spectra of C1 (d) and C3 (e). Note the two sets of peaks from the two 

conformers in the crystalline lattice. The corresponding XRD patterns under these conditions 

are provided in Figure 4.3.  
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As-received LSP samples are stored at RT, 40°C, 60°C and 80°C in the desiccator (0% RH) for 3 

hrs. The decreasing intensity of the water peak at approximately 4.39 ppm identifies the 

dehydration process, as shown in Figure 4.8(b). Specifically, the water peak gradually decreased 

when storing at higher temperatures and is significantly suppressed in the sample stressed at 80°C 

(i.e. a partially crystalline anhydrous phase). To elaborate the site-specific conformational change, 

we examine the 13C chemical shift changes of these stressed samples in Figure 4.8 (c-e). The 

comparison indicates that the spectra of as-received LSP (red) and the one stored at RT (green) 

were very similar, despite the water loss. Discernible peak shifts start to appear, e.g. for C1 (b) and 

C3 (c), when dehydrating at 40°C and 60°C. Additional peaks are observed at 52.2 ppm and 29.6 

ppm for the sample stored at 60°C (dark orange). Complete dehydration of LSP, observed following 

storage at 80°C (discussed earlier in the context of Figure 4.3), caused a more significant change 

in the 13C NMR spectrum. This includes global chemical shift changes and additional peaks in the 

aromatic region. Moreover, samples stored up to 60°C show the relatively narrow peaks in 13C 

spectra, suggesting high crystallinity. The spectrum of the fully dehydrated sample (80°C) exhibits 

observable broad baseline, e.g. in the aromatic region from 120 to 160 ppm, suggesting minor 

contents of conformational disorder. It is instructive to point out the similar pronounced changes in 

the XRD patterns when the LSP was heated to 80°C (Figure 4.3). We are currently using X-ray 

diffraction and ssNMR coupled with a simulated annealing approach to obtain the structure of 

anhydrous levothyroxine sodium.  

The chemical shift differences (ΔCS), or peak splitting, of the two conformers of LSP samples 

stored at RT and 85°C are included in the supporting information (Table 4.3), and examples of ΔCS 

values, under all dehydration conditions, are plotted in Figure 4.9. First of all, the pentahydrate to 

monohydrate transition at 40°C has induced minor spectral changes, e.g. the Δ chemical shift of C2 

and C3 in Figure 4.9. Moreover, the three aliphatic side chain carbons (C1, C2 and C3) and an 

aromatic carbon (C5) show pronounced changes in the chemical shift differences between the two 

conformers upon full dehydration at 80°C. For most other carbons, e.g. C7, C10, C13 and C12, 

C14, the peak splitting values are similar to that of the as-received samples. It is noteworthy that 

C1, C2 and C3 carbons are in close proximity to the bonded water molecules. Hence, it is not 

surprising that they are expected to experience pronounced changes in the chemical environment 

(and hence, chemical shifts) upon dehydration of the crystal lattice.  

The changes in the peak positions for all carbon atoms can also be explained by the high 

conformational flexibility of the molecules.480-482 For example, the conformational difference of 

dihydropyridine variants are observed by 13C peak splitting in a combined X-ray and ssNMR 

study.483 Previous studies of levothyroxine have indicated the existence of two different 
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conformations for the biological “free” or unionized form.476,477 These conformations differ in the 

orientation of the diiodophenyl ring with respect to the amine group (cisoid and transoid 

conformers). In our study, examples of torsion angle differences between LSM and LSP are 

measured from the crystalline structures in Figure 4.6 and summarized in Table 4.2. The torsion 

angle χ[N1-C2-C1-O1] exhibits the largest change by 20.9°, confirming the conformational change 

as a result of the distinct proximity to sodium cations and water molecules. A future study, where 

LSP is subjected to controlled temperatures and humidity conditions in the NMR magnet, can 

provide insight into the conformational change under in situ conditions.484,485 

 

Figure 4.9. 13C chemical shift differences (Δ) of the two conformers in the crystalline lattice 

for C1, C3, C5, C7, C10, C13, and C12, C14 in the spectra of LSP powder samples stored at 

different temperatures (at 0% RH) for 3 h. 
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Table 4.2. Conformational perturbations as observed from the different torsional angles (χ) 

between LSP and LSM. 

Torsion angles 

(χ) 

LSP 

(degrees) 

LSM 

(degrees) 

Δ χ 

(degrees) 

N1-C2-C1-O1 -49.4 -70.3 20.9 

N1-C2-C3-C4 -161.9 -160.5 -1.4 

C1-C2-C3-C4 75.8 77.7 -1.9 

C2-C3-C4-C5 80.6 79.3 1.3 

C6-C7-O3-C10 73.8 83.3 -9.5 

C7-O3-C10-C11 -144.2 -149.2 5.0 

 

4.4.6 Evaluating the physical stability of LSP in a “drug product” environment. 

As discussed, LSP undergoes partial dehydration to the monohydrate under conditions that are 

realistic, and reflective of pharmaceutical processing and drug product storage (Figures 4.3-4.5). 

Previous studies have postulated that the formation of the monohydrate will precede chemical 

decomposition of the API in the formulated drug product.457  

Recently, there have been reports of modifications in levothyroxine formulations including the 

addition of citric acid, an acidic excipient.258,486  Therefore, our interest was to study the influence 

of an acidic, highly crystalline and hygroscopic excipient on the phase behavior of LSP. We also 

wanted to check the possibility of moisture transfer from LSP to the excipient. Such a transfer could 

result in the formation of LSM in the drug product. The in situ formation of LSM could plausibly 

explain the chemical instability and product recall reported in commercial levothyroxine 

formulations.   

The first excipient of interest was citric acid. Unfortunately, citric acid is characterized by a low 

deliquescence RH (75% RH at 25°C).487 Thus, its tendency for pronounced water sorption at RH ≥ 

75%, could pose problems in our experimental work. On the other hand oxalic acid had the 

attributes desired in an excipient. Oxalic acid,  undergoes deliquescence at a much higher RH > 

98% (20°C).488,489 Oxalic acid, depending on the water vapor pressure in the atmosphere, exists 

either in the anhydrous form or as a dihydrate (at RT). Oxalic acid anhydrate is known to transition 
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to the dihydrate form at RH ≥ 12% (20°C).488,490 Oxalic acid was therefore used as the model acidic 

excipient. Thus, in a LSP-oxalic acid mixture, there is potential for water transfer from the drug to 

the excipient. 

In an effort to simulate a drug-excipient mixture in a tablet formulation, a physical mixture of LSP 

and oxalic acid (1:1 w/w) was prepared and stored at 40°C in a hermetically sealed pan. In this 

“closed” setup, any water released by the dehydration of LSP will not be able to leave the pan and 

will increase the RH of the headspace. The oxalic acid can sorb the water and transform to the 

dihydrate. If this process continues, there will be continuous moisture transfer from the drug to the 

excipient.  

When LSP-oxalic acid mixture was stored in a hermetically sealed pan, LSP rapidly transformed 

to LSM within 14 days (Figure 4.10). It is evident from Figure 4.2 that if the headspace RH is < 

20% (40°C), there will be rapid dehydration of LSP. We therefore postulate that, when the LSP – 

oxalic acid mixture was placed in a pan and sealed hermetically and stored at 40°C, the initial 

headspace RH was < 20%.  This low RH would have triggered the dehydration of LSP.  The water 

released by the dehydration of LSP, would raise the headspace RH in the hermetic pan. The 

anhydrous oxalic acid is expected to sorb the water from the headspace. Oxalic acid anhydrate is 

known to transition to the dihydrate form at RH ≥ 20% (5°C).488 Thus there would be a continuous 

transfer of water from levothyroxine to oxalic acid as is evident from Figure 4.10. The data indicates 

physical transformation in both the API (i.e. LSP  LSM) and the excipient (oxalic acid to oxalic 

acid dihydrate). LSP is characterized by unique peak at 5.6° 2θ. After 14 days, this peak disappeared 

and characteristic LSM peak appeared at 6.5° 2θ. Oxalic acid anhydrate to dihydrate transition is 

evident from the disappearance of the peaks at 23.5 and 18.5° 2θ, and appearance of peaks of 14.98 

and 18.78° 2θ. Thus, we observe partial dehydration of the API and hydrate formation in the 

excipient. It is noteworthy that this moisture transfer and incorporation of water in the lattice of the 

excipient occurs in a ‘static’ environment as the physical mixture was sealed hermetically in a DSC 

pan. The dehydration can be expected to be faster and more pronounced in an actual formulation 

due to the very low API concentration. 

The conversion of LSP  LSM cannot be identified using conventional solution based assays. The 

liquid chromatographic methods, conventionally used to assess the chemical stability of 

levothyroxine, cannot distinguish between the different physical forms of levothyroxine sodium. 

There was no detectable chemical decomposition following storage in a hermetically sealed pan 

after 28 days.  
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Figure 4.10. Overlay of XRD patterns of physical mixtures prepared using LSP and oxalic 

acid (1:1 w/w), and stored in hermetically sealed pans at 40°C. Dotted lines and solid lines 

represent characteristic peaks of oxalic acid and oxalic acid dihydrate, respectively. 

4.5 Significance 

As discussed in the Introduction section, the chemical stability of levothyroxine appears to be 

governed by its physical form.164,457 LSP resisted oxidation under elevated temperature and water 

vapor pressure (60°C/75% RH). However, when dehydrated, it underwent oxidative decomposition 

even at RT. These results suggest that the chemical decomposition is preceded by dehydration of 

LSP. Therefore, the goal of our work was to understand, at a structural and molecular level, the 

high reactivity of the dehydrated product of LSP and identify conditions of LSP dehydration. 

In this work, we have characterized a new crystal form of levothyroxine sodium, levothyroxine 

sodium monohydrate (LSM). Under “modest” and realistic storage conditions of 40°C/0% RH, the 

pentahydrate to monohydrate transition occurred in < 3 h. It is noteworthy that the crystal structures 

of the two forms are different. The crystal structure of the monohydrate provides insights into its 

high chemical reactivity. The increased reactivity of LSM can be explained by one or more 

mechanisms: (i) oxygen occupying the sites previously held by water, (ii) a decrease in the 

coordination number of sodium cations, and (iii) dehydration-induced conformation changes in the 

molecule resulting in an increased propensity of the amino moiety to undergo oxidation.  
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It is clear from our studies that the LSP  LSM can occur in the final drug product (for example, 

tablets). In a drug product this may occur under two conditions: (i) If the LSP particles “perceive” 

a dry microenvironment. (ii) The LSP particles are in intimate contact with hygroscopic excipients. 

While we observed dehydration in presence of anhydrous oxalic acid, several other excipients are 

known to be hygroscopic. This includes superdisintegrants, diluents and binders.490 

If LSM appears to be necessary for chemical decomposition, our efforts can be directed towards 

preventing dehydration of the active in drug products. It is well known that the concentration of 

levothyroxine sodium in drug products is low. This presents challenges but also provides 

opportunities for formulation modifications. The major challenge with formulating a low dose API 

is the high excipient burden which means that the excipients will govern the formulation properties. 

Hence, stable drug product design mandates diligence in excipient selection. Excipients promoting 

dehydration of the API must be avoided. Strategies such as surface coatings for API particles can 

also be explored to mitigate the risk of dehydration. 

4.6 Conclusions 

Levothyroxine sodium pentahydrate (LSP) is the standard treatment option for patients suffering 

from hypothyroidism. However, there is a limited understanding of the physical and chemical 

stability of LSP, leading to continued product recalls. The present work evaluated changes in the 

physical form of LSP under varying conditions of temperature and vapor pressure. Our X-ray 

diffraction results indicate a change in the crystal structure of levothyroxine sodium upon 

dehydration of the pentahydrate salt to the monohydrate form (LSM) at 40°C/0% RH. LSM has a 

higher chemical reactivity than LSP. The formation of LSM in a drug product is therefore 

detrimental to its chemical stability. This work underlines the importance of comprehensive 

physical form characterization in preformulation and formulation development. 
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4.7 Supporting information 

 

Figure 4.11. HPLC calibration curve for LSP prepared by dissolving LSP in an alkaline 

methanolic solution (discussed in depth in materials and methods).  

 

Figure 4.12. Reported and experimental X-ray diffraction pattern of levothyroxine sodium 

pentahydrate (LSP).466 
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Figure 4.13. Hot stage microscopy of LSP crystals. 

 

 

Figure 4.14. Overlay of the XRD patterns of LSP stored at 40°C/75% RH. 
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Figure 4.15. Calculated powder diffraction patterns for LSP and LSM. The powder patterns 

have been calculated in Mercury using the experimentally generated single crystal files. The 

pattern of LSP generated from the single crystal file shows an excellent overlap with the 

powder patterns (reported and experimental) shown in Figure 4.12. 

 

 

Figure 4.16. Optical and polarized light microscopic images of LSP. 
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Figure 4.17. SEM images of LSP crystallized using methanol. 

 

 

Figure 4.18. ATR-FTIR spectrum of LSP. 

The broad band, in the  3200 and 3500 cm-1 region, represents the O-H stretching vibration due to 

the water of crystallization. The ether between the two aromatic rings is present at 1232 cm-1. The 

stretching vibration for the C-O group appears between 1230-1140 cm-1 and the in plane 

deformation for the O-H group appear between 1410 and 1310 cm-1. The characteristic asymmetric 

stretching and symmetric stretching vibration for the carboxylate anion appears around 1580 cm-1 

and 1395 cm-1 respectively. Vibrations for the N-H and C-N group appear around 3400-3200 cm-1  

and 1054 cm-1, respectively. The N-H bending is observed at 1630 cm-1.   
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Figure 4.19. Crystal packing of LSP (a) and LSM (b). 

In these multiple unit cell views, LSP has hydrophilic planes (010) separated by the hydrophobic 

regions made up of the aromatic groups along the c-axis. Water can easily be desorbed parallel 

to the a- and b-axes. LSM retains the same hydrophilic and hydrophobic regions, but it is 

noticeably less dense. Water can be readily sorbed to reform LSP or desorbed to form LSA. 
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Figure 4.20. Representative 2D 13C-1H HETCOR spectra of LSP, with 1D 13C and 1H spectra 

shown as projections in direct and indirect dimensions, respectively.   
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Table 4.3. 13C chemical shifts (CS) of LSP samples stored at RT/0% RH and 85°C/0% RH, 

and the chemical shift differences (ΔCS) of the two conformers for each carbon. 

  

Carbon No. 

RT/0%RH 85°C /0%RH 

CS (ppm) ΔCS (ppm) CS (ppm) ΔCS (ppm) 

1 175.9, 173.5 2.4 176.5, 172.2 4.3 

2 57.7, 55.8 1.9 58.2, 54.7 3.5 

3 36.0, 35.4 0.6 36.2, 34.0 2.2 

4 134.1, 133.3 0.8 134.7, 133.4 1.3 

5 143.1, 142.4 0.7 146.1, 143.4 2.7 

6, 8 94.2, 93.4 0.8 93.4, 92.8 0.6 

7 158.0, 157.3 0.7 157.4, 156.9 0.5 

9 137.9, 136.3 1.6 137.3, 136.4 0.9 

10 154.5, 154.1 0.4 155.0, 154.2 0.8 

11, 15 126.1, 125.4 0.7 126.4, 125.2 1.2 

12, 14 90.0, 88.5 1.5 90.3, 89.4 0.9 

13 147.3, 146.7 0.6 146.5, 146.1 0.4 
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CHAPTER 5 
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Chapter 5. Investigating the influence of excipients on the stability of levothyroxine sodium 

pentahydrate. 

*Reprinted with permission from Kaur, N., & Suryanarayanan, R. Investigating the Influence of 

Excipients on the Stability of Levothyroxine Sodium Pentahydrate. Mol Pharm. Copyright (2021) 

American Chemical Society. 

5.1 Synopsis 

A range of tablet excipients were evaluated for their influence on the physical form and chemical 

stability of levothyroxine sodium pentahydrate (LSP; C15H10I4NNaO4•5H2O). LSP-excipient binary 

powder blends were stored under two conditions – (a) in hermetically sealed containers at 40°C, 

and (b) at 40°C/75% RH. Using synchrotron X-ray diffractometry (XRD), the disappearance of 

LSP could be quantified and the appearance of crystalline levothyroxine (free acid) could be 

identified. Under hermetically sealed conditions (40°C), hygroscopic excipients such as povidone 

induced partial dehydration of LSP to form levothyroxine sodium monohydrate (LSM). When 

stored at 40°C/75% RH, acidic excipients induced measurable disproportionation of LSP resulting 

in the formation of levothyroxine (free acid). HPLC analyses of drug-excipient mixtures revealed 

that lactose monohydrate, microcrystalline cellulose and croscarmellose sodium caused 

pronounced chemical decomposition of LSP. On the other hand, magnesium stearate, sodium 

stearyl fumarate and alkaline pH modifiers did not affect the physical and chemical stability of the 

API following storage at 40°C/75% RH. HPLC, being a solution based technique, revealed 

chemical decomposition of the API but the technique was insensitive to physical transformations. 

Excipient properties such as hygroscopicity and microenvironmental acidity were identified to be 

critical determinants of both physical and chemical stability of LSP in a drug product. For drugs 

exhibiting both physical and chemical transformations, simultaneous solid-state and solution based 

analyses will enable comprehensive stability evaluation. 

5.2 Introduction 

Levothyroxine is the synthetic form of the endogenous hormone, thyroxine (T4), which regulates 

numerous physiological, metabolic, cardiovascular and neurological functions. In instances of 

hypothyroidism, patients require levothyroxine supplementation, often via oral 

administration.442,491,492 Levothyroxine is typically administered as immediate release tablets of 

levothyroxine sodium pentahydrate (LSP). It is a low dose drug with levothyroxine sodium content 

ranging from 25 to 300 μg per tablet.493-496 It is also a narrow therapeutic index drug, thereby 
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mandating precision and accuracy in the amount of drug administered to the patient.15,55,181,275,497-

500 

Levothyroxine is one of most prescribed drugs in the United States.501 However, the active 

pharmaceutical ingredient (API) can be unstable in drug products. Since its first introduction into 

the US market in 1955, there have been numerous instances of recalls of LSP tablets. These were 

predominantly due to chemical instability of the API and content non-uniformity in tablets.134-144 

In an effort to reduce the variability in quality across manufacturers, in 2007, the FDA tightened 

the assay specifications for levothyroxine tablets from 100 ± 10% to 100 ± 5% of the labelled 

amount.156,158 There continue to be market recalls of the product due to unacceptable levels of 

chemical decomposition of the API in the formulation.131,502,503  

The physical and chemical stability of LSP ‘as is’ and in marketed drug products has been the 

subject of numerous publications.164-166,247,456,504 Levothyroxine is sensitive to chemical 

decomposition by light, pH, temperature, water and oxygen. The solution state chemical stability 

of LSP is influenced by pH and temperature with high levels of decomposition observed as the 

temperature is raised and the pH of the solution is decreased. The ability of lattice water to prevent 

oxidative decomposition of LSP in the solid-state has been the subject of multiple 

investigations.165,245 Loss of lattice water led to instability of the API in the drug product. A recent 

study by Kaur et al504 revealed changes in the crystal structure following partial dehydration of LSP 

to levothyroxine sodium monohydrate (LSM), and its consequent influence on chemical stability 

in the solid-state. LSP dehydrated under “modest” storage conditions. For example, when it was 

stored (‘as is’) at 40°C/0% RH, or as a physical mixture with hygroscopic excipients in hermetically 

sealed containers at 40°C. 

In addition to formation of LSM, there is risk of disproportionation of the sodium salt to the free 

acid form of levothyroxine in the solid-state. Salt disproportionation is a solution mediated reaction 

and is expected to occur at the sorbed water interface between the drug and excipient particles in 

the formulation. As the microenvironmental acidity at the particle interface drops below the pHmax 

of LSP (9.05), there is potential for the sodium salt (anion) to convert to the free acid (unionized 

form).505 pHmax is defined as the pH of maximum solubility (in the solution state) and at pHmax, the 

salt and free acid coexist in equilibrium. For salts of weak acids (such as LSP), if the pH of the 

microenvironment drops below the pHmax, salt disproportionation will occur. In the presence of 

routinely used excipients, disproportionation of salts in the solid-state has been documented.506 The 

risk of excipient-induced salt disproportionation is especially high in the present case since 

excipients essentially constitute the entire dosage form. We believe that this is the first report of 

salt disproportionation in LSP tablets. There is abundant evidence of the detrimental effect of salt 
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disproportionation on drug product performance.9,11,381,507 Changes in the solid form during product 

development and storage also indicate a loss of regulatory process control. 

It is well recognized that the excipients can have a significant impact on API stability in a drug 

product.508-510 API-excipient incompatibility or interaction, during manufacture or shelf storage, 

can result in product failure. The potential for dehydration or disproportionation of LSP in a drug 

product mandates a detailed investigation. The USP assay of LSP is a solution based HPLC method 

wherein the drug is dissolved in a methanolic sodium hydroxide solution.214 Dissolution of the API 

leads to complete loss of the solid-state information of interest. Additionally, dissolution in an 

alkaline medium will convert any free acid, which may have formed due to disproportionation of 

LSP, to the ionized form. Hence, both dehydration and salt disproportionation reactions will go 

undetected with the official HPLC method used for levothyroxine assay.  

The chemical stability of LSP in solid dosage forms was studied in 2003 by Patel et al.166 The API 

‘as is’ was stable under accelerated stability testing conditions (40°C/75% RH) for 6 months. 

However, it exhibited pronounced chemical decomposition in the presence of numerous diluents 

(microcrystalline cellulose, dibasic calcium phosphate, lactose, mannitol and starch). Excipient 

hygroscopicity and microenvironmental acidity were reported to be critical determinants of API 

instability. In another work, API-excipient compatibility testing was performed using binary 

mixtures with an API to excipient weight ratio ranging between 1:1 and 1:100 w/w. The authors 

concluded that povidone, crospovidone and sodium lauryl sulfate (SLS), due to their 

hygroscopicity, induced pronounced API decomposition. While numerous excipients were studied, 

the work had some limitations which render its extrapolation to actual formulations challenging. 

The binary mixtures contained “excess” water and were stored at 60°C. Under the proposed test 

conditions, even the ‘as is’ API exhibited pronounced decomposition.247   

There is a limited understanding of the influence of formulation composition, processing and 

storage conditions on the stability of LSP in a drug product. The goal of our work is to 

systematically investigate and understand the influence of excipients and storage conditions on the 

physical and chemical stability of LSP in solid oral dosage forms (tablets). Recent reports have 

indicated that physical form transformation (specifically dehydration) precedes oxidative 

decomposition of LSP.165 Such a phase transformation of the API in a drug product can often reflect 

inappropriate formulation composition or poor process control, and will therefore warrant 

investigation. In this report, the physical stability is discussed in the context of the different 

hydration states of levothyroxine sodium and its disproportionation to form levothyroxine free acid. 

Our work is driven by the following working hypothesis: (i) In the presence of commonly used 

tableting excipients, LSP can undergo changes in its physical form, such as partial dehydration and 
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salt disproportionation. The physical instability of LSP is governed by excipient properties such as 

hygroscopicity and surface acidity. (ii) Physical transformation is the prelude to the chemical 

decomposition of levothyroxine. 

To test the hypothesis, binary powder mixtures of LSP with a range of excipients were stored (i) at 

40°C/75% RH and (ii) at 40°C in hermetically sealed pans. The storage in hermetically sealed pans 

simulates an actual drug product environment and enables an investigation of phase transformations 

such as moisture transfer from the API to the hygroscopic excipient. Storage under accelerated 

stability testing conditions provides an avenue to investigate salt disproportionation – a water 

mediated reaction. Storage of samples under these conditions also enable an accelerated evaluation 

of chemical stability of the API in presence of excipients.  

The physical stability of the API in the powder blends was evaluated using synchrotron X-ray 

diffractometry (SXRD). Additionally, HPLC was performed to evaluate the chemical stability of 

LSP in binary mixtures. While SXRD provides information on the different physical forms of LSP 

(different hydration states) and the free acid form of levothyroxine, the HPLC method is designed 

to quantify the chemical decomposition of the active ingredient. We had the following objectives: 

(i) evaluate changes in the physical form of LSP when present as a mixture with excipients, (ii) 

quantify the chemical stability of LSP under accelerated stability testing conditions using both 

SXRD and HPLC and finally, (iii) assess the role of excipient properties (hygroscopicity and 

microenvironmental acidity) on the stability of LSP. 

5.3 Experimental section 

5.3.1 Materials.  

Levothyroxine sodium pentahydrate (LSP; Figure 5.1) was used as received from Biophore Pharma 

Inc. Levothyroxine (free acid; C15H11I4NO4) was procured from Millipore Sigma. The powder 

samples were stored in air-tight and opaque containers in a freezer maintained at -25°C.  

Levothyroxine has three ionizable moieties: carboxyl (pKa 2.4) phenolic hydroxyl (pKa 6.9) and 

amino group (pKa 10.1).202,203 The experimentally determined aqueous solubility at 37°C of the free 

acid is 12 μg/mL, whereas that of LSP is 1.825 mg/mL. The calculated pHmax is 9.05.  

 

Figure 5.1. Chemical structure of LSP. 
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Microcrystalline cellulose (MCC) and croscarmellose sodium (CCS) were procured from FMC 

BioPolymer. USP grade dibasic calcium phosphate anhydrate was used as received from Rhodia 

Pharma Solutions. α- lactose monohydrate, maleic acid, sodium chloride (NaCl), Drierite® 

(anhydrous calcium sulfate) and sodium carbonate were purchased from Sigma Aldrich. Citric acid 

and stearic acid were procured from Fisher Scientific. Oxalic acid and tartaric acid were obtained 

from Pfaltz & Bauer. Sodium starch glycolate (SSG; Edward Mendell), magnesium stearate (MgSt; 

Mallinckrodt Laboratory Chemicals), povidone (Kollidon 30; BASF), sodium stearyl fumarate 

(SSF; JRS Pharma) and sodium bicarbonate (Mallinckrodt chemicals) were used as received.  

5.3.2 Differential scanning calorimetry (DSC).  

Thermal analysis of powder samples was performed using a differential scanning calorimeter 

(Q2000 by TA Instruments). The instrument is equipped with a refrigerated cooling accessory. The 

powder sample (2-5 mg)  was hermetically sealed in an aluminum pan with a pinhole. 

Measurements were performed at a heating rate of 10°C/min, from 0 to 300°C, using a nitrogen 

purge rate of 50 mL/min. The data were analyzed using Universal Analysis 2000, a commercial 

software by TA Instruments.   

5.3.3 Thermogravimetric analysis (TGA).  

The powder sample (2-5 mg) was placed in an aluminum pan and heated in a thermogravimetric 

analyzer (Q50 TGA by TA Instruments), under a dry nitrogen purge, from 25 to 300°C at 10°C/min.  

5.3.4 Powder X-ray diffractometry (PXRD).  

Data collection and analyses were performed as previously discussed in Kaur et al.511  

5.3.5 Synchrotron X-ray diffractometry (SXRD).  

Data collection and analyses were performed as previously discussed in Kaur et al.511  

5.3.6 High performance liquid chromatography (HPLC).  

The chemical stability of LSP, in the presence of excipients, was evaluated using HPLC analysis. 

All chromatographic analyses were carried out using a Shimadzu SPD-20A UV/VIS HPLC system 

equipped with Prominence series with a CBM-20A controller, dual LC-20AD XR pumps, DGU-

20A 3R degasser, SIL-20AC XR autosampler, and CTO-20A column oven. Separation was 

achieved using a Zorbax Eclipse XDB analytical column (150 mm x 4.6 mm id) with 5 μm particles 

and C18 stationary phase. The samples were extracted using a solution of 0.01 M sodium hydroxide 
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in methanol and diluted with the mobile phase. The mobile phase composed of acetonitrile 

:water:trifluoroacetic acid (400:600:0.05) and the flow rate was 1 mL/min. The detector wavelength 

for UV absorption was set to 225 nm and the column was maintained at 25°C. Given the alkaline 

nature of the extracting solution, the species being analyzed is the ionized (anion) form of 

levothyroxine. The data was collected and analyzed using Lab Solutions (Shimadzu). 

5.3.7 Dehydration and salt disproportionation of LSP in hermetically sealed chambers.  

Binary powder mixtures of LSP and each excipient (1:1 w/w; 10 mg) were cryomilled for 5 sec and 

stored at 40°C in hermetically sealed DSC pans. Cryomilling was done to facilitate intimate mixing 

of the API and the excipient. In order to minimize the risk of unintended transformations, the 

milling time was kept short. Cryomilling LSP for 5 sec did not bring about any discernible changes 

in its XRD pattern (obtained using synchrotron radiation). The sample was stable following storage 

in hermetic pans for one month (analyzed by XRD and HPLC).  Milling of the samples and storage 

in hermetically sealed pans simulate pharmaceutical processing and product storage conditions, 

respectively. The excipients were (i) povidone (hygroscopic and neutral), (ii) oxalic acid 

(hygroscopic and acidic), and (iii) stearic acid (non-hygroscopic and acidic). Samples were 

characterized by SXRD after 2 and 4 weeks of storage. 

5.3.8 Stability testing.  

Unmilled binary powder blends of LSP with each excipient (1:5 w/w) were stored at 40°C in 

chambers maintained at 75% RH (saturated sodium chloride solution was used to generate 75% 

RH). The excipients are listed in Table 5.2. Samples were collected at day 0, 28, 56 and 84, stored 

at −20°C until analyzed by SXRD and HPLC. The unique peaks of levothyroxine free acid (d-

spacing of 25.24 Å; 3.5° 2θ calculated for Cu Kα radiation) and LSP (d-spacing of 15.65 Å (5.6° 

2θ)), were used for characterization of both solid forms and for the quantification of LSP in binary 

mixtures (Figure 5.2C). 
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Figure 5.2. Two-dimensional XRD patterns of (A) levothyroxine (free acid; unionized 

levothyroxine) and (B) levothyroxine sodium pentahydrate obtained using synchrotron 

radiation (λ = 0.45256 Å). To facilitate visualization, the corresponding one-dimensional XRD 

patterns have been presented (C) as intensity versus 2θ plots (calculated for Cu Kα radiation, 

λ = 1.54 Å). The “unique” peaks of levothyroxine free acid and LSP are seen at 3.5° and 5.6° 

2θ, respectively.  

5.4 Results and discussion 

Baseline characterization of LSP was performed using DSC, TGA and XRD. The results were in 

agreement with earlier findings.165,243 These results have been reported in our previous work.504 

The diffraction pattern of LSP was superimposable on the calculated powder pattern in the 

Cambridge Structural Database (CSD).504 Physical and chemical stability of ‘as is’ LSP was 

evaluated following 3 month storage under accelerated stability testing conditions (40°C/75% 

RH). LSP exhibits high physical and chemical stability following storage under these conditions.  

5.4.1 Physical stability. 

5.4.1.1 Characterization of LSP-excipient binary mixtures in hermetically sealed pans. 

Povidone is a component in numerous marketed oral levothyroxine tablets.512-516 Binary powder 

mixtures containing LSP and povidone (1:1 w/w) were stored at 40°C in hermetically sealed pans 

and analyzed by SXRD. The XRD pattern of the freshly prepared binary mixture was very similar 

to that of LSP (Figure 5.3). Following storage for 14 days, LSP exhibited dehydration to form LSM. 

Partial conversion to LSM is evident from the appearance of LSM diffraction peak at 6.5° 2θ and 
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retention of the reactant peak. Longer duration of storage (28 days) did not result in any appreciable 

change in the XRD pattern. In this “hermetically sealed” setup, any water released by the 

dehydration of LSP will not be able to leave the pan. If the released water remains “free”, it will 

raise the RH of the headspace and therefore prevent further dehydration of LSP. However, 

povidone is known to have a strong tendency to sorb water.517 If any water released by the 

dehydration of LSP is immediately taken up by povidone, then the headspace RH will continue to 

remain low, promoting continued dehydration of LSP. Thus, there will be continuous moisture 

transfer from the LSP to povidone. The moisture transfer was confirmed by SXRD of the sealed 

pans at select time points.  

The dehydration of LSP would potentially be faster and more pronounced in marketed 

levothyroxine formulations as the weight ratio of povidone to LSP is significantly higher in 

commercial drug products than in the test samples. LSM has a higher chemical reactivity than its 

pentahydrate counterpart.164,165,504,518 Hence, its appearance in hermetically stored samples could 

potentially explain chemical decomposition of levothyroxine sodium in marketed formulations 

containing hygroscopic excipients.  

 

Figure 5.3. SXRD patterns of powder mixture of LSP and povidone (1:1 w/w) stored in 

hermetically sealed pans at 40°C. The highlighted region indicates partial dehydration of LSP 

to LSM during storage. The decrease in the intensity of the characteristic peak of LSP (peak 
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at 5.6° 2θ) was accompanied by the appearance of the LSM peak at 6.5° 2θ. The reference 

diffraction patterns of LSP and LSM are also provided. 

Moisture transfer from LSP to excipient was also observed in LSP-anhydrous oxalic acid powder 

mixtures stored at 40°C. Following 14 days of storage in hermetic pans, unique peaks of LSM (due 

to partial dehydration of LSP) and oxalic acid dihydrate (due to hydration of oxalic acid) were 

observed. These results were reported and discussed comprehensively in our earlier work.504 The 

excipient of practical interest is citric acid, since it is used in a marketed levothyroxine tablet 

formulation.519 Unfortunately, at RT, it deliquesces at 75% RH.487,520 Oxalic acid, on the other hand, 

has a strong tendency to sorb water – it transitions from the anhydrate to the dihydrate form at RH 

≥ 12% (RT).488 However, it does not deliquesce up to 97% RH (at RT). Oxalic acid was therefore 

an attractive alternative to study moisture transfer from LSP to crystalline hygroscopic 

excipients.488,489,521 

While LSP dehydration was observed following storage with hygroscopic excipients, when the 

same experiment was performed with stearic acid, the observations were quite different. Stearic 

acid is widely used as a tablet lubricant and is hydrophobic.522,523 The water released by the 

dehydration of LSP is expected to cause a pronounced increase in the headspace RH. This rise in 

RH will prevent further dehydration of LSP. We had earlier observed that, at 40°C, LSP exhibited 

a pronounced dehydration tendency only at RH < 15%.504 It is instructive to recognize that 

dehydration of a very small fraction of LSP will cause the release of sufficient water to result in a 

pronounced increase in headspace RH. Even after storage for 28 days, the XRD pattern 

substantially matched with that of LSP (Figure 5.4). Interestingly, the additional peaks could be 

attributed to levothyroxine free acid, a product of LSP disproportionation.  

Levothyroxine free acid is characterized by a diffraction peak at 3.5° 2θ (Figure 5.2). The 

disproportionation reaction is believed to be brought about by stearic acid. These findings were 

surprising in light of the extremely low aqueous solubility of stearic acid. As mentioned in the 

Experimental section, a physical mixture of LSP and stearic acid was cryomilled for 5 sec. While 

the primary objective of cryomilling was to bring about intimate mixing of LSP and stearic acid, it 

is recognized that milling can also cause lattice disorder and an increase in surface area. In an earlier 

investigation, cryomilling for 10 sec resulted in measurable lattice disorder in caffeine-oxalic acid 

cocrystal.518 While the effect of milling on the extent of lattice disorder is expected to be compound-

specific, it is reasonable to expect some lattice disorder in both LSP and stearic acid particles. More 

importantly, the impact of milling is expected to be more pronounced on the surface of particles 

than in the interior regions.   
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Any water released by the dehydration of LSP would be preferentially sorbed by the disordered 

regions of LSP and stearic acid. It is well known that amorphous compounds sorb more water than 

their crystalline counterparts.376,524 The water sorption will lead to plasticization. The attendant 

decrease in the glass transition temperature will increase the molecular mobility and consequently, 

the reactivity of the system. Thus, at the surface of stearic acid particles, the sorbed water will yield 

a highly acidic microenvironment (pHeq of stearic acid = 2.74). The proposed mechanism of salt 

disproportionation is “dissolution” of both stearic acid and LSP in the sorbed water (at the interface 

of particles), enabling the water mediated reaction. The acidic microenvironment created by 

dissolution of stearic acid is postulated to facilitate proton transfer from the acid to levothyroxine 

sodium, leading to the formation of levothyroxine free acid and sodium stearate as reaction 

products. The reaction products may rapidly crystallize once their “concentration in solution” rises 

above their saturation solubility values. While we have evidence of crystallization of levothyroxine, 

characteristic peaks of sodium stearate were not observed. Considering the low levels of 

disproportionation in this sample, it is possible that the second reaction product, sodium stearate, 

has not crystallized. Unlike levothyroxine free acid, the high aqueous solubility of sodium stearate 

(54 mg/mL at 25°C) may facilitate its retention in the solution state.525  

 

Figure 5.4. SXRD patterns of powder mixture of LSP and stearic acid (1:1 w/w) stored in 

hermetically sealed pans at 40°C. After 28 days of storage, salt disproportionation leading to 

the formation of levothyroxine free acid (peak at 3.5° 2θ) was observed. 
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5.4.1.2 Salt disproportionation. 

Given the evidence of salt disproportionation, it is crucial to investigate the propensity of LSP to 

form the free acid in marketed formulations. As discussed in the previous section, while citric acid 

is used in the commercial formulation of levothyroxine, it is challenging to study it owing to its 

deliquescence under accelerated stability testing conditions. To circumvent this challenge, a range 

of organic acids with pKa values above and below that of citric acid were used to study LSP 

disproportionation. These were oxalic, stearic, maleic and tartaric acids. These acids were also 

characterized by a high deliquescence RH. Their physical properties are listed in Table 5.1.  

In physical mixtures of LSP-oxalic acid (1:5 w/w; Figure 5.5) and LSP-maleic acid (1:5 w/w; 

Figure 5.9), salt disproportionation with complete disappearance of the LSP peak was observed. In 

presence of stearic and tartaric acid, there was evidence of partial disproportionation of the salt to 

the free acid (Supporting information, Figure 5.10 and Figure 5.11). Based on the data collected 

after 28 days of storage, the extent of disproportionation induced by the organic acids can be rank 

ordered as: oxalic acid ≈ maleic acid > tartaric acid > stearic acid. Salt disproportionation is a 

function of the pHmax of the salt (i.e. levothyroxine sodium) and the “pH” of the microenvironment. 

This is the pH of the microscopic sorbed water layer on the surface of the particles in which the 

solid has dissolved and formed a saturated solution.506,526 The propensity for disproportionation 

increased as function of the strength of the acid. Given the evidence of salt disproportionation even 

with stearic acid, it is reasonable to expect free acid formation with citric acid (pHeq of citric acid 

< 1.6).381 

 

Figure 5.5. SXRD patterns of a powder mixture of LSP and oxalic acid (1:5 w/w) stored at 

40°C/75% RH. Following 28 days of storage, the characteristic peak of LSP at 5.6° 2θ 
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completely disappeared. The appearance and the pronounced intensity of the characteristic 

diffraction peak of levothyroxine free acid at 3.5° 2θ indicates pronounced and possibly 

complete disproportionation during storage. The highlighted regions indicate the appearance 

of the characteristic diffractions peaks of levothyroxine free acid (3.5 and 6.1° 2θ) and sodium 

oxalate (19.9° 2θ), the products of the disproportionation reaction. 

Table 5.1. Physical properties of selected organic acids. 

S.no. Excipient Structure pKa Aqueous solubility at 25°C 

1. Oxalic acid 
 

1.2, 4.2 0.14 g/mL 

2. Maleic acid 
 

1.9, 6.2 0.78 g/mL 

3. Tartaric acid 
 

3.0, 4.3 1.25 g/mL 

4. Citric acid 
 

3.2, 4.8, 6.4 0.59 g/mL 

5. Stearic acid 
 

4.9 Water insoluble 

 

5.4.2 Chemical stability.  

Our final interest was to comprehensively evaluate the stability of LSP in the presence of several 

excipients commonly used in its solid dosage forms. The excipients included a range of diluents, 

pH modifiers, lubricants and disintegrants (Table 5.2). In an effort to accelerate the drug-excipient 

interaction, the mixtures were stored at 40°C/75% RH, sampled periodically and subjected to 

SXRD. The intensity of the characteristic LSP diffraction peak (5.6° 2θ) was used as a preliminary 

indicator of LSP stability. A decrease in the peak intensity is indicative of the disappearance of the 

pentahydrate form of levothyroxine sodium. Additionally, a decrease in LSP peak intensity due to 

dehydration would be readily discerned by the appearance of diffraction peaks of LSM.504 

However, dehydration is unlikely under accelerated stability testing conditions (40°C/75% RH). 

Our earlier studies had revealed LSP  LSM conversion only at a RH < 15% (40°C).504 Therefore, 

a decrease in LSP peak intensity, coupled with the absence of levothyroxine free acid peak, could 

be indicative of chemical decomposition. Therefore, powder blends were also subjected to HPLC 

so as to evaluate the chemical stability of LSP in these mixtures. 

The SXRD results are presented in Figure 5.6 and Figure 5.7. Selected drug-excipient mixtures (the 

ones in Figure 5.6) were also subjected to HPLC analyses (Figure 5.8). In presence of several 

excipients, even after 3 months of storage at 40°C/75% RH, there was only a small (≤ 2%) decrease 
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in the diffraction peak intensity of LSP. The excipients were magnesium stearate, mannitol, sodium 

carbonate, sodium bicarbonate, SSF and SSG. On the other hand, a pronounced decrease in LSP 

peak intensity (>10%) was observed in the presence of lactose, CCS and MCC (Figure 5.6). In the 

presence of DCPA, there was an intermediate level (between 5 and 10%) of decrease in peak 

intensity.   

It is instructive to recognize that the solution based analytical methods are insensitive to the 

different physical forms of a compound in the solid state. Thus, the HPLC method will not 

distinguish between levothyroxine sodium in different hydration states (LSM and LSP). In the 

context of this discussion, it is also very important to recognize that the HPLC method (this is also 

the USP method) will not distinguish between levothyroxine sodium (salt) and levothyroxine (free 

acid). When the analyte is extracted using a methanolic solution of sodium hydroxide (details in 

the Experimental section), any levothyroxine (free acid) formed due to disproportionation of LSP 

will be converted to the ionized form. Thus, during the HPLC analysis, all the drug will be in the 

ionized state. The choice of 0.01 M NaOH as the extracting solution is based on the stability, 

solubility and molar absorptivity of the analyte, as well as the HPLC column stability.527,528 Thus, 

since the alkaline extracting solution used for the solution-based assay converts levothyroxine to 

its anionic form, the HPLC method is insensitive to salt disproportionation. Hence, while the SXRD 

method enabled the characterization of the physical form (quantification of LSP, appearance of 

crystalline levothyroxine free acid and LSM), the HPLC method provided a measure of the 

chemical stability.  

Lactose is used in numerous LSP tablet formulations. However, the reducing sugar undergoes 

Maillard reaction with the primary amine group of LSP to form levothyroxine-2-ketolactose.486 Our 

results indicate roughly 15% decrease in the intensity of levothyroxine sodium peak in the 

API:excipient (1:5 w/w) powder blends [% remaining by SXRD is 85.7 (Figure 5.6) and by HPLC 

is 87.5 (Figure 5.8)]. Thus, under the accelerated stability testing conditions, in the presence of 

lactose, levothyroxine sodium can undergo decomposition.  

In an effort to evaluate the role of sorbed water, three hygroscopic (moderately or very hygroscopic) 

excipients were selected (Table 5.2). The instability was most pronounced in the presence of MCC. 

Following 3 months of storage, the LSP peak intensity had decreased to ~ 81.0% of the initial value 

(Figure 5.6) while the HPLC assay revealed that 79.1% of levothyroxine sodium was remaining. 

MCC is a neutral and hydrophilic excipient. Water sorbed by MCC is considered to be 

“unbound/bulk” water.529 The water is believed to be sufficiently mobile and therefore available 

for the API to undergo solution mediated chemical decomposition.451 A similar mechanism can 

explain the drug instability in the presence of CCS. While SXRD revealed the retention of ~82.7% 
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LSP, HPLC revealed 86.9% levothyroxine sodium. On the other hand, in the presence of SSG, 

there was a negligible change in LSP peak intensity reflecting the stability of LSP. Thus the 

availability of sorbed water alone is not sufficient to cause API decomposition. The maximum 

instability was observed in presence of MCC which has the lowest surface acidity (pHeq of 3.6; 

Table 5.2). CCS, which is more hygroscopic than MCC, had a lower surface acidity (pHeq of 5.3) 

and its destabilizing effect appeared to be slightly higher than that of MCC (Figure 5.6). Thus, the 

pHeq of the excipient appears to be a powerful determinant of API stability. This was also evident 

from the fact that in the presence of SSG, which has lower surface acidity than CCS (pHeq of 5.8 

for SSG), the drug was stable with no evidence of decomposition (Figure 5.7). 

In the presence of mannitol, while SXRD revealed < 2% decrease in LSP peak intensity, HPLC 

revealed ~ 5% decomposition. We do not have a satisfactory explanation for this seemingly 

anomalous result. In the presence of dicalcium phosphate anhydrate (DCPA), there was a modest 

but measurable decrease in LSP peak intensity (Figure 5.6). HPLC also revealed chemical 

decomposition (Figure 5.8). Mannitol and DCPA are only slightly hygroscopic. At the LSP-

excipient particle interfaces, there might be only a limited amount of water available to serve as the 

reaction medium. While the low pHeq value of these compounds (pHeq < 4; Table 5.2) would be 

conducive to decomposition, the unavailability of water may decrease the extent of decomposition. 

These results suggest that in the absence of water to act as a reaction medium, the decomposition 

reaction may be prevented.  

Finally, LSP exhibited an exceptionally high stability in the presence of magnesium stearate and 

SSF. This can be explained by both the alkaline microenvironment created by these lubricants 

(Table 5.2) and their non-hygroscopic nature.381 LSP has been reported to be stable in the presence 

of ‘alkaline’ excipients.166  

Previous studies have documented the pronounced influence of pH modifiers on the chemical 

stability of LSP, both in the solid and solution states. Acidic pH modifiers were detrimental to API 

stability, whereas alkaline pH modifiers improve its solid-state stability.166 To study the influence 

of excipient acidity on the solid state stability of LSP, binary blends were prepared with each oxalic 

acid, sodium carbonate and sodium bicarbonate. In the presence of alkaline pH modifiers, the API 

exhibited exceptional stability (Figure 5.7). On the other hand, in the presence of oxalic acid, we 

observed complete disappearance of the LSP peak and formation of levothyroxine free acid after 4 

weeks of storage (Figure 5.5). The HPLC assay of the API in the presence of oxalic acid indicated 

gradual chemical decomposition of the API with > 25% decomposition following 3 months of 

storage at 40°C/75% RH (% API remaining by HPLC = 72.3%; Figure 5.8). Chemical 
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decomposition of the API in the presence of acidic pH modifiers (via deiodination)415 is believed 

to be independent of its physical form (salt or free acid).   

In our earlier investigation, we had stored a physical mixture of LSP and oxalic acid (1:1 w/w) in 

hermetically sealed pans at 40°C. Using SXRD, we had observed partial dehydration of LSP (to 

LSM) and transition of oxalic acid to its dihydrate.504 Thus there was ‘transfer’ of water from the 

API to the excipient. However, in spite of the partial dehydration of LSP, we had not observed the 

decomposition of levothyroxine. There was also no evidence of the disproportionation of sodium 

levothyroxine. We postulate that in the sealed pan, all of the water was ‘bound’ in the oxalic acid 

crystal lattice (as dihydrate). This is a reasonable assumption in light of the strong propensity of 

anhydrous oxalic acid to form the dihydrate. The anhydrate  dihydrate transition in oxalic acid is 

known to occur at RH ≥ 12% (RT)488 Thus, in these sealed pans, at the LSM-excipient particle 

interfaces, adequate water might not be available to serve as the reaction medium. These results 

confirm the need for water to act as a reaction medium for the decomposition reaction. 

5.4.3 Physical transition of LSP in drug products – potential impact on chemical stability 

The results of all the stability testing have been comprehensively summarized (Scheme 5.1). The 

results can be divided into: (i) dehydration evaluated by SXRD, (ii) disproportionation leading to 

free acid formation (qualitative analysis; by SXRD), and (iii) chemical decomposition quantified 

by HPLC. It is evident that changes in the physical form have the potential to impact chemical 

stability of LSP in a drug product environment.  

The chemical stability of levothyroxine sodium has been comprehensively investigated and has 

been the subject of numerous publications.163,165,166,247,451,456 However, the role of excipients, and 

specifically the combined effects of formulation components and processing conditions on the 

chemical stability, is not completely understood.166,247 Solution based methods such as HPLC, in 

light of their specificity and sensitivity, are used to assess the chemical stability of the API in dosage 

forms. Such an approach does not enable a comprehensive understanding of the stability behavior 

of LSP in tablet formulations. Dissolution of the API in the extracting phase leads to a loss of 

valuable solid form information. The active ingredient, LSP, can undergo dehydration in the drug 

product.164,504 The partially dehydrated phase, levothyroxine sodium monohydrate (LSM), has a 

propensity to undergo oxidative decomposition.165 The high chemical reactivity of the dehydrated 

phase was explained by: (i) oxygen occupying the channels that were earlier occupied by lattice 

water, and (ii) conformational changes resulting in an increased propensity of the amino moiety to 

undergo oxidation.504 In the current work, for the first time, the propensity for LSP to undergo 
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disproportionation has been documented. The potential impact of disproportionation on chemical 

stability warrants further investigation.   

As seen with LSP-organic acid blends, salt disproportionation was observed within weeks of 

storage under accelerated stability testing conditions (40°C/75% RH). This result is potentially 

significant since recently reformulated tablets of LSP contain citric acid.486,519 In light of the very 

low concentration of the API in drug products, even a small amount of citric acid in the formulation 

can induce pronounced salt disproportionation. The free acid form of levothyroxine has a 100 fold 

lower solubility than the sodium salt (LSP). While the influence of salt disproportionation on 

product performance is not known, the loss of solid form control is a cause of concern and mandates 

further investigation. 

 

Figure 5.6. LSP remaining as a function of time following storage of binary powder blends of 

LSP and individual excipients (1:5 w/w). The samples were stored at 40°C/75% RH, and 

quantification of LSP was performed using SXRD. The integrated intensity of the diffraction 

peak at 5.6° 2θ (Cu Kα) was used for the quantification of LSP in powder blends. The 

calibration curve is available in the supporting information (Figure 5.12). Mean ± SD (n=3).    
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Figure 5.7. Concentration of LSP as a function of time following storage of binary powder 

blends of LSP and individual excipients (1:5 w/w). The samples were stored at 40°C/75% RH, 

and quantification of LSP was performed using SXRD. The integrated intensity of the 

diffraction peak at 5.6° 2θ (Cu Kα) was used for quantification of LSP in powder blends. The 

calibration curve is available in the supporting information (Figure 5.12). Results are 

reported as a mean of three measurements. 
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Figure 5.8. Concentration of levothyroxine sodium as a function of time following storage of 

binary powder blends of LSP and individual excipients (1:5 w/w). The samples were stored 

at 40°C/75% RH, and quantification of levothyroxine sodium was performed using HPLC. 

Results are reported as a mean of three measurements. 
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Table 5.2. Physical properties of excipients. 381,506 

S.no. Excipient  Excipient 

type 

pKa Surface 

acidity 

(pHeq) 

Physical 

form  

Water 

sorption 

behavior530 

1. DCPA Diluent 2.0, 

7.1, 

12.3 

3.3  Crystalline Slightly 

hygroscopic 

2. CCS Disintegrant   4.3 5.3 Amorphous Very 

hygroscopic 

3. SSG  Disintegrant  3.3 5.8  Amorphous Very 

hygroscopic 

4. MCC  Diluent 11.9 3.6 Partially 

crystalline 

Moderately 

hygroscopic 

5. Mannitol  Diluent 12.6 3.9 Crystalline Slightly 

hygroscopic 

6. Lactose  Diluent 11.3 4.1 Crystalline Slightly 

hygroscopic 

7. Mg St Lubricant  4.9 7.3 Crystalline Non 

hygroscopic 

8. SSF Lubricant 3.6 8.3* Crystalline Non 

hygroscopic 

9. Sodium 

carbonate 

pH modifier 10.3 8.6 Crystalline Very 

hygroscopic 

10.  Sodium 

bicarbonate 

pH modifier 6.4, 

10.3 

8.3 Crystalline Very 

hygroscopic 

*Since the pHeq is not known, the slurry pH value is provided. 
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5.5 Significance 

As was pointed out earlier, the pharmacopeial (USP) assay method (HPLC) is insensitive to the 

state of hydration of levothyroxine sodium and also cannot distinguish between the unionized (acid) 

and ionized (salt) forms of levothyroxine in the solid state. Our studies strongly suggest that the 

physical form of levothyroxine will influence its chemical stability. Therefore, monitoring and 

controlling the physical form of levothyroxine in solid dosage forms may serve as an effective 

approach for preventing its chemical decomposition.   

X-ray diffractometry provides a quick and ready approach to evaluate drug stability. By quantifying 

the LSP in the dosage form, one can readily assess the API stability. LSP quantification can be 

readily accomplished based on the intensities of one or more of its characteristic peaks. 

Interestingly, a decrease in the LSP peak intensity does not imply chemical decomposition. The 

disappearance of LSP could be attributed to its dehydration or disproportionation. Chemical 

decomposition can then be confirmed using a technique such as HPLC. Unfortunately, the API 

content in tablet dosage forms is so low that the conventional XRD methods and the laboratory 

diffractometers will not have the sensitivity to characterize the drug substance in the dosage form. 

In order to overcome the challenge posed by the sensitivity of the XRD technique, the API content 

was  ≥ 20% w/w in all the mixtures. However, in an actual drug product, the API to excipient 

weight ratio will typically be in the range of 1:1000 to 1:10,000. Hence, the influence of the 

excipient is expected to be much more pronounced in levothyroxine drug products than in our 

model mixtures. The instability could be further exacerbated by lattice disorder (or mechanical 

activation of the solids) induced during drug product manufacture.518 

It is important to recognize that the study was performed under accelerated stability testing 

conditions (40°C/75% RH). The powder samples were directly exposed to the elevated temperature 

and water vapor pressure. While this approach aids in identifying “problem” excipients, it does not 

necessarily reflect the effects which will be observed in ‘packaged’ containers. The influence of 

pharmaceutical processing on drug product stability mandates further investigation. In a literature 

report, tablets prepared by direct compression exhibited higher stability than those by wet 

granulation.246 

A major challenge with formulating LSP, a low dose API, is the high excipient burden. Hence, 

excipients properties will be key to formulation performance and stability. To mitigate the risk of 

LSP dehydration and disproportionation, hygroscopic excipients (such as povidone and MCC) must 

be avoided. Dehydration of LSP can be prevented by coating the API particles.387 Coating will also 

prevent the API from perceiving the acidic microenvironment created by excipients. Alkaline pH 
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modifiers also provide an avenue to mitigate the risk of disproportionation in the drug product. 

Considering the risk of Maillard reaction with lactose, it will be prudent to avoid its use in LSP 

formulations. Recent studies have proposed the use of mannitol in lieu of lactose, to improve the 

API chemical stability in dosage forms.486 

It is important to recognize that while evaluating the chemical stability of levothyroxine in the 

presence of excipients, only the disappearance of the reactant, was measured. Investigations into 

the exact mechanism of chemical decomposition of the API have been the subject of numerous 

publications490,531,532 but were outside the scope of this work. 

 

Scheme 5.1. Influence of excipients on the stability of LSP. SXRD was used to monitor 

dehydration and disproportionation (both in the solid state), while the chemical 

decomposition was monitored by HPLC (solution based).  
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5.6 Conclusions 

The physical and chemical stability of LSP was evaluated in presence of a range of pharmaceutical 

tablet excipients. LSP exhibited partial dehydration and disproportionation in the presence of 

hygroscopic and acidic excipients, respectively. LSP was susceptible to chemical decomposition in 

the presence of lactose monohydrate, microcrystalline cellulose and croscarmellose sodium. 

Alkaline and hydrophobic excipients provide an avenue to design stable solid oral dosage form of 

the API.  

5.7 Supporting information 

 

Figure 5.9. XRD patterns of physical mixtures of LSP and maleic acid (1:5 w/w) following 

storage at 40°C/75% RH for 28 days. 
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Figure 5.10. XRD patterns of physical mixtures of LSP and stearic acid (1:5 w/w) following 

storage at 40°C/75% RH for 28 days. 
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Figure 5.11. XRD patterns of physical mixtures of LSP and tartaric acid (1:5 w/w) following 

storage at 40°C/75% RH for 28 days. 
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Figure 5.12. Plot of the integrated intensity of the 15.65 Å (peak at 5.6° 2θ for CuKα radiation) 

line of LSP as a function of LSP content in binary mixtures of LSP and stearic acid. Similar 

plots were observed for physical mixtures of LS  
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CHAPTER 6 
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Chapter 6. Summary 

While salts and cocrystals provide an avenue to alter the physicochemical and mechanical 

properties of drugs, their success hinges on them retaining their physical form stability during 

pharmaceutical processing and product storage. The overarching goal of this thesis was to 

understand the factors affecting the physical and chemical stability of salts and cocrystals in a drug 

product environment. In order to develop mechanistic insights, the influence of pharmaceutical 

processing, excipient properties and storage conditions on the physical and chemical stability of 

the model compounds in oral solid dosage forms (specifically tablets) were investigated. A battery 

of complementary analytical techniques, such as single crystal and powder X-ray diffractometry 

(laboratory and synchrotron source), thermal analysis (DSC, TGA, HSM and VT-XRD), surface 

imaging using AFM and spectroscopy (ATR-FTIR, ssNMR and confocal Raman spectroscopy), 

were used. For both salts and cocrystals, the critical determinants of physical stability in a dosage 

form were excipient properties, especially hygroscopicity and microenvironmental acidity.  

In Chapter 2, the influence of processing induced lattice disorder on the stability of caffeine-oxalic 

acid cocrystals (CAFOXA) was investigated (Figure 6.1). In a drug product environment, routine 

pharmaceutical processing steps, such as milling and compaction, have the potential to induce 

disorder in an otherwise crystalline system. Our working hypothesis was that even short milling 

times can induce sufficient lattice disorder to render the cocrystal system unstable. While the 

unmilled CAFOXA cocrystals were robust, the cocrystals dissociated to form free caffeine hydrate 

when low levels of disorder were introduced in the powder samples. Milling for even 10 sec 

resulted in a measurable disorder and an attendant tendency of the solid to sorb water. This was 

followed by cocrystal-excipient interaction leading to dissociation. The proposed mechanism of 

cocrystal dissociation entails the following sequence: sorption of water by disordered regions, 

dissolution of CAFOXA and dibasic calcium phosphate anhydrate (DCPA) in the sorbed water, 

followed by proton transfer from coformer (oxalic acid) to DCPA, and the formation of hydrates 

of caffeine and calcium oxalate. In this work, the disproportionate influence of low levels of 

disorder on the stability of a model cocrystal system was demonstrated.  



 140 

 

Figure 6.1. Schematic of lattice disorder introduced in crystalline materials during 

pharmaceutical processing, and the impact of lattice disorder on the water mediated 

dissociation of cocrystals in the presence of excipients. 

 

In our earlier work (Chapter 2), the processing induced lattice disorder was proposed to be 

predominant on the surface of the solids. In Chapter 3, we aimed to characterize the surface disorder 

induced during milling and powder compaction for CAFOXA cocrystals using atomic force 

microscopy (AFM). The ‘as is’ cocrystals were plate shaped with a smooth surface. Pharmaceutical 

processing (compaction and short milling, in this case) resulted in low levels of disorder. AFM 

height and phase imaging was used to characterize surface crystallization of the disordered regions 

on the tablet surface. Crystallization of the disordered regions was induced by exposing the tablet 

surface to elevated water vapor pressure at RT (Figure 6.2). Water sorption by the disordered 

regions led to an attendant increase in molecular mobility thereby driving surface recrystallization. 

Real time AFM imaging of the disordered samples under elevated water vapor pressure enabled 

close monitoring of structural changes in the sample.  
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Figure 6.2. Representative AFM height images (3D) showing surface recrystallization of milled 

CAFOXA cocrystals upon exposure to RT/80% RH for 10 h. 

In Chapter 4, dehydration induced structural change in a crystalline salt hydrate (levothyroxine 

sodium pentahydrate; LSP) and its consequent influence on the chemical stability of the API were 

the subject of investigation. Levothyroxine sodium is the synthetic form of thyroxine (physiological 

thyroid hormone). Levothyroxine sodium is the standard, and usually the only treatment option, for 

patients suffering from hypothyroidism. Solid dosage forms are formulated with the pentahydrate. 

LSP is reported to undergo chemical decomposition through complex pathways. The chemical 

instability issue is exacerbated by its low dose. While LSP is used in marketed formulations, our 

preliminary studies suggested that the dehydration of LSP occurred readily under modest 

processing and storage conditions, and resulted in a crystalline monohydrate (LSM) with a different 

lattice structure. The partially dehydrated form, LSM, has been reported to be more chemically 

reactive than LSP. The potential for an increase in reactivity of levothyroxine sodium, due to a 

change in its physical form, formed the motivation for this work. Our work was driven by the 

following working hypotheses: (i) The crystal structure of levothyroxine sodium monohydrate 

(LSM), different from that of the pentahydrate, explains its high reactivity. (ii) In a drug product 

environment, LSP dehydrates to a lower hydrate, possibly LSM. 
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Our results show that LSP gradually loses four molecules of water of crystallization to readily form 

LSM following storage under 40°C/0% RH for 3 h (Figure 6.3). The crystal structure of LSM 

provided insights into its high reactivity. In LSP – excipient mixtures stored in a hermetic container 

at 40°C, there was moisture transfer from drug to excipient. In formulations of LSP, chemical 

degradation of levothyroxine sodium may be preceded by its partial dehydration. 

 

Figure 6.3. Schematic for partial dehydration of LSP under “modest” and realistic processing 

and storage conditions to form the more reactive form, LSM. 

In Chapter 5, the physical and chemical stability of LSP, in presence of a range of tableting 

excipients, was investigated using SXRD and HPLC (Figure 6.4). Our work is driven by the 

following working hypotheses: (i) In presence of commonly used tableting excipients, LSP can 

undergo changes in its physical form, such as partial dehydration and salt disproportionation. The 

physical instability of LSP is governed by excipient properties such as hygroscopicity and surface 

acidity. (ii) Physical transformation is the prelude to the chemical decomposition of levothyroxine. 

The stability testing was performed under two conditions, (i) 40°C/75% RH and (ii) in hermetically 

sealed containers at 40°C.  
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Figure 6.4. Schematic of the potential physical and chemical instability that may be induced 

in LSP when combined with a range of pharmaceutical tablet excipients. 

LSP exhibited partial dehydration and disproportionation in the presence of hygroscopic and acidic 

excipients, respectively. Being a solution based technique, HPLC revealed chemical decomposition 

of the API but the technique was insensitive to physical transformations. LSP was susceptible to 

chemical decomposition in the presence of lactose monohydrate, microcrystalline cellulose and 

croscarmellose sodium. Excipient properties such as hygroscopicity and microenvironmental 

acidity were identified to be critical determinants of both physical and chemical stability of LSP in 

a drug product. Alkaline and hydrophobic excipients provide an avenue to design stable solid oral 

dosage form of the API. 
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CHAPTER 7 
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Chapter 7. Future work 

This thesis focused on establishing a comprehensive understanding of the factors underlying the 

physical and chemical instability of salts and cocrystals in a drug product. The ultimate goal is 

design and develop stable solid oral dosage forms for the model system.  

In Chapter 2, we demonstrated that pharmaceutical processing can induce lattice disorder in 

crystalline pharmaceutical solids. The work also highlighted that lattice disorder (in an otherwise 

crystalline sample) can have a disproportionate influence on the chemical reactivity of the system. 

The disorder is proposed to be higher on the surface of powder particles (experiencing the shear) 

as compared to the bulk. Based on the assumption that the lattice disorder is predominant on the 

surface, it can be hypothesized that cocrystal dissociation is initiated at the disordered interfaces of 

the cocrystal and excipient particles. Furthermore, it would also be interesting to compare the 

crystallinity of the surface and bulk of individual particles. Surface imaging using AFM provides 

an avenue to evaluate the crystallinity of individual particles. Our results also indicated that 

CAFOXA-DCPA coprocessing leads to a higher lattice disorder in CAFOXA cocrystals than when 

cocrystals were milled alone. It would be of value to investigate the influence of other excipients 

on the crystallinity of the API upon comilling. While “hard” excipients may increase disorder in 

the active, coprocessing with soft and plastically deforming excipients, such as glidants, would 

minimize lattice disorder.511 The magnitude of the processing induced disorder in the active will be 

a function of the mechanical properties of other excipients in the drug product, thereby necessitating 

an in-depth, systematic investigation. Furthermore, the influence of pharmaceutical processing on 

the crystallinity and functionality of the excipients also mandates consideration.  

It is instructive to consider that microenvironment in the vicinity of DCPA (slurry pH 5.5) would 

favor oxalic acid ionization and hence, drive CAFOXA dissociation. Hence, the “acidity” of 

excipients would play a critical role in dictating the stability of CAFOXA cocrystals. It would be 

interesting to assess the influence of pH modifier on cocrystal stability (in presence of DCPA). 

Furthermore, formulation approaches, such as coating of the API particles, to minimize the direct 

contact between API and excipient particles would be of great value. Work on these aspects would 

aid informed decision for a formulator when selecting manufacturing processes.  

In Chapter 3, AFM under controlled humidity conditions was used to evaluate the influence of 

water vapor pressure on the surface crystallization of disordered CAFOXA tablets. Since tablets 

are the most popular dosage forms, many pharmaceuticals will be subjected to processing steps 

such as milling and compression. It would be of value to study changes in the surface energy of the 

solids in response to mechanical activation by these processing steps. It would also be interesting 
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to develop a method to directly characterize and quantify disorder on the sample surface using 

AFM Peak Force QNM. Advances are being made to split micron-sized particles using a laser beam 

and consequently mount them on AFM for evaluation. This could enable deeper insights into 

structural disorder on the surface and bulk of milled particles. The application of terahertz pulsed 

imaging (TPI) can also be explored to achieve this objective.  

In Chapter 4, we documented partial dehydration of LSP to form LSM (chemically more reactive 

than LSP). LSM readily forms in presence of hygroscopic tableting excipients such as povidone. 

Further studies examining the chemical stability of LSM in presence of tableting excipients would 

be valuable to advance the formulation development of stable solid oral dosage forms of the API. 

The instability of LSM in the solid state is attributed to its oxidative decomposition. Addition of an 

anti-oxidant to the formulation, as a stabilizing strategy, should be explored. The determination of 

the exact products of oxidative decomposition of LSM were outside the scope of this work. Further 

investigation into the mechanism and consequent products of oxidative decomposition would be of 

interest. Our studies indicate a continuum of crystal structures between LSP and LSM (including 

levothyroxine sodium tetrahydrate (LST)), and between LSM and LSA. While our work indicates 

a change in crystal structure from LSM  LSA, the metastable nature of the anhydrous form and 

its consequent propensity to amorphize renders it challenging to elucidate the crystal structure of 

the completely dehydrated phase. It would be valuable to determine the crystal structure of the 

anhydrate as it can provide further insights into the structure - function relationship for this model 

system. A valuable addition to this work would be deeper insights into the location of water in the 

crystal structures of LSP and LSM. While ssNMR and single crystal XRD provided useful 

information, the exact location of water, and its interactions with the phenolic and amino moieties 

need further investigation. This information would enable a better understanding of the influence 

of crystal structure on the thermodynamic stability of the molecule. 

In Chapter 5, the physical and chemical stability of LSP were evaluated in the presence of a range 

of tableting excipients. The work yielded vital insights into the factors influencing the chemical 

stability of LSP in a drug product environment. Under accelerated stability testing conditions, 

excipient hygroscopicity and microenvironmental acidity were recognized to be critical 

determinants of chemical stability. Acidic microenvironment promoted chemical decomposition 

whereas an alkaline microenvironment conferred stability to the API. It would be valuable to test 

the stability of LSP in prototype formulations containing acidic and alkaline pH modifiers. This 

would enable a comprehensive understanding of the different interplaying factors and their 

influence on the stability of LSP. In addition to chemical decomposition, LSP also exhibited salt 
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disproportionation to form the free acid form of levothyroxine in presence of “acidic” excipients. 

While the free acid form has a lower solubility than the sodium salt, its stability is incompletely 

understood. It would be interesting to the stability of the free acid form of levothyroxine, and the 

implications of its appearance in solid oral dosage forms. Another challenging aspect of this work 

was understanding the exact mechanism of chemical decomposition of LSP in presence of 

excipients. Levothyroxine is known to undergo chemical decomposition via multiple complex 

pathways: oxidation, deamination and deiodination. While we have been able to identify some 

excipient specific properties promoting instability, a valuable addition to this work would be 

characterization of the products of chemical decomposition. Investigations of this nature have 

previously been performed using advanced techniques such as LS-MS.  

While outside the scope of this work, the photostability of LSP, especially in marketed 

formulations, mandates further investigation. The next logical step to ensuring solid form control 

in marketed formulations would be to develop validated methods for physical form characterization 

of levothyroxine. XRD was heavily used in the present work to evaluate physical and chemical 

stability of LSP in a drug product environment. It would be of value to perform similar 

investigations using spectroscopic techniques such as FTIR. Collaborative analysis using multiple 

techniques would enable deeper insights into the exact mechanism of instability of LSP with 

excipients used in the dosage form.  
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