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Abstract 

This dissertation considers the formulation and performance of amorphous solid dispersions 

(ASDs), particularly amorphous drug-polymer salts.  

An increasing number of newly identified drug candidates are poorly water soluble, creating a 

challenging bottleneck in the drug development pipeline that requires alternative formulation 

approaches to circumvent. ASDs are one of the most popular of these approaches, wherein a poorly 

soluble drug in its amorphous form is molecularly dissolved in a polymeric carrier. Previous work 

has shown that an amorphous drug-polymer salt can have significant performance advantages, 

including long-term stability under accelerated storage conditions and efficient drug release with 

sustained supersaturation.  

Here we investigate the factors contributing to an effective amorphous drug-polymer salt, 

including 1) the manufacturing and processing conditions used to synthesize the formulation and 

2) the structure and properties of the polymeric carrier. We find that in the case of lumefantrine 

(LMF) ASDs formulated with poly(acrylic acid) (PAA), efficient drug-polymer salt formation is 

facilitated by a simple slurry conversion synthesis procedure which outperforms other 

conventional ASD manufacturing methods including spray drying, hot melt extrusion, and rotary 

evaporation. This extensive salt formation is well-correlated with the performance of the 

formulation, with a compositionally identical melt-quenched ASD with a lower degree of salt 

formation underperforming that prepared by slurry conversion in both stability and dissolution 

tests. For LMF dispersed in other acidic polymers, the degree of salt formation achievable was 

found to be primarily determined by the polymer’s acidic group density obtained from non-

aqueous titration.  

Additional study of the slurry conversion method and its generality reveals applicability to a 

majority of the poorly soluble drugs surveyed. In addition to the previously described LMF, 17 

additional poorly soluble drugs including 15 basic, 1 neutral, and 1 acidic drug were formulated 

with PAA using the standard SC synthesis. Fully amorphous dispersions were successfully 

prepared under these synthesis conditions for 16 of the 18 drugs at 25% DL and 11 at 50% DL, 

with most formulations undergoing an observable “clearing” during stirring, indicating complete 

dissolution and amorphization prior to drying. Furthermore, it was shown that SC could be used 
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to prepare ternary ASDs (two drugs dispersed in PAA) and could also be scaled up at least 60-fold 

for LMF-PAA at 50% DL with only minor modifications to the stirring method. This demonstrated 

versatility of the slurry method is encouraging given its very low equipment cost, lower solvent 

usage than other solvent-based methods, and low energy consumption. 

Work on ASD dissolution has observed the formation of drug-rich particles that may enhance drug 

release and supersaturation. For LMF-PAA ASDs dispersed in 0.1% sodium dodecyl sulfate (a 

common medium for dissolution testing), we find that PAA outperforms other polymers in 

releasing LMF as nanoparticles and reaching a high apparent solubility (AS), measured after 

filtration through a 0.2 m filter. This outperformance of PAA over 9 other dispersion polymers (7 

acidic and 2 neutral) persists from 25 to 50% DL, both releasing the greatest amount of LMF and 

producing the largest volume fraction of small-size (~10 nm) particles. These findings are 

especially notable considering the high degree of solid-state stability of these same LMF-PAA 

formulations, showing that if the solubility of a formulation is defined to include both true 

solubility and apparent solubility (of dispersed nanoparticles), an amorphous drug-polymer salt 

can be simultaneously stable and soluble. PAA’s superior performance in this study suggests its 

potential viability as a new dispersion polymer and motivates further exploration of its dispersion 

capabilities.  
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Chapter 1: Introduction 
 

 

 
Amy Lan Neusaenger 
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1.1. Overview 

Glasses are amorphous materials that can be found in a range of different industries with a variety 

of unique applications. Of particular interest to this work are pharmaceutical glasses, which can 

be used to overcome formulation obstacles presented by poorly soluble drugs.1,2 The primary focus 

of this thesis will be on the preparation of these drugs as amorphous drug-polymer salts with 

enhanced solid-state stability and drug release properties. The goal of this chapter is to familiarize 

the reader with the fundamentals of amorphous solids and amorphous solid dispersions (ASDs) 

and the way they are generally utilized in conventional pharmaceutical manufacturing and drug 

delivery. Additionally, this chapter will provide an overview and discussion of recent progress in 

the formulation and performance of amorphous drug-polymer salts. Finally, this chapter will 

describe the current understanding of the phenomenon of nanoparticle formation during ASD 

dissolution, a behavior increasingly investigated as a method of solubility enhancement and 

potentially advantageous release mechanism that can be exploited to promote more efficient drug 

release and supersaturation.  

In Chapter 2, we consider the influence of ionic drug-polymer interactions on the stability and 

release of a model ASD system. In Chapter 3, we expand on this work to investigate the role of 

polymer choice on this degree of salt formation in an ASD and how this property is influenced by 

the processing conditions used to manufacture the formulation. In Chapter 4, we turn to a broad 

selection of poorly soluble APIs, considering a general ASD synthesis method and the degree of 

salt formation it facilitates. Chapter 5 will in greater detail consider the dispersion of these ASDs 

in aqueous dissolution medium and the factors underlying high apparent ASD solubility and the 

role of polymer choice in promoting ASD solubility. Finally, Chapter 6 will discuss the primary 

conclusions of the work described in this thesis and potential future areas of further investigation. 
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1.2. Challenges in Oral Drug Delivery 

Oral solid dosage forms are the most common drug delivery route due to their cost-effectiveness, 

storage stability, and ease of administration.3 In order for an ingested active pharmaceutical 

ingredient (API) to reach its intended site of action, it must first attain sufficient dissolution and 

subsequent permeation in the gastrointestinal (GI) system.  

The ability of a neat API to achieve these benchmarks can be broadly understood using the 

Biopharmaceutical Classification System (BCS), first introduced by Amidon et al. to categorize 

APIs into one of four classes based on their solubility and permeability (Fig. 1).4 A drug is 

considered to have high solubility if its highest clinical dose strength is soluble in 250 mL or less 

of aqueous media between pH 1 – 7.5 at 37.5 deg. C.  

With the introduction of high-throughput screening methods for potential APIs that tend to have 

higher molecular weights and greater lipophilicity,5 poor aqueous solubility presents a challenging 

bottleneck in the drug development pipeline: approximately 90% of drugs in the R&D pipeline are 

poorly water-soluble.6,7 Poor aqueous solubility can lead to insufficient efficacy, patient-to-patient 

variation, and erratic absorption if formulation is not carefully controlled. 

Fig. 1. Biopharmaceutical classification system (BCS) 
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A number of approaches have been used to enhance the low aqueous solubility of BCS class II and 

IV APIs, including pH modulation,8,9 particle size reduction,10,11 solid dispersions,12,13,14 

cocrystals,15,16 and cyclodextrin complexes.17 

An alternative, increasingly common approach to the solubilization of these challenging APIs is 

amorphization, wherein the drug is formulated in its amorphous form rather than its crystalline 

form.18 Most drug products contain a crystalline API due to their inherent stability and purity, but 

the high lattice energy barrier and low free energy of a crystalline material can significantly limit 

aqueous solubility. An amorphous state instead has no long-range molecular order, disrupting the 

stable crystal lattice and increasing its free energy, leading to higher solubility and subsequent 

absorption.19 However, this solubility advantage is lost upon recrystallization of an amorphous 

drug, making the stabilization and crystallization inhibition of the formulation a critical step to 

ensure its optimal and consistent performance.20 

A common approach to the stabilization of amorphous drugs is an amorphous solid dispersion, 

wherein the amorphous drug is molecularly dispersed in a suitable polymer that restricts molecular 

mobility, reduces the driving force for crystallization, and provides a stable carrier matrix.21,22,23,24 

An early example of marketed amorphous solid dispersion (ASD) was approved in 1985, 

consisting of the synthetic cannabinoid molecule nabilone dispersed in polyvinylpyrrolidone 

(PVP) under the brand name Cesamet®.25 Since the introduction of this product, ASDs represent 

an increasingly popular formulation approach, with 48 drug products containing ASDs approved 

by the FDA between 2012 and 2023.26 The growing popularity of ASDs as a drug delivery 

technology and increasing population of poorly soluble drug candidates necessitates careful 

consideration of the properties affecting ASD performance and how this performance can be 

optimized for particularly challenging APIs.  
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1.3. Amorphous Solids 

Amorphous solids can be prepared in a number of ways depending on their glass-forming ability. 

An amorphous solid can form by cooling a melt, evaporating a solution, and mechanically 

damaging a crystal.27,28 A crystalline drug undergoes melting at temperature Tm generating a melt.29 

Slow cooling of this melt permits the molecules to rearrange into the preferred order, reforming 

the crystalline structure. Alternatively, rapid cooling of an effective glass-former may instead 

generate a metastable glassy state below the drug’s characteristic glass transition temperature (Tg) 

as shown in Fig. 2).30 At this temperature, the system undergoes a marked change in heat capacity 

(thermal expansion coefficient) causing a slope change of enthalpy (volume) and deviates from 

the equilibrium behavior (dotted line).31 The glassy state has a liquid-like structure but is 

mechanically a solid. It is important to note that the glass transition is not a true thermodynamic 

phase transition and exhibits a dependence on the cooling rate. The solid nature of a glass 

Fig. 2. Enthalpy and volume of a theoretical drug as a function of temperature. Tm and Tg 

represent melting temperature and glass transition temperature, respectively. The red star notes 

the change in slope that corresponds to glass formation. 
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originates from the reduction in molecular mobility in this “frozen” state below Tg. An amorphous 

drug in this state has a higher free energy and solubility than its crystalline counterpart. This 

advantage can be better preserved via dispersion in a suitable carrier polymer, forming an 

amorphous solid dispersion (ASD) which reduce the molecular mobility, and the thermodynamic 

driving force required crystal nucleation and growth.32  

 

 

 

 

 

 

Fig. 3. Illustration of relative chemical potential (μ) and activation energy required for drug 

crystallization (EA) of amorphous drug and amorphous solid dispersions. The term (Δμ1 - Δμ2) 

represents the decrease of the thermodynamic driving force of crystallization by forming an 

amorphous solid dispersion. and subsequently enhanced solubility (not to scale). 
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1.4. Amorphous Solid Dispersions 

A successful ASD carrier polymer offers a variety of benefits including kinetic stabilization of the 

amorphous drug, elevating the formulation’s Tg and resistance to crystallization in the solid state 

as well as wettability and supersaturation during dissolution. The dissolution of a drug in a  

polymer lowers the chemical potential of the drug and increases the activation energy for its 

crystallization as shown in Fig. 3.20,33, Selection of the polymer matrix used to formulate an ASD 

is a critical formulation step and must take into account both the physicochemical properties of the 

drug as well as the desired manufacturing strategy and dissolution profile (i.e. gastric vs. intestinal 

release, controlled vs. rapid release). Carrier polymers must generally be chemically and 

pharmacologically inert and have Generally Recognized As Safe (GRAS) status. They must also 

be sufficiently miscible with the amorphous drug of choice with a sufficiently high Tg to ensure 

stability at room temperature.34 Additionally, qualities such as solubility in organic solvents or 

thermoplasticity may also be required depending on the manufacturing strategy chosen. More 

recently, specific interactions between drug and polymer have been shown to impact both the 

stability and release of an ASD, making the potential for a carrier polymer to form hydrogen or 

ionic bonds with the dispersed drug another important consideration.35,36 Common polymers used 

in ASD formulation include vinyl pyrrolidone derivatives (polyvinylpyrrolidone (PVP),37 vinyl 

pyrrolidone/vinyl acetate copolymer (PVPVA),38 Crospovidone39), cellulose derivatives 

(hydroxypropylcellulose (HPC),40 hydroxypropylmethylcellulose (HPMC),41 

hydroxypropylmethylcellulose acetate succinate (HPMCAS)),42 and other synthetic polymers 

specifically designed for pharmaceutical applications (Eudragit® polymers, Soluplus®).43,44  

 

1.4.1. ASD Manufacturing Methods 

ASDs have been successfully prepared in a variety of ways, the most common of which are hot 

melt extrusion (HME),45,46  spray drying (SD),47 and freeze drying.48 Less common in industrial 

manufacturing but pharmaceutically relevant methods include mechanical activation,49 rotary 

evaporation (RE),50 antisolvent precipitation (AP),51,52,53 and spray-freeze drying.54 Selection of 

the appropriate manufacturing method can be based on logistical concerns (cost, equipment) and/or 
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chemical compatibility (heat lability, limited solubility). Examples of FDA-approved ASDs and 

the manufacturing methods used to prepare them are shown in Table 1.55,56 

HME has been used to prepare several formulations on the market and is often favored due to its 

solvent-free processing but can be limited in its applicability by insufficient drug-polymer mixing  

and/or heat lability of ASD components.57,58 For this reason, solvent-based methods (SD, RE) offer 

effective alternatives as the presence of solvent can reduce the processing temperature required to 

obtain sufficient drug-polymer mixing and subsequent amorphization. Of the solvent-based 

methods, SD is most commonly used due to its scalability and potential for continuous 

manufacturing but in some cases may be limited by a) component solubility in spray solvent and 

b) spray solution characteristics.59 Solutions that exhibit high viscosity in the common solvent 

selected may be unsuitable for SD due to the strong influence of feed solution viscosity on spray 

pattern, droplet size, and droplet size distribution.60 RE is less sensitive to solution viscosity, but 

Table 1. Examples of marketed FDA-approved products containing ASD. 

Product 

name 
Drug Manufacturer 

Synthetic 

Method 
Polymer Indication 

Year of 

FDA 

Approval 

Cesamet® Nabilone Valeant 
Solvent 

evaporation 
PVP 

Nausea and vomiting 

induced by cancer 

medications 

1985 

Prograf® Tacrolimus Fujisawa 
Solvent 

evaporation 
HPMC 

Organ rejection 

prophylaxis 
1994 

Kaletra® 
Ritonavir/ 

Lopinavir 
Abbott HME PVPVA HIV-1 infection 2007 

Incivek® Telaprevir Vertex 
Spray 

drying 
HPMCAS Chronic hepatitis C 2011 

Belsomra® Suvorexant Merck HME PVPVA Insomnia 2014 

Orkambi® 
Lumacaftor/ 

Ivacaftor 
Vertex 

Spray 

drying 
HPMCAS Cystic fibrosis 2016 

Erleada™ Apalutamide Janssen 
Spray 

drying 
HPMCAS 

Non metastatic 

castration resistant 

prostate cancer 

2018 

Paxlovid® 
Nirmatrelvir/ 

Ritonavir 
Pfizer HME PVPVA COVID-19 2023 
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is used infrequently in commercial settings due to significantly higher solvent requirement and 

poor scalability.61 In the recently described slurry conversion (SC)62,63 synthesis method, a physical 

mixture of the drug and polymer is stirred at room temperature in the presence of a small volume 

of organic solvent which is subsequently removed. In contrast to HME, SC can be consistently 

performed at ambient temperature (25 C), making it a viable alternative for heat labile drugs and 

polymers. Given the many ways to prepare an ASD, many have investigated whether they produce 

the same product in terms of internal structure and performance characteristics.64,65,66,67 Despite 

work in this area, the current understanding remains limited.  

 

1.4.2. Effect of Drug-Polymer Interactions on ASD Performance  

Drug-polymer interactions are strongly dependent on the characteristics of the drug and polymer 

chosen as well as the state of mixing achieved in each ASD. Recent work has identified the strength 

and extent of drug-polymer interaction within an ASD as an important factor in the performance 

of the formulation, necessitating thorough understanding of how this property is influenced by 

ASD preparation and subsequent effects on stability and release. 

1.4.2.1. Stability against Crystallization 

The presence of stronger or more extensive drug-polymer interactions has been shown to have a 

positive effect on the stability of an ASD and the inhibitory effect of the polymer on drug 

crystallization. In the case of indomethacin (IMC) dispersed in PVP, the stability of the dispersion 

against crystallization is attributed to hydrogen bonding between the two species’ carboxylic acid 

groups.68 Additionally, Mistry et al. demonstrated that for the weakly basic API ketoconazole, the 

strength of drug-polymer interaction correlates with the degree of molecular mobility measured 

via dielectric spectroscopy with the strongest interaction (ionic) leading to the greatest decrease in 

mobility and subsequent crystallization inhibition.69  

1.4.2.2. Dissolution and Drug Release  

The effect of drug-polymer interactions on both phases of dissolution is poorly understood, with 

system-to-system variability. Chen et al. investigated the dissolution performance of ketoconazole 
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dispersed in carrier polymers with differing degrees of drug-polymer interaction potential and 

found that strong interactions with hypromellose acetate succinate (HPMCAS) facilitated 

enhanced drug dissolution, likely due to more sustained supersaturation.70 Similar behavior has 

been observed when comparing dispersions of griseofulvin in PVP (no hydrogen bonding) or 

HPMCAS (hydrogen bonding), where griseofulvin-HPMCAS dispersions prepared via ball 

milling exhibited significantly higher aqueous solubility.71 Interestingly, this outperformance did 

not persist for dispersions prepared by spray drying, suggesting complex interplay between drug-

polymer interaction and ASD processing on dissolution performance. Finally, Hiew et al. observed 

a “balance” between dissolution and stability for a series of drug-polymer systems, suggesting that 

strong drug-polymer interactions may lend themselves to an enhanced degree of solid-state 

stability while inhibiting drug release.72 The varied observations concerning the effect of drug-

polymer interactions on drug release from an ASD indicate the need for careful consideration in 

excipient selection and processing conditions to ensure desirable performance outcomes.  

 

1.4.3. Amorphous Drug-Polymer Salts 

A drug-polymer salt is produced by an acid-base reaction between a small-molecule drug and an 

ionizable polymer (polyelectrolyte). Although salt formation is common in drug development, 

counterions are typically small inorganic ions or small organic ions, not charged polymers.73,74,75 

In the context of amorphous formulations, a salt formed with a polymeric counterion has greater 

resistance to crystallization than a salt formed with a small inorganic or organic counterion. This 

is a result of the awkward packing required for a drug and a polymer to crystallize together. 

Additionally, polyelectrolytes tend to be hydrophilic, and their incorporation into a drug 

formulation improves wetting and dispersion in water. A polymer has a lower solubility than its 

monomer or oligomers and provides stronger adhesion to solid surfaces. As a result, 

polyelectrolytes are often good coating materials, while low-molecular-weight materials could fail 

for this purpose. Table 2 summarizes previous reports of amorphous drug-polymer salts in the 

literature, including synthetic methods, formulation details, and performance metrics. When a 

comparison is possible, polymers that allow for salt formation with the drug appear to inhibit 

crystallization better than those that do not. For example, indomethacin is more stable when 
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formulated with Eudragit EPO, a salt former, than with HPMC, a neutral, non-salt-forming 

polymer.76 Clofazimine and lumefantrine, both bases, are more stable when formulated with an 

acidic polymer than with a neutral polymer.77,62,63 This confirms the importance of salt formation 

on the stability of amorphous drug–polymer formulations. 

 

Table 2. Examples of amorphous drug-polymer salts reported in the literature. 

API, % 

Loading 

Polymer 

Counterion 
Synthetic Method Physical Stability Other Benefits 

Naproxen, 

42%78 

Eudragit® 

EPO 
Hot melt extrusion 

Stable at 20 ◦C/60% RH 

for 12 mo. 

Drug release triggered 

by inorganic salts 

Lapatinib, 

40%79 

Gefitinib, 40% 

PSSA 
Solvent evaporation, 

cryogenic grinding 

Stable at 40 ◦C/75% RH 

for 6 mo. 

Faster dissolution than 

crystalline form 

Indomethacin, 

30%76 

Eudragit® 

EPO 

Solvent evaporation, 

cryogenic grinding 

Stable at 40 ◦C/75% RH 

for 100 d. Neutral ADSs 

less stable 

Enhanced dissolution 

Lumefantrine, 

40%77 

CAP, 

HPMCP, 

Eudragit® 

L100 

Solvent evaporation 

Stable at 40 ◦C/75% RH 

for 6 mo. Neutral ASDs 

less stable 

CAP dispersion has 

slow dissolution, 

others perform better 

Clofazimine, 

75%62 
PAA Slurry conversion 

Stable at 40 ◦C/75% RH 

for 6 mo. Neutral ASDs 

less stable 

Improved flow, 

tabletability, 

wettability, dissolution 

Ciprofloxacin, 

40%80 
Eudragit® L Ball milling 

Stable at 25 ◦C/90% RH 

for 90 min. Improved 

stability over pure drug 

at 40 ◦C/75% RH 

Improved solubility 

and drug permeability, 

persistent 

supersaturation 
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1.4.4. Dissolution of Amorphous Solid Dispersions as Molecules and Nanoparticles 

The dissolution of ASDs is generally depicted as a “spring and parachute” process, where the 

“spring” refers to rapid initial drug dissolution and the “parachute” represents prolonged drug 

supersaturation (Fig.3).81 This supersaturated state can only be generated from a high-free energy 

state (sufficient “spring”) and occurs when the apparent concentration of the drug exceeds its 

equilibrium solubility.  

In addition to molecularly dissolved drug, the dissolution of some ASDs can generate colloidal 

particles of submicron size, leading to an apparent solubility that exceeds the true solubility. An 

early example of this phenomenon is β-carotene dispersed in PVP82 and additional examples are 

shown in Table 3.   

 

Fig. 3. The spring-parachute depiction for ASD dissolution. Caq represents the crystalline 

solubility of the drug, reached after dissolution of neat crystalline drug or recrystallization 

and precipitation of the amorphous drug. 
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Drug Polymer 
Preparation 

Method 
Particle Size 

Dissolution 

medium 
Other Comments 

β-carotene82 PVP 
Solvent 

evaporation 
~100 nm Water 

Particle size obtained via 

filtration through various 

pore size filters 

Itraconazole83 HPMCAS Spray drying ~300 nm 
FaSSGF, 

FaSSIF 

Colloids only formed in 

FaSSGF. ASDs with lower 

drug loading formed higher 

concentration of drug-rich 

colloid 

Anacetrapib84 

PVPVA + 

TPGS 

(surfactant) 

HME ~50 to ~200 nm Water 

Higher wt% TPGS in the 

formulation decreased 

particle size range from 

~200 to ~50 nm for 2% to 

10% TPGS, respectively 

Ritonavir85 

PVP, 

PVPVA, 

HPMCAS 

Rotary 

Evaporation 

~200 nm, ~250 nm, 

~315 nm for PVPVA, 

HPMCAS, PVP 

respectively 

Phosphate 

buffer, pH 6.8 

Only 10:90 RTV-polymer 

ASDs formed observable 

colloidal species 

Probucol86 HPMCAS Spray drying 

~30 nm, ~70nm, ~180 

nm for 10%, 25%, 

50% probucol ASDs, 

respectively (mean 

volume diameter) 

Phosphate 

buffered 

saline 

Higher drug loading of 

probucol led to delayed NP 

formation and probucol 

dissolution relative to low-

drug loading ASDs 

Fenofibrate87 HPMC Spray drying 
~160 nm (mean 

volume diameter) 

Phosphate 

buffered 

saline 

Fenofibrate-rich NPs 

correlated with enhanced 

intestinal absorption in 

vivo 

 

Table 3. Examples of previously studied systems shown to generate nanoparticles upon 

dissolution. 
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These studies demonstrated the dual-phase nature of ASD dissolution, wherein both the 

molecularly dissolved drug (corresponding to the neat amorphous solubility) and an amorphous 

drug nanoparticle phase both contribute to the overall “apparent solubility” (AS). These 

amorphous drug nanoparticles (NPs) have been shown in certain cases to act as “reservoirs,” 

consistently replenishing the supply of molecularly dissolved drug to maintain a concentration 

gradient across a permeable membrane. The complex behavior of ASDs in solution and this 

behavior’s dependence on a wide variety of formulation and physiological factors indicates this as 

a necessary focus of further investigation to ensure robust ASDs with reliable, consistent 

performance.  
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1.5. Contributions of this Thesis 

In Chapter 2 and 3, the effect of polymer choice and processing conditions on salt formation in 

lumefantrine (LMF)-based ASDs was quantified by measuring the degree of proton transfer 

between LMF and an acidic polymer using x-ray photoelectron spectroscopy (XPS). Chapter 2 

shows that the enhanced degree of proton transfer between LMF and the acidic polymer 

poly(acrylic acid) (PAA) facilitated by SC enhances the stability and release of the formulation. 

Compared to a melt-quench synthesis processing that mimics the conventional HME process, 

formulations prepared via SC attained significantly higher degree of protonation with subsequent 

6x enhancement in apparent solubility in simulated gastric fluid and greatly increased stability at 

40C/75% RH. In contrast to antisolvent precipitation, SC demonstrated highly tunable drug 

loading and a degree of acid-base reaction well-described by an equilibrium reaction model, 

indicating the ability of SC to attain the equilibrium state of the LMF-PAA reaction.  

In Chapter 3, we instead focus on the degree of salt formation attainable via SC synthesis for LMF 

prepared with a variety of other acidic polymers and determined the polymer characteristics that 

dictate the ability of a given acidic polymer to form a salt with LMF. The polymers tested included 

cellulosic polymers (hypromellose phthalate (HPMCP), hypromellose acetate succinate 

(HPMCAS), cellulose acetate phthalate (CAP)) and acrylic/methacrylic polymers (PAA, 

Eudragit® L100, Eudragit® L100-55). The polymers studied showed very different degrees of 

LMF protonation for a given drug loading, however this discrepancy was largely eliminated when 

the results are instead plotted against the acidic group (COOH) density of each polymer as 

determined by a colorimetric non-aqueous titration. This indicates that the degree of salt formation 

in these ASDs is primarily dependent on this acidic group density and is largely insensitive to the 

individual polymers’ architectures. Furthermore, these results were compared against three 

alternative methods used to synthesize LMF ASDs found in the literature. For a given LMF-acidic 

polymer ASD with identical composition, SC either outperforms (4 of 6 polymers) or attains the 

same extent of protonation as spray drying (2 of 6 polymers). This detailed understanding of the 

factors dictating the degree of intimate mixing and molecular-level structure in a multicomponent 

ASD, demonstrating the need for careful consideration of both the excipients and manufacturing 

conditions used to formulate an ASD with the desired physicochemical properties and 

pharmaceutical performance.  
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In Chapter 4, SC was further investigated as a general approach to formulate a variety of poorly 

soluble basic drugs with the polymer PAA. 18 drugs were formulated as binary and/or ternary 

ASDs and analyzed for amorphous character in addition to proton transfer if appropriate. At 25% 

drug loading, 16 of 18 drugs were successfully amorphized while at 50% drug loading, 11 of 18 

drugs were amorphized. XPS analysis revealed a LMF protonation trend approximately correlated 

with basic strength, with aliphatic amines attaining the highest degree of protonation by PAA. For 

each drug whose protonation was quantifiable by XPS, a smooth trend of decreasing protonation 

with increasing drug loading was observed. This suggests the consistent ability of SC to facilitate 

a reaction equilibrium state where intimate molecular-level mixing is ensured.  

In Chapter 5, the previously reported enhanced dissolution behavior of LMF-PAA ASDs was 

further investigated. LMF was formulated with 10 different pharmaceutical polymers (8 acidic 

polymers, mentioned above in addition to PVP and PVPVA) and its subsequent release in 0.1% 

SDS solution quantified. PAA was demonstrated to outperform all other polymers tested when 

prepared at both 25 and 50 wt% drug loading with a high degree of supersaturation that is stable 

for at least 8 hours. This superior performance of PAA as a dispersion polymer suggests its 

underutilization in ASD formulation excipient and indicates its use in more general pharmaceutical 

contexts warrants further study in additional drug systems and dissolution conditions.  The future 

directions of these amorphous drug-polymer salts and their use in the delivery of poorly soluble 

drugs are discussed in Chapter 6.  

Overall, this thesis considers the preparation, optimization, and performance of amorphous drug-

polymer salts for a variety of drug-polymer systems, particularly focusing on the formulation of 

poorly soluble basic drugs prepared with oppositely charged acidic polymers. The findings in this 

thesis are relevant to the continued development of amorphous drug formulations for the increasing 

population of low-solubility drug candidates and offers new approaches for their efficient delivery 

and long-term stability.  
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2.1. Abstract 

An amorphous drug-polymer salt (ADPS) can be remarkably stable against crystallization at high 

temperature and humidity (e.g., 40°C/75 % RH) and provide fast release. Here we report that 

process conditions have a strong influence on the degree of proton transfer (salt formation) 

between a drug and a polymer and in turn the product’s stability and release. For lumefantrine 

(LMF) formulated with poly(acrylic acid) (PAA), we first show that the amorphous materials 

prepared by slurry conversion and antisolvent precipitation produce a single trend in which the 

degree of drug protonation increases with PAA concentration from zero for pure LMF to ~100 % 

above 70 wt % PAA, independent of PAA’s molecular weight (1.8, 450, and 4000 kg/mol). This 

profile describes the equilibrium for salt formation. Relative to this equilibrium, the literature 

methods of hot-melt extrusion (HME) and rotary evaporation (RE) reached significantly lower 

degrees of salt formation. For example, at 40 wt % drug loading, HME reached 5 % salt formation 

and RE 15 %, both substantially lower than the equilibrium value of 85 %. This is disconcerting 

given the common use of HME and RE in manufacturing amorphous formulations, indicating a 

need to carefully control the process conditions to ensure the full interactions between the drug 

and the polymer molecules. This need arises due to the low mobility of macromolecules and the 

mutual hindrance of adjacent reaction sites. We find that a high degree of salt formation enhances 

drug stability and release. For example, at 50 % drug loading, an HME-like formulation with 19 

% salt formation crystallized faster and released only 20 % of the drug relative to a slurry-prepared 

formulation with 70 % salt formation. Based on this work, we recommend slurry conversion as 

the method for preparing ADPS for its ability to complete salt formation and continuously adjust 

drug loading. While this work focused on salt formation, the impact of process conditions on the 

molecular-level interactions between a drug and a polymer is likely a general issue for amorphous 

solid dispersions, with consequences on product stability and drug release. 
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2.2. Introduction 

An amorphous solid is more soluble than its crystalline counterpart.1,2 In recent years, this principle 

has been applied to develop amorphous solid dispersions (ASDs) to deliver poorly soluble 

drugs.3,4,5 An ideal ASD provides enhanced solubility over its crystalline counterpart and high 

resistance to crystallization to maintain its solubility advantage. A recent progress in this area is 

the formulation of amorphous drug-polymer salts (ADPS).6,7 An ADPS is formed by the acid-base 

reaction between a small-molecule drug and an oppositely changed polyelectrolyte. Relative to an 

ASD containing unionized drug and polymer, an ADPS is more stable in a hot and humid 

environment, a need for many medicines for global health. This enhanced stability results from the 

strong ionic interaction between a drug and a polymer, which reduces the driving force for 

crystallization, while it is difficult (perhaps impossible) for the drug and the polymer to form a co-

crystal. The increase of thermodynamic stability, at first glance, suggests reduced solubility, but 

both lumefantrine (LMF) and clofazimine (CFZ) when formulated with poly(acrylic acid) (PAA) 

show excellent dissolution in biorelevant media (see Scheme 1 for the structures of LMF, CFZ, 

and PAA).6,7  

For an ADPS, the extent of acid-base reaction is a critical quality attribute. For a basic drug like 

LMF and CFZ, this refers to the fraction of the molecules that are protonated by an acidic polymer. 

Song et al. reported significant variation in the fraction of LMF molecules protonated by acidic 

 
Scheme 1. Structures of lumefantrine (LMF), clofazimine (CFZ), and poly(acrylic acid) (PAA).  
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polymers.8 For example, in formulations prepared with PAA at 40 wt % drug loading, LMF was 5 

% protonated if prepared by hot-melt extrusion (HME) and 15 % protonated by rotary evaporation 

(RE). These values indicate very low degrees of salt formation and a significant influence of 

process conditions. Given the large size and low mobility of polymers, this is perhaps to be 

expected since a drug-polymer salt could be slower to form than a salt of small ions. In this work, 

we show that process conditions play a critical role in completing the salt formation between a 

drug and a polymer and for the LMF-PAA system, nearly complete salt formation is possible under 

proper conditions. 

Many methods have been used to prepare ASDs, including HME9,10 spray drying11 (SD), and 

RE.12,13 Our recent work introduced a low-cost slurry conversion method for synthesizing ADPS.6 

In this method, a physical mixture of the drug and the polymer is stirred in the presence of a small 

amount of solvent, which is subsequently removed. Compared to SD and RE, this method uses 

less solvent and does not require complete dissolution of the reactants; compared to HME, it uses 

a lower temperature, thus avoiding the decomposition of thermally labile polymers such as PAA. 

In this work, we apply the slurry method to prepare the amorphous salt of LMF and PAA and 

compare the product with those prepared by HME and RE.8 In addition, antisolvent precipitation 

is tested as another method of preparation.14,15  

Lumefantrine (LMF), the model drug of this study, is a low-solubility WHO Essential Medicine 

and first-line antimalarial. Jain et al. have shown that the bioavailability of LMF can be improved 

by formulating it as an ASD.16 Being a malaria medicine, LMF formulations should be stable under 

tropical conditions since many regions afflicted by malaria are hot and humid. This requirement 

can potentially be met using the approach of amorphous drug-polymer salts. Being a weak base, 

LMF can be protonated by an acidic polymer like PAA.8 Hiew et al. investigated the stability and 

release of amorphous LMF formulated with several polymers.17 Their work did not investigate 

PAA or the impact of process conditions on LMF protonation, which are the focus of this study.  

We report that the amorphous formulations of LMF and PAA prepared by slurry conversion and 

antisolvent precipitation form a single profile where the degree of drug protonation increases with 

PAA concentration from zero for pure LMF to ~100 % above 70 wt % PAA. This profile holds 

regardless of the synthetic method and PAA MW (1.8, 450, and 4000 kg/mol) and thus describes 
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the equilibrium condition for salt formation. Remarkably, the degree of salt formation obtained by 

slurry conversion greatly exceeds those by HME and RE,8 indicating the important role of process 

conditions in completing the proton transfer between the drug and the polymer. We also report that 

a high degree of salt formation leads to improved stability and drug release. 

 

2.3. Materials & Methods 

Materials  

Poly(acrylic acid) (PAA, Carbomer, MW = 1.8, 450, 4000 kg/mol) was purchased from Sigma-

Aldrich (St. Louis, MO), lumefantrine (LMF) from Nanjing Bilatchem Industrial Co. (Nanjing, 

China), dichloromethane (ChromAR grade) from Thermo Fisher Scientific (Fair Lawn, NJ), and 

ethanol from Decon Laboratories (King of Prussia, PA). All materials were used as received. 

Amorphous Formulations of LMF and PAA   

Slurry Conversion. The slurry synthesis of amorphous LMF-PAA has been described by Yao et al.6 

In this work, a reduced synthesis temperature of 25 °C (from the original 75 °C) was tested; the 

products prepared after 30 min of reaction showed similar degrees of protonation as those prepared 

at the original temperature. The products were ground in an agate mortar with a pestle to a fine 

uniform powder prior to further analysis. For PAA of higher MW (450 and 4000 kg/mol), reaction 

with LMF was performed using both the standard slurry method6 and an amended method 

involving ball milling to facilitate mixing. In this latter method, a physical mixture of LMF and 

PAA at a chosen drug loading (25, 50, 75 wt %) was combined with the solvent 

(dichloromethane/ethanol, 1:1 by volume) at a 4:1 solvent/solid ratio. The resulting paste was 

milled in a ball mill (MM400, Retsch GmbH, Haan, Germany). The container of the mill was a 25 

mL-capacity steel jar with five 5-mm stainless steel balls. The mill operated at 20 Hz and the 

milling time was 30 minutes. The milling was performed at room temperature, and the internal 

temperature was measured immediately post-milling with an IR thermometer. The increase of 

internal temperature was less than 5°C.  
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Melt Quenching 

To assess the effect of the degree of salt formation on formulation performance, amorphous LMF-

PAA was prepared using a melt-quench method to simulate HME. A physical mixture of LMF and 

PAA 450 kg/mol was prepared at 50 wt % drug and heated to 135 °C while stirring with a stainless-

steel spatula to mimic HME. The heating time was ~4 min. The product was ground in an agate 

mortar with a pestle to a fine powder before further analysis. 

Antisolvent Precipitation 

A solution of LMF in acetone (50 mg/mL) was added into an aqueous solution of PAA (3.5 

mg/mL), causing precipitation. The precipitant was filtered using Whatman Grade 2 Qualitative 

Filter Paper and dried under vacuum overnight at room temperature and ground in an agate mortar 

with a pestle to a fine powder before further analysis. 

Powder X-ray Diffraction 

X-ray diffraction patterns were collected using a Bruker D8 Advance X-ray diffractometer with a 

Cu Kα source operating at a tube load of 40 kV and 40 mA. A powder sample of approximately 

10 mg was spread evenly and flattened on a Si (510) zero-background holder and scanned between 

3° and 40° (2θ) at a step size of 0.02° and a scan rate of 1 s/step.  

X-Ray Photoelectron Spectroscopy (XPS) 

The details of XPS measurement and data analysis have been described previously.18 For an 

amorphous LMF-PAA formulation, approximately 5 mg of a powder was pressed into a tablet 

using a stainless-steel press. For a sample of pure LMF, approximately 1 mg of LMF powder was 

melted on a glass coverslip and quenched to room temperature by contact with an Al block. The 

samples were stored in a sealed plastic tube filled with Drierite before XPS analysis. The high-

resolution spectrum of the N atom was used to measure the fraction protonated of LMF. For each 

sample, the N spectrum was recorded in duplicate in two separate regions. Curve fitting was 

performed using the program Origin following smart baseline subtraction.  

Dissolution 

Solubility tests were performed in simulated gastric fluid (SGF). The details of sample preparation, 

data collection and analysis have been described previously.6 
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2.4. Results & Discussion 

Amorphous Formulations of LMF and 

PAA by Slurry Conversion 

Fig. 1 shows the typical XPS spectra of the 

N atom collected to determine the degree of 

proton transfer (salt formation). These 

materials were prepared at different drug 

loading with PAA 450 kg/mol using the 

slurry-conversion method and confirmed 

amorphous by XRD. The pure drug, a free 

base, shows a single peak at 399 eV, 

corresponding to the unprotonated amine N. 

With increasing PAA concentration 

(decreasing drug loading), this peak 

decreases and a new peak emerges at 401.5 

eV. The new peak corresponds to the 

protonated amine group of higher electron 

binding energy.8,19 Together, the spectra in 

Fig. 1 indicate an increase of the protonated 

fraction of the drug with increasing PAA 

concentration.  

The fraction protonated of LMF is 

calculated from an XPS spectrum as 

follows:  

 

 

Fig. 1. Typical XPS N spectra of amorphous LMF-

PAA. These materials were prepared by slurry 

conversion using PAA 450 kg/mol. With increasing 

PAA concentration (decreasing drug loading), the 

unprotonated N peak decreases and the protonated N 

peak increases. The curves are Gaussian fits of the 

peaks. 
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where AP and AN are the areas of the protonated and neutral nitrogen peaks, respectively, obtained 

by curve fitting (Fig. 1).   

Because XPS is a surface analytical tool 

with a probe depth of several nanometers,18 

it is important to establish that the degree 

of salt formation measured by XPS is 

representative of the entire material, not 

just the surface region. For this purpose, we 

compare in Fig. 2 the drug concentrations 

in the bulk and at the surface for a series of 

materials prepared by slurry conversion. 

The bulk concentration was obtained from 

the initial amounts of LMF and PAA used 

for slurry synthesis. Since neither 

component was lost in this one-pot 

synthesis, the overall concentration of the 

product can be obtained from the initial 

amounts. The surface concentration was 

measured by XPS as follows:18  

  

where wLMF is the weight fraction of LMF, k is the measured N/O ratio, MP is the molecular weight 

of the PAA monomer, and MLMF is the molecular weight of LMF. 

 

 

Fig. 2. Surface concentration of LMF as a function of 

bulk concentration. The diagonal line indicates 

perfect agreement of the two concentrations.  
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Fig. 2 indicates that there is no significant difference between the drug concentrations at the surface 

and in the bulk. This is not surprising because before XPS analysis, each sample was ground to 

fine particles, exposing fresh surfaces that had the bulk composition. According to Yu et al.,20 the 

time for the surface composition to 

equilibrate is determined by the rate of 

polymer diffusion through the bulk and 

can be years or longer below the glass 

transition temperature. That is, even if a 

thermodynamic driving force exists for 

component segregation in the surface 

region, the kinetics is too slow to have a 

significant effect on our results and the 

degree of salt formation from XPS is 

representative of the bulk material.  

Fig. 3 shows the fraction of LMF 

molecules that are protonated in the 

amorphous formulations with PAA of 

three MWs (1.8, 450, and 4000 kg/mol) 

prepared by slurry conversion. For each 

MW series, the fraction protonated is 

plotted against drug loading. For PAA 

1800 g/mol, the results correspond to 

the products of the standard slurry 

synthesis.6 For higher-MW PAA grades, 

the results correspond either to the products of standard synthesis or to those prepared with more 

vigorous mixing. As discussed below, for formulations of high polymer content (low drug loading), 

enhanced mixing was needed to complete the proton transfer. The data in Fig. 3 form a single trend 

with no significant difference between PAA of different MWs. This indicates that the acid-base 

reaction between LMF and PAA had reached equilibrium under the slurry conditions used. If, on 

the other hand, the degree of salt formation was limited by kinetics, the larger, less mobile polymer 

Fig. 3. Fraction protonated of LMF in amorphous 

formulations with PAA of different MW. For PAA 450 

and 4000 kg/mol, some results were obtained with more 

vigorous mixing. A single trend is observed regardless 

of PAA MW, indicating the reaction had reached 

equilibrium. The vertical line at w0 = 88 wt % 

corresponds to one LMF molecule (MW = 528.9 g/mol) 

per PAA monomer (MW = 72.1 g/mol). The curve is a 

guide to the eye. 
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would be slower to react and show lower degree of salt formation. The simplest explanation for 

the “master curve” in Fig. 3 is that slurry synthesis allowed the reaction to reach equilibrium.  

Fig. 3 shows that the fraction of LMF molecules that are protonated increases as the PAA 

concentration increases (as drug loading decreases). The fraction is zero for the pure drug (a free 

base) and rises with the PAA concentration, approaching 100 % above 70 wt % PAA. This trend is 

sensible since at a low PAA concentration, not enough acidic groups are available to neutralize all 

the basic drug molecules. The vertical line at w0 = 88 wt % corresponds to one LMF molecule 

(MW = 528.9 g/mol) per PAA monomer (MW = 72.1 g/mol). The observed profile indicates that 

even when PAA monomers are in excess, not every monomer can react with a drug molecule. 

As noted above, some formulations 

required more vigorous mixing to reach 

reaction equilibrium than utilized in the 

standard slurry synthesis.6 This occurred 

at higher PAA MW and higher PAA 

concentration. We illustrate this in Fig. 4 

for PAA 4000 kg/mol. For this MW 

grade, significant gelling occurred upon 

addition of the solvent and stirring 

became difficult. As a result, the reaction 

was slower and less reproducible. In Fig. 

4, we compare the protonation profiles of 

amorphous LMF prepared with PAA 

4000 kg/mol using the standard slurry 

synthesis (open symbols) and with 

enhanced mixing in a Retsch mill (solid 

symbols). The products of the standard 

synthesis showed less complete proton 

transfer and larger scatter, whereas the 

products formed with enhanced mixing had higher and tighter degrees of salt formation. For this 

reason, the PAA 4000 kg/mol results in Fig. 3 correspond to those obtained with enhanced mixing. 

 

Fig. 4. Fraction protonated in amorphous LMF-PAA 

prepared with PAA 4000 kg/mol using the standard 

slurry method (open symbols) and with enhanced 

mixing (solid symbols). The latter show higher and 

tighter degrees of protonation due to more complete 

reaction. The curve is a guide to the eye. 
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A 4000 kg/mol polymer is massive and it is not surprising that better mixing is required to complete 

the reaction with the drug. For PAA 450 kg/mol, the effect described above is less severe and 

noticeable only at high polymer concentrations (above 50 wt %). When a significant effect is noted, 

the results plotted in Fig. 3 correspond to 

those obtained with enhanced mixing. 

Amorphous Formulations of LMF and 

PAA by Antisolvent Precipitation 

To expand the survey of synthetic 

methods, we investigated antisolvent 

precipitation as an alternative approach to 

preparing amorphous LMF-PAA. This 

method is analogous to “coprecipitated 

amorphous dispersion” (cPAD) of 

Strotman and Schenck.14 In this method, 

each component was dissolved first (LMF 

in acetone and PAA in water) and the 

mixing of the two solutions induced 

precipitation. The precipitant was 

confirmed amorphous by XRD. As in the 

case of slurry conversion, antisolvent 

precipitation was performed using PAA of 

different MWs (1.8, 450, 4000 kg/mol) at 

different drug/polymer ratios that 

corresponded to 25, 50, and 75 % drug 

loading. This “bottom-up” method could, 

in principle, achieve more complete mixing of the reactants than a “top-down” method like HME 

and slurry conversion. An issue with the precipitation method, however, is the unknown 

composition of the precipitant, since it is separated from the supernatant which can contain 

dissolved reactants. In contrast, the composition of a slurry-prepared product is known from the 

initial amounts of the ingredients because no ingredient is lost during synthesis. For this reason, 

 

Fig. 5. Protonated fraction of LMF vs. drug 

concentration. The materials were prepared by slurry 

conversion (solid symbols) and antisolvent 

precipitation (open symbols) using PAA of different 

MWs, which are not distinguished. Within 

experimental error, the materials prepared by the two 

methods form a single trend. The vertical line at w0 

has the same meaning as that in Fig. 3. The curve is 

a guide to the eye. 
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the drug concentration in a precipitated product must be determined and we did so by XPS from 

the N/O atomic ratios as described previously (Fig. 2).18 

In Fig. 5, we compare the protonation profiles of the products of antisolvent precipitation (open 

symbols) and slurry conversion (solid symbols). For the slurry products, the results are the same 

as those in Fig. 3 but we do not distinguish the PAA MWs since the data cluster together. Similarly, 

for the precipitated products, the PAA MW had no significant effect on the degree of protonation 

observed and we simply plot the results together without distinguishing the PAA MWs. Fig. 5 

shows that relative to slurry conversion, antisolvent precipitation consistently yielded products of 

high drug loading (70 – 90 wt %), regardless of the initial drug/polymer ratio. This means a 

significant fraction of PAA did not coprecipitate with LMF but remained dissolved in the solution. 

This is caused by the high aqueous solubility of PAA. For this reason, the actual drug concentration 

in the precipitant did not correspond to the initial drug loading and must be determined post-

isolation by XPS. It is interesting that the precipitated materials all had a composition close to w0 

(one LMF molecule per PAA monomer). 

Despite their narrower range of composition, the products of antisolvent precipitation join the same 

trend as those prepared by slurry conversion. This single trend strongly supports the idea that both 

methods reached the equilibrium for the acid-base reaction between the drug and the polymer. 

Between the two methods, slurry conversion provided continuous tunability of drug loading 

whereas antisolvent precipitation yielded products of only high drug loading. For this reason, 

slurry conversion is the more versatile of the two and the method of choice for the remainder of 

this work. 

In Fig. 6, we compare the degrees of salt formation in the amorphous materials of LMF and PAA 

prepared by different methods, including slurry conversion used in this work and HME and RE 

used by Song et al.8 In addition, a melt-quench formulation from this work is included. For a fair 

comparison, all these materials were prepared with PAA of the same MW (450 kg/mol). All the % 

protonated values in Fig. 6 were obtained by XPS and prior to XPS analysis, each sample was 

milled to ensure that the internal composition was analyzed (Fig. 2). It is noteworthy that the slurry-
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prepared formulations reached significantly 

higher degrees of salt formation than those by 

RE and HME. At 40 % drug loading, the slurry 

method reached 85 % drug protonation, while 

HME and RE 5 % and 15 %, respectively. This 

indicates that the drug-polymer reaction was 

incomplete in the latter two cases. This is 

startling since HME and RE are standard 

methods for ASD manufacturing and reached 

very low degrees of salt formation relative to 

what is possible.  

To investigate salt formation by HME, we 

prepared an amorphous formulation of LMF 

and PAA under conditions that mimic HME. 

This formulation was prepared at 50 % drug 

loading using PAA 450 kg/mol; the ingredients 

were melted together and stirred in the molten 

state. This formulation reached 19 % 

protonation (Fig. 6), which is broadly consistent 

with Song et al.’s HME values but significantly lower than the level reached by slurry synthesis. 

This comparison confirms the low degree of salt formation by HME and indicates the significant 

role of manufacturing methods and process conditions in completing the reaction between a drug 

and a polymer.  

Why is the proton transfer between LMF and PAA less complete in HME than in slurry 

conversion? In an HME process, LMF and PAA are mixed through heat and mechanical agitation 

without the aid of a solvent. This might suggest that a solvent could facilitate the reaction, perhaps 

by reducing the kinetic barrier for reaction. This notion is consistent with the Song et al.’s 

observation of a higher degree of salt formation by RE than by HME. However, it cannot explain 

the large discrepancy between their RE product and our slurry product (Fig. 6). The RE process of 

Song et al. used more solvent (50:1 liquid/solid ratio) than our slurry method (4:1). In the RE 

 

Fig. 6. Comparison of protonation profiles in 

amorphous LMF formulated with PAA 450 

kg/mol by different methods. At the same drug 

loading, slurry conversion (solid diamonds) 

achieved significantly more complete salt 

formation than HME and RE used by Song et 

al.8 and a melt-quench method used in this 

work. The curve is a guide to the eye. 
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process, LMF and PAA were initially 

dissolved in a single solvent 

(DCM/methanol), which was then removed 

under vacuum. The larger amount of solvent 

used could increase the drying time and the 

likelihood of phase separation during 

drying. Despite these differences, the 

general similarity between RE and slurry 

conversion suggests that the RE conditions 

could be modified to achieve more 

complete salt formation. Overall, the results 

presented in Fig. 6 highlight the importance 

of process conditions in preparing 

amorphous formulations that have a 

consistent internal state of drug-polymer 

interactions. In the next section, we explore 

the effect of a varying degree of salt 

formation on drug stability and release. 

Effect of Salt Formation on Stability and 

Drug Release. To investigate the effect of 

salt formation on formulation performance, 

we studied the stability and dissolution of 

two amorphous LMF-PAA formulations 

that had identical drug loading (50 wt %) 

and PAA MW (450K g/mol), but different 

degrees of salt formation. By slurry 

synthesis, we prepared a material with 70 % 

protonation, and by melt quench, a material 

with 19 % protonation. Figure 7a shows the 

XPS spectra of the two materials, where the 

slurry-prepared material exhibits a larger 

 
Fig. 7. (a) XPS spectra of two amorphous LMF 

formulations prepared by slurry conversion and melt 

quench. Both were prepared with PAA MW 450 

kg/mol at 50 % drug loading but had different degrees 

of salt formation. (b) Stability of the two formulations 

in (a) at 40 °C and 75 % RH. The melt-quenched 

formulation crystallized faster than the slurry-

prepared formulation. (c) Dissolution curves of the 

two formulations in (a) and crystalline LMF. For each 

sample, the different symbols indicate results on 

independent batches. The melt-quenched material 

reached higher concentration than the crystals, but 

much lower value than the slurry-prepared material. 
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protonated N peak and the melt-quenched material a larger unprotonated N peak. Both materials 

were amorphous as-prepared according to XRD.  

Figure 7b shows the stability of these two materials against crystallization at 40°C and 75 % R.H. 

The slurry-prepared formulation remained amorphous after 540 d,6 whereas the melt-quenched 

material crystallized significantly after 30 d. This is fully consistent with our understanding of the 

effect of drug-polymer salt formation on stability. The strong ionic interactions reduce the 

crystallization driving force to a greater extent than possible by the mixing of the neutral drug and 

polymer molecules or the molecules ionized to a lesser extent. This comparison indicates the 

positive effect of more complete salt formation on stability. 

Fig. 7c shows the dissolution curves for the two amorphous formulations above in simulated 

gastric fluid (SGF). For comparison, the result is also shown for the crystalline drug. Relative to 

the crystals, both amorphous formulations show elevated concentrations for at least 8 h, but the 

slurry-prepared formulation reached significantly higher concentration (by a factor of 5) than the 

melt-quenched formulation. In light of the different degrees of protonation (70 % and 19 %, 

respectively), these results indicate a positive effect of salt formation on drug solubilization. It is 

noteworthy that the comparisons in Figs. 7b and 7c are between two materials that are identical in 

every respect except for the degree of salt formation. This strengthens the conclusion that more 

complete salt formation improves the stability and the drug release of an amorphous formulation 

of LMF and PAA.  

That the salt formation between LMF and PAA can simultaneously enhance stability and drug 

release might seem counterintuitive, since stability often leads low solubility. But this dual 

enhancement has been observed for both LMF6 and CFZ7 formulated with PAA. Hiew et al. 

recently investigated the amorphous formulations of LMF with a series of polymers (excluding 

PAA) prepared by RE17 and noted that formulations containing protonated LMF tend to be more 

stable against crystallization but have worse dissolution performance. Their conclusion agrees with 

ours with respect to stability but not dissolution. To understand this, we note that the polymer of 

our formulation, PAA, was not in their study and could be exceptional. In addition, the dissolution 

medium is SGF in this study, but a phosphate buffer in their study. Further work is warranted to 

develop a unified understanding of the wide range of observations.  
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Greater Protonating Power of PAA “Dimer”. The results in Fig. 3 indicate that PAA of different 

MWs (1.8 – 4000 kg/mol) have similar 

ability to protonate LMF. We now show 

that at a lower MW, PAA could have a 

greater protonating power. Fig. 8 shows 

the degree of salt formation as a function 

of PAA MW at a fixed drug loading of 75 

%. At this drug loading, the polymer 

formulations show a similar degree of salt 

formation, ~50 %. We use maleic acid 

(MW = 116.07 g/mol) as a mimic for a 

dimer of PAA. An amorphous salt of LMF 

and maleic acid was prepared using a 

solvent evaporation method21 and was 

found to contain LMF that was 85 % 

protonated. This suggests a possible 

increase of protonating power below MW 

~ 1 kg/mol. One explanation for this effect 

is that LMF is a larger molecule than a PAA monomer and binding to one monomer on a polymer 

chain blocks the access to the adjacent segments. For a free-moving dimer, however, this crowding 

effect is less severe. Despite this potential increase of protonating power at low MW, we do not 

advocate the use of small-molecule counterions for salt formation because we would lose the 

stabilizing benefit of a polyelectrolyte. Yao et al. showed that amorphous particles of LMF 

formulated with PAA 450 kg/mol at 50 wt % drug loading remained free-flowing after 540 days 

at 40 °C and 75 % R.H.6 In contrast, the same formulation prepared with maleic acid became a 

viscous liquid after 1 day under the same condition. This is a consequence of a large increase of 

the glass transition temperature by the polyelectrolyte while the same stabilizing effect is not 

achieved with a small counterion. 

 

 
Fig. 8. Fraction of LMF molecules in amorphous 

LMF-PAA that are protonated as a function of PAA 

MW. For this comparison, the drug loading was fixed 

at 75 %. Maleic acid, a dicarboxylic acid, is used to 

mimic a PAA dimer. For the polymers, the ability to 

protonate LMF is insensitive to MW (horizontal 

line), while the protonating power could increase for 

oligomers (sloping line). 
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Salt Formation in LMF-PAA and CFZ-PAA. 

Figure 9 compares the degrees of salt formation 

in the LMF-PAA system and in the CFZ-PAA 

system.7 Both formulations were prepared 

using the slurry method with PAA 450 kg/mol. 

Gui et al. determined the degree of salt 

formation in CFZ-PAA by visible absorption 

spectroscopy, taking advantage of the color 

change of CFZ upon protonation. At the same 

drug loading, CFZ is protonated to a greater 

extent than LMF. CFZ is almost fully 

protonated below 60 wt % drug loading, 

whereas LMF does so below 30 wt % drug 

loading. This demonstrates the important role 

of the drug molecule in the degree of salt 

formation that can be reached. It is unclear why 

CFZ is more easily protonated by PAA than 

LMF. The literature pKa values for the two 

molecules are: 8.5 for LMF,8 8.4 (Ref. 22) and 

9.3 (Ref. 23) for CFZ. While the high pKa value 

of CFZ (9.3) is consistent with its more 

complete salt formation with PAA, the low 

value (8.4) is not. (Note that the 9.3 value was 

calculated, not measured.23) CFZ is a 

marginally smaller molecule than LMF, which 

could “fit” around a PAA chain more easily, 

perhaps facilitating salt formation. There is 

some evidence from spectroscopy22 and computer model23 that CFZ can be doubly protonated (see 

illustration at the bottom of Fig. 9). Keswani et al. assign a pKa of 2.3 to this site,23 which suggests 

that it could not be protonated by PAA (pKa = 4.5). In the crystal structure of CFZ with citric acid, 

this site is observed to form a hydrogen bond with a carboxylic acid group without ionization, 

 

 
Fig. 9. Comparison of the degrees of salt 

formation in LMF-PAA and in CFZ-PAA 

prepared with PAA 450 kg/mol. At the same 

drug loading, salt formation is more complete 

for CFZ than LMF. The vertical line at w0 

corresponds to 1 drug molecule per PAA 

monomer (MW = 72.06 g/mol) with w0 = 88 wt 

% for LMF (MW = 528.9 g/mol) and 87 % for 

CFZ (MW = 473.4 g/mol), indistinguishable at 

the scale used. 
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while the primary site is protonated and forms a hydrogen-bonded ion pair with a carboxylate 

ion.24 Similar multi-site interactions could occur in CFZ-PAA, possibly aiding salt formation. It is 

interesting to note that in the crystals, the protonated LMF and CFZ each form a cyclic hydrogen-

bonded ion pair with a carboxylate ion. In the fumarate salt of LMF, the ammonium group and the 

adjacent OH group form a cyclic hydrogen bond with both oxygen atoms of the carboxylate ion.24 

In the carboxylate salts of CFZ, the imine N and the adjacent NH group are both hydrogen bonded 

with one of the O atoms of the carboxylate ion.25 It is possible that similar hydrogen-bonded ion 

pairs occur in the amorphous phase of LMF-PAA and CFZ-PAA. 

 

2.5. Conclusions  

This study investigated the effects of different synthetic methods and process conditions on the 

degree of salt formation between the basic drug LMF and the acidic polymer PAA. The products 

of slurry conversion and antisolvent precipitation form a single trend where the degree of salt 

formation systematically increases with increasing PAA concentration, regardless of PAA’s 

molecular weight (Figure 3). This is a strong indication that the master trend observed represents 

the equilibrium for salt formation since a kinetically hindered reaction would be less complete for 

PAA of higher molecular weight. Remarkably, the literature methods of HME and RE8 reached far 

lower degrees of salt formation than the reaction equilibrium (Figure 5). This is significant since 

both HME and RE are standard methods for manufacturing amorphous solid dispersions. Their 

inability to complete the salt formation between a drug and a polymer calls for careful control of 

process conditions and characterization of the final product for quality control. We find that a high 

degree of salt formation has a positive effect on drug stability and release (Figure 7). This justifies 

future work to optimize reaction conditions to achieve maximal and reproducible salt formation. 

Based on this work, we recommend slurry conversion as the method for preparing amorphous 

drug-polymer salts for its low cost, its ability to complete salt formation, and its ability to 

continuously adjust drug loading. There is certainly room for further development in this area and 

a deeper understanding of the effect of salt formation on drug performance. 

The results of this work have given a vivid illustration of the extremely different physical states 

that an amorphous drug-polymer formulation can have because of a change in the method of 
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preparation and process conditions. The amorphous nature of a formulation might give the 

impression that the ingredients are uniformly mixed at the molecular level. But for the system 

studied here, the drug and the polymer can be almost fully reacted to form a salt or barely reacted 

at all, depending on the method of preparation (Figure 6). This translates to a significant difference 

in drug stability and release (Figure 7). The extreme variability of physical states attained by a 

drug-polymer formulation stems from the low mobility of macromolecules and the linking in a 

chain of reaction sites. Relative to a small counterion, reaction with a polyelectrolyte could be 

significantly slower.26 Consistent with this view, in our slurry method, PAA of the highest MW 

(4000 kg/mol) required more vigorous agitation to complete salt formation, especially when 

polymer concentration was high. Although this work focused on a system in which the drug and 

the polymer can ionize each other, the state of mixing is likely a general issue in developing 

amorphous solid dispersions whether or not salt formation occurs, with strong impact on product 

performance. 
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3.1. Abstract 

Recent work has shown that an amorphous drug-polymer salt (ADPS) can be highly stable against 

crystallization under hot and humid conditions (e.g., 40°C/75% RH) and provide fast release and 

that these advantages depend on the degree of salt formation. Here we investigate the salt formation 

between the basic drug lumefantrine (LMF) and several acidic polymers: poly(acrylic acid) (PAA), 

hypromellose phthalate (HPMCP), hypromellose acetate succinate (HPMCAS), cellulose acetate 

phthalate (CAP), Eudragit L100, and Eudragit L100-55. Salt formation was performed by “slurry 

synthesis” where dry components were mixed at room temperature in the presence of a small 

quantity of an organic solvent, which was subsequently removed. This method has been shown to 

achieve more complete salt formation than the conventional methods of hot-melt extrusion and 

rotary evaporation. The acidic group density of a polymer was determined by non-aqueous titration 

in the same solvent used for slurry synthesis; the degree of LMF protonation was determined by 

X-ray Photoelectron Spectroscopy (XPS). The polymers studied show very different abilities to 

protonate LMF when compared at a common drug loading, following the order: PAA > (HPMCAS 

~ CAP ~ L100 ~ L100-55) > HPMCAS, but the difference largely disappears when the degree of 

protonation is plotted against the concentration of the available acidic groups for reaction. This 

indicates that the extent of salt formation is mainly controlled by the acidic group density and less 

insensitive to the polymer architecture. Our results are relevant for selecting the optimal polymer 

to control the degree of ionization in amorphous solid dispersions. 
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3.2. Introduction 

The use of an amorphous solid dispersion (ASD) to deliver poorly soluble drugs1,2,3 takes 

advantage of the higher solubility of an amorphous solid relative to its crystals.4,5,6,7 For any ASD, 

the stability against crystallization is essential since crystallization negates its advantages.8,9 In this 

context, salt formation between a drug and a polymer is an especially effective approach to 

inhibiting crystallization under hot and humid conditions.10,11,12,13,14,15 For clofazimine10 and 

lumefantrine,11 the amorphous salts with poly(acrylic acid) also improve release.  

The amorphous formulations of the basic drug lumefantrine (LMF) and the acidic polymer 

poly(acrylic acid) (PAA) have been prepared using different methods16,17 and the results indicate 

a strong dependence of salt formation on the preparation methods, with direct impact on drug 

stability and release. Using hot-melt extrusion (HME) and rotary evaporation (RE), Song et al. 

prepared amorphous formulations in which the protonated fractions of LMF molecules were 5% 

and 15%, respectively, at 40 wt% drug loading.16 In comparison, a simple slurry-conversion 

method10,11 reached 85% protonation at the same drug loading.17 It was found that more complete 

protonation of LMF led to higher stability against crystallization and more complete release into a 

simulated gastric fluid.17 These results indicate the critical role of process conditions in preparing 

ASDs to control their molecular-level structure and performance.  

In this work, we build on the previous results to investigate the salt formation between LMF and 

a series of acidic polymers. Our two main questions are: (1) How does the degree of salt formation 

depend on the polymer structure and properties? and (2) Does the simple slurry method achieve 

more complete salt formation than the alternative methods for the wide range of polymers? LMF 

is the model basic drug because of its importance as a WHO Essential Medicine for the first-line 

treatment of malaria. The low solubility of LMF (BCS Class IV) makes it a candidate for the 

approach of amorphous formulations to enhance bioavailability.18 With malaria being more 

prevalent in tropical and subtropical countries, product stability under hot and humid conditions is 

required, making drug-polymer salts a potentially useful tool. The polymers chosen for this study 

include: PAA, Eudragit L100, Eudragit L100-55, hypromellose phthalate (HPMCP), cellulose 

acetate phthalate (CAP), and hypromellose acetate succinate (HPMCAS); see Scheme 1 for their 

structures. Among these, PAA, L100, and L100-55 form one group where the polymer backbone 
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is a carbon chain to which the acidic COOH group is directly attached, and the other polymers 

have a more complex carbohydrate backbone and the COOH group is attached to a sidechain 

phthalyl group (HPMCP and CAP) or succinyl group (HPMCAS). The diversity of these polymers 

helps evaluate the role of polymer architecture and acidic group density on salt formation with 

LMF. We find that the acidic group density of a polymer has a controlling effect on the degree of 

salt formation at a given drug loading, whereas the polymer architecture plays a minor role. In 

addition, the simple slurry method achieves significantly more complete salt formation for all the 

polymers tested than the alternative methods of HME, RE, and spray drying (SD). These results 

are relevant for selecting polymers for preparing ADPS and predicting the degree of salt formation 

and formulation performance. 

Scheme 1. Structures of lumefantrine (LMF) and the acidic polymers used for salt formation. 

The polymers fall into two groups: (1) the acrylic/methacrylic group (PAA, Eudragit L100 and 

L100-55), where COOH is attached to the polymer backbone, and (2) the cellulosic group, for 

which COOH is on the sidechain phthalyl group (HPMCP and CAP) or succinyl group 

(HPMCAS). Eudragit L100 and L100-55 are random copolymers where the x:y ratio is 

approximately 1. 
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3.3. Materials & Methods 

Materials 

Poly(acrylic acid) (PAA, Carbomer, MW = 450,000 g/mol), cellulose acetate phthalate (CAP, MW 

= 2,500 g/mol), anhydrous potassium hydroxide (KOH), and phenol red were purchased from 

Sigma-Aldrich (St. Louis, MO). Eudragit L100 (MW = 125,000 g/mol) and L100-55 (MW = 

320,000 g/mol) were purchased from Evonik Industries (Essen, Germany).19 Hypromellose 

phthalate (HPMCP-55, MW = 45,600 g/mol) and hypromellose acetate succinate (HPMCAS-LF, 

HPMCAS-MF, HPMCAS-HF; MW = 17,000 – 20,000 g/mol) were purchased from Shin-Etsu 

Chemical Company Ltd. (Tokyo, Japan). Lumefantrine was purchased from VWR International 

(Radnor, PA), dichloromethane (ChromAR grade) from Thermo Fisher Scientific (Fair Lawn, NJ), 

and ethanol from Decon Laboratories (King of Prussia, PA). All materials were used as received.  

Slurry Synthesis 

The slurry synthesis of amorphous LMF-polymer salts was adapted from the method of Yao et al.11 

and conducted at a reduced temperature of 25 °C (from the original 75 °C). The powders of LMF 

and a polymer were mixed at a target drug loading (typically 25, 50, 75 wt%, other values as 

needed) and a mixed solvent of dichloromethane (DCM) and ethanol (1:1 v/v) was added at a 

solid/liquid ratio of 1:4 (w/w). To prevent gelling of the powder, DCM was added first and then 

ethanol. Each formulation batch contained 400 mg in solid mass. The mixture was stirred 

Scheme 2. Typical progression of the reaction between LMF and PAA. The left image shows the 

initial slurry being magnetically stirred. For approximately 5 min, the slurry maintained the same 

appearance and then abruptly clears. The three images on the right show the abrupt clearing in 

roughly 15 s. For this preparation, the drug loading was 50 wt%. Similar progression was observed 

for LMF reacting with other polymers. 
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magnetically at 25 °C for up to 20 min. During stirring, the initial free-flowing slurry became clear, 

indicating complete dissolution and amorphization (Scheme 2). The viscous clear solution was 

dried under vacuum at room temperature for 1 day, resulting in a glassy, brittle foam. This material 

was ground in an agate mortar with a pestle to a fine powder for further analysis. 

Powder X-ray Diffraction 

X-ray diffraction was performed with a Bruker D8 Advance X-ray diffractometer with a Cu Kα 

source operating at a tube load of 40 kV and 40 mA. A powder sample of approximately 10 mg 

was spread and flattened on a Si (510) zero-background holder and scanned between 3° and 40° 

(2θ) at a step size of 0.02° and a scan rate of 1 s/step.  

X-Ray Photoelectron Spectroscopy (XPS) 

The details of XPS measurement and data analysis have been described previously.20 For a LMF 

formulation, approximately 3 mg of a powder was pressed onto a carbon tape fixed to the XPS 

sample holder. For pure LMF, approximately 1 mg of powder was melted on a glass coverslip and 

quenched to room temperature by contact with an Al block. The samples were stored in a sealed 

plastic tube filled with Drierite before XPS analysis. The high-resolution spectrum of the N atom 

was used to measure the protonated fraction of LMF. For each sample, the spectrum was recorded 

in duplicate in two separate regions. Curve fitting was performed using the program Origin 

following smart baseline subtraction.  

Non-aqueous titration 

Colorimetric titration was used to measure the COOH density of each polymer.21 To be relevant 

for understanding the drug-polymer reaction, titrations were performed in the same organic solvent 

used for slurry synthesis. Our method is similar to the USP analysis for phthalyl content in HPMCP. 

12.5 mg of each polymer was dissolved in 25 mL of a 1:1 mixture of DCM and ethanol. To this 

solution approximately 1 mg of the colorimetric indicator phenol red was added and non-aqueous 

titration was performed in the standard manner with a 0.05 M KOH solution in ethanol as the 
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titrant and the endpoint identified by the color change from yellow to orange.21,22 Each titration 

was performed in duplicate. 

  

Scheme 3. Phenol red as indicator for non-aqueous acid-base titration. The acidic 

form of the indicator (left) is yellow and the basic form (right) pink. 
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3.4. Results and Discussion 

Figure 1 shows the typical XPS spectra 

of the N atom in LMF in formulations 

with different acidic polymers (Scheme 

1). For this comparison, the drug loading 

was 50 wt%. These spectra allowed 

determination of the extent of salt 

formation between LMF and the 

polymer. The pure drug shows a single 

peak at a binding energy (BE) of 399 eV, 

corresponding to the unprotonated N 

atom in LMF.23 Upon reaction with an 

acidic polymer, a second peak emerges at 

a higher BE (401.5 eV), corresponding to 

the protonated N atom in LMF. At the 

fixed DL of 50 wt%, PAA is the most 

effective in protonating LMF, followed 

by L100, L100-55, HPMCP, and CAP 

(no strong differentiation between the 

latter 4 polymers), and by HPMCAS 

(three grades). Among the three grades of 

HPMCAS, the ability to protonate LMF 

follows the order LF (highest) > MF > 

HF (lowest). 

 

 

 

Figure 1. Typical XPS spectra of the N atom in LMF 

formulated with different acidic polymers. For this 

comparison, drug loading was fixed at 50 wt%. The 399 

eV peak corresponds to unprotonated N and the 401.5 

eV peak to protonated N. The areas of these peaks areas 

were used to calculate the degree of protonation of 

LMF (eq. 1). 
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The degree of protonation (extent of acid-base reaction) is given by: 

   (1) 

where AP and AN are the areas of the 

protonated and unprotonated (neutral) 

nitrogen peaks, respectively. We obtain the 

peak areas by fitting each spectrum as a 

sum of two Gaussian functions (red and 

blue curves in Figure 1). Although XPS is 

a surface-analysis tool, previous work has 

shown that on the timescale of this 

measurement, the surface composition is 

identical to the bulk value (no surface 

enrichment effect).20 

Figure 2a shows the protonated fraction of 

LMF as a function of DL in the 

formulations with the different polymers. 

For each polymer, the % protonation 

decreases as DL increases. 17 This is 

because at higher DL, more LMF 

molecules compete for each reaction site 

on the polymer chain and the probability 

of success is reduced. We observe a large 

difference between the polymers in their 

ability to protonate LMF. For example, at 

50 wt% DL, the degree of protonation is 

20% for the reaction with HPMCAS-HF 

and 87% with PAA. At any DL, PAA is 

either the most effective in protonating the 

drug or ties with CAP. The two polymers 

 

Figure 2. (a) Protonated fraction of LMF vs. DL in 

different polymer formulations. The curves are guide 

to the eye. The vertical line on each curve indicates 

the DL, w0, at which LMF and the polymer’s COOH 

have the same molar concentration; see Table 1 for 

the values of w0. (b) Protonated fraction of LMF vs. 

the COOH concentration available for reaction. 
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with PAA-like structures, L100 and L100-55 (see Scheme 1), are significantly less effective than 

PAA in protonating the drug when compared at the same DL. Of the polymers tested, the HPMCAS 

group (three grades) is the least effective in protonating the drug at a given DL, and within this 

group, the ranking is LF > MF > HF. For the cellulosic polymers, those with COOH on a phthalyl 

group (HPMCP and CAP) are more able to protonate than those with COOH on a succinyl group 

(HPMCAS). In Figure 2a, the short vertical line on each curve indicates the DL at which the drug 

and the polymer’s COOH group have equal molar concentrations. This quantity, w0, is calculated 

from the acidic group density of the polymer as discussed below. 

In Figure 2b, the % protonation values in Figure 2a are replotted as a function of [COOH]0, the 

COOH concentration in each formulation given by: 

[COOH]0 = (1 – DL) [COOH]p      (2) 

where DL is the wt% of LMF and [COOH]p is the COOH density of the polymer determined by 

non-aqueous titration (see below). In this format, the scattered data points in Figure 2a largely 

coalesce to a single trend, indicating the polymer’s acidic group density plays a major role in the 

degree of salt formation while its architecture a minor role. Below we first discuss the titration 

results and then return to Figure 2 for further discussion. 

Table 1 shows the COOH densities of the polymers determined by non-aqueous titration. From the 

titrant volume at the endpoint (Column 2), the COOH density was calculated (Column 3). The 

titrations were performed in the same organic solvent as used for slurry synthesis (1:1 DCM-

ethanol) rather than the standard medium of water to ensure accurate measurement of accessible 

acidic groups in the reaction medium. This is important as the strength of an acid or base depends 

on its solvent environment.21 For a polymer, the solvent has a strong influence on its conformation 

and accessible reaction sites.24,25 For the polymers tested, PAA has the highest COOH density, and 

the two structurally similar polymers, L100 and L100-55, have lower densities, as expected. For 

the cellulosic polymers, HPMCP and CAP have higher COOH densities than HMPCAS. The 

measured COOH density for PAA, 12.7 (0.09) mmol/g, is reasonably close to the theoretical value 

of 13.9 mmol/g and the small difference could result from deviations from the ideal polymer 

structure (e.g., small degree of crosslinking present in commercial PAA). Of the three HPMCAS 

grades, the COOH densities follow the order LF > MF > HF and are in quantitative agreement 
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with their succinyl contents.26 Since the COOH groups in HPMCAS reside on the succinyl 

sidechain, its density should be proportional to the succinyl content. This is indeed observed 

(Figure 3) and validates our titration method to determine the acidic group density in a polymer. 

Knowing the acidic group density of each polymer, [COOH]p, it is possible to calculate the DL at 

which the drug has the same molar concentration as the COOH group in the polymer: 

 w0  = 100 M0 [COOH]p / (1 + M0 [COOH]p)   (3) 

where M0 is the molar mass of the drug LMF (528.9 g/mol). The calculated values are given in 

Table 1. These values provide further validation of the titration method. For example, for PAA, w0 

can be calculated from the molar masses of LMF and the AA monomer (72.1 g/mol). The result, 

88 wt %, agrees with the value from titration (87 wt %). The difference could be a result of the 

experimental error and/or deviation of the actual polymer structure from the ideal structure.  

In Figure 2a, we indicate the w0 value for each polymer formulation with a short vertical line. At 

DL < w0, there are enough COOH groups to neutralize all the drug molecules; at DL > w0, the 

opposite is true. The data do not indicate any sharp transition as DL traverses w0 and even when 

the COOH groups in excess, it is generally impossible to fully protonate the drug. 

Table 1. COOH densities of polymers determined by non-aqueous titration in the 

same solvent used for slurry synthesis. 

Polymer V KOH  
(µL) 

[COOH]p 
(mmol/g) 

Succinyl 
Content  

(%) 

w0  

(wt %) 

PAA 3183 (24) 12.7 (0.09) - 87 

Eudragit L100-
55 1425 (20) 5.70 (0.08) - 75 

Eudragit L100 1328 (8) 5.31 (0.03) - 74 

HPMCP 890 (29) 3.56 (0.04) - 65 

CAP 840 (11) 3.36 (0.04) - 64 

HPMCAS-LF 622 (9) 2.49 (0.03) 14 – 18 57 

HPMCAS-MF 433 (13) 1.73 (0.05) 10 – 14 48 

HPMCAS-HF 277 (14) 1.11 (0.06) 4 – 8 37 
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In Figure 2b, we plot the same data in Figure 

2a against [COOH]0, the COOH 

concentration available for reaction 

calculated from the titration results using eq. 

2. In this format, the scatter seen in Figure 2a 

mostly disappears and the data points cluster 

around a single trend. This indicates that the 

degree to which LMF is protonated is mainly 

controlled by the COOH density of the 

polymer and is less sensitive to its 

architecture. This conclusion is by no means 

obvious. For example, if we compare the 

structures of PAA, L100 and L100-55 

(Scheme 1), we might speculate that the 

larger spacing between COOH groups in 

L100 and L100-55 allow these polymers to 

react more efficiently with the drug, leading 

to higher % protonation at the same 

[COOH]0. But we observe no such effect in Figure 2b (black symbols): the three polymers reach 

approximately the same % protonation at a common [COOH]0 (e.g., 5 mmol/g). Thus, despite their 

different architectures, each COOH in these polymers has approximately the same reactivity 

toward LMF. 

The trend formed by PAA, L100, and L100-55 appears to smoothly join the data points for 

HPMCAS (3 grades). This further indicates that the polymer’s architecture plays a relatively minor 

role in its reaction with LMF. In PAA, L100, and L100-55, the COOH group is directly attached 

to the polymer’s carbon chain, whereas in HPMCAS, the COOH group is attached to a succinyl 

side chain of a complex cellulose backbone. Despite this difference, each COOH group has a 

similar reactivity toward LMF. Interestingly, relative to this trend, HPMCP and CAP appear to be 

more potent protonators when compared at the same [COOH]0. In these polymers, COOH is 

attached to a phthalyl sidechain of the cellulose backbone. Overall, the main conclusion from 

Figure 2b is that the polymer’s COOH density has a controlling effect on the salt formation with 

 

Figure 3. [COOH]p of each HPMCAS grade (LF, 

MF, or HF) plotted against its succinyl content 

(range indicated as horizontal bar). The two 

quantities are proportional to each other, as 

expected, indicating the titration method correctly 

determines the acidic group density. 
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LMF, while its architecture plays a smaller role. It would be of interest to model these systems by 

molecular simulations to learn how the molecules organize themselves to achieve this. 

To complete the characterization of our systems, in Figures 4, we show the fraction of the COOH 

groups that are deprotonated in each formulation as a function of DL. This quantity is calculated 

from: 

% deprotonation = [LMF]0 (% protonation) / [COOH]0  (4) 

where [LMF]0 is the initial concentration of the drug, % protonation is the protonated fraction of 

LMF after reaction, and [COOH]0 is the initial concentration of COOH (eq. 2). For each system, 

increasing the DL increases the % deprotonation of the polymer. These results complement those 

in Figure 2a, which indicate a decrease of the % protonation of the drug with increasing DL. Note 

in Figure 4 that at the same DL, the acrylic/methacrylic polymers (PAA, L100, and L00-55, in 

black symbols) show lower % 

deprotonation than the cellulosic 

polymers (red and blue symbols). Within 

the cellulosic polymers, those with the 

COOH on a phthalyl group (CAP and 

HPMCP) are deprotonated to a greater 

extent at DL > 50% than those with the 

COOH on a succinyl group (HPMCAS in 

three grades). At DL = 75 wt %, HPMCP 

is almost fully deprotonated, while 

HPMCAS-MF is 50% deprotonated. This 

difference is consistent with the view that 

HPMCP and CAP are slightly stronger 

acids than HPMCAS, consistent with their 

greater protonating power seen in Figure 

2b near [COOH]0 = 2 mmol/g. 

Comparison of ASD Manufacturing Methods. Several methods have been used to prepare 

amorphous LMF-polymer formulations, including HME,16 SD,16 RE,16,27,13 and slurry conversion 

 

Figure 4. % deprotonation of the polymer when 

formulated with LMF as a function of DL.  
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(SC).11,17 Table 2 summarizes the attributes of these methods and Figure 5 compares the degrees 

of salt formation reached by them. Among these methods, HME does not require any solvent and 

its later removal, while the others do. For the solvent-based methods, SC uses less solvent (4:1 

solvent/solid ratio) than SD and RE (50:1). As for the reaction temperature, HME employs a higher 

temperature (130 °C) than the solvent-based methods (room temperature, though reaction can also 

occur during spray drying at elevated temperature). In the drying stage, SD requires a higher 

temperature than RE and SC and between the latter two methods, drying is significantly faster for 

SC since less solvent must be removed.  

Table 2. Comparison of the methods used to prepare amorphous LMF-polymer formulations. 

 

Hot melt 

extrusion 

(HME)16 

Spray drying 

(SD)16 

Rotary evaporation (RE) 

27,16 

Slurry 

conversion 

(SC)11,17 

Solvent None 
DCM-methanol 

(1:1) 

DCM-methanol (1:1 or 

8:2), DCM-ethanol (1:1) 

DCM-ethanol 

(1:1) 

Solvent/solid 

ratio 
NA 50:1 50:1 4:1 

Reaction 

temperature 
130 °C 

RT (higher T 

during drying) 

RT (also at 45 °C during 

drying) 

RT default, 75 

°C also used 

Drying 

temperature 
NA 

75 °C inlet,      

45 °C outlet 
45 °C under vacuum 

RT under 

vacuum 

Note. RT: room temperature 

Figure 5 compares the % protonation of LMF in polymer formulations prepared by the different 

methods. The PAA and L100-55 systems allow comparison of SC (solid circles) with HME 

(crosses) and we find that HME achieves less complete salt formation than SC, by a factor of 3 – 

18. Similarly, we can use the L100-55, HPMCP, and HPMCAS-MF formulations to evaluate the 

relative performance of SC and SD (open circles). For the L100-55 and HPMCP systems, SD 

reaches similar degrees of salt formation as SC; for the HPMCAS-MF system, SD significantly 

underperforms SC, yielding no salt formation. Finally, every system in Figure 5 except for L100-

55 allows a comparison of SC with RE (open triangles) and in every case, RE significantly 
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underperforms SC, by up to a factor of 2. Overall, these results indicate that SC has the best 

performance for completing the salt formation between LMF and an acidic polymer. Apart from 

this metric, SC has the advantage of lower solvent consumption than SD and RE and lower 

operating temperature than SD, making it a low-cost and green alternative to the current 

manufacturing platforms.  

At present, the understanding is limited of why the different manufacturing methods reach such 

different degrees of salt formation between LMF and an acidic polymer. The underperformance of 

HME relative to the solution-based methods suggests the need for a solvent in completing the 

reaction. A solvent could be a mass-transfer aide that helps complete salt formation. Given that a 

liquid surfactant is commonly present in HME-prepared ASDs, it is of interest to learn whether the 

addition of a surfactant could promote salt formation. The outperformance of SC over other 

solvent-based methods is more puzzling since they all begin with a homogeneous solution and 

involve the drying of that solution. In SC, the initial solution is more concentrated than in SD and 

RE. A more concentrated solution could facilitate the formation of ion pairs, the principal species 

for ions in an organic solvent,21 since ion pairs tend to dissociate in a dilute solution, reverting to 

neutral molecules. This hypothesis can be tested with NMR measurements. In the drying stage, it 

is possible that the system evolves before kinetic arrest (glass transition). It would thus be of 

interest to follow the evolution of the system during drying. Together these results may help 

explain why the different methods perform so differently in completing salt formation. With this 

understanding, it is conceivable that the different methods could be optimized to achieve 

comparable performance. 
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Figure 5. Comparison of % protonation of LMF in formulations with different polymers 

prepared using different methods. “Slurry” refers to the slurry conversion (SC) method used in 

this work. HME: hot melt extrusion. SD: spray drying. RE: rotary evaporation. 
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3.5. Conclusions  

This study investigated the salt formation between the basic drug lumefantrine (LMF) and a series 

of acidic polymers based on acrylic/methacrylic and cellulosic backbones (Scheme 1). The 

polymers show very different abilities to protonate LMF when compared at the same drug loading 

(DL) (Figure 2a), but the difference largely disappears when the results are plotted against the 

COOH concentration available for reaction (Figure 2b). This indicates that for the polymers tested, 

the abilities to protonate LMF depend mainly on their acidic group densities and are less sensitive 

to their different architectures. For this analysis, the acidic group densities were determined by 

non-aqueous titration in the same medium used for slurry synthesis to accurately probe the 

accessible reaction sites. Had the aqueous titration results13 been used in this analysis, data collapse 

would be less complete. Our finding that a polymer’s COOH density outweighs its architecture in 

predicting salt formation with a basic drug is relevant for polymer selection in developing 

amorphous formulations. This conclusion is by no means obvious; it is even counterintuitive for 

PAA, L100, and L100-55 taken as a group, since the wider spacing of COOH groups in L100 and 

L100-55 might suggest higher reactivity with the drug, but this was not observed (Figure 2b). 

Future work is warranted to understand why the crowding effect is seemingly unimportant.  

The second part of this work has compared the slurry synthesis used here with three other methods 

for manufacturing amorphous drug-polymer formulations. For LMF reacting with the 6 polymers, 

slurry conversion either achieves the most complete salt formation (4 of 6 polymers) or ties with 

spray drying for the first place (2 of 6). Compared to spray drying, slurry conversion has lower 

cost, lower solvent consumption, and lower drying temperature. This encourages further 

development of the method for broader applications as a platform to manufacture amorphous solid 

dispersions. A remarkable result from this comparison is that for a given amorphous formulation 

(with a specific polymer at a specific DL), the internal structure can vary widely, depending on the 

methods of preparation (Figure 5). The common method of hot-melt extrusion consistently yielded 

the lowest degree of salt formation. Spray drying showed comparable performance as slurry 

conversion for two polymers, but yielded no reaction for a third. Rotary evaporation, in principle 

a similar method to slurry conversion, consistently yielded less complete salt formation than slurry 

conversion. This is a vivid illustration that an “X-ray amorphous” formulation of fixed composition 

can have vastly different internal structures depending on the method of preparation. The 
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amorphousness of a multi-component formulation might suggest intimate mixing of its 

components, but a detailed analysis like the degree of protonation can reveal large structural 

differences. These differences could impact dissolution kinetics and stability for compositionally 

identical amorphous formulations. To obtain a consistent product with a reproducible molecular-

level structure, a manufacturing process must be carefully chosen and controlled. This task is not 

unlike the control of polymorphism for crystalline materials and requires analytical tools that go 

beyond the amorphous halo of X-ray diffraction.  
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4.1. Abstract 

A solvent-sparing method, called “slurry conversion”, has been tested as a general approach to 

preparing amorphous solid dispersions (ASDs). In this method, a solid mixture of a drug and a 

polymer is stirred in the presence of a small quantity of a solvent, which is subsequently removed. 

In previous work, the method enabled more complete salt formation between lumefantrine (LMF), 

a basic antimalarial, with acidic polymers, than the common methods of hot melt extrusion and 

spray drying, leading to improved physical stability and release. Here we apply this method to 18 

poorly soluble drugs formulated as binary and ternary ASDs. For a rigorous test, these drugs were 

formulated with a single polymer, poly(acrylic acid) (PAA), under the same condition: room 

temperature stirring in 1:1 ethanol-dichloromethane at 4:1 solvent/solid ratio. ASDs were prepared 

for 16 of the 18 drugs at 25% drug loading and 11 at 50% drug loading. The drugs that were not 

fully amorphized did not dissolve in the default solvent or crystallized during drying. For most 

drugs, an abrupt “clearing” of the slurry was observed during stirring, indicating complete 

dissolution and amorphization before drying. While clearing did not occur for some drugs (e.g., 

clofazimine), the product was still fully amorphous, through solvent-mediated conversion. For a 

basic drug, the degree of protonation by PAA increases smoothly with PAA concentration and is 

ordered by its basic strength, supporting the conclusion that the method allows the system to reach 

thermodynamic equilibrium. In addition to binary ASDs, ternary ASDs containing two drugs (LMF 

and artemether or LMF and artesunate) were successfully prepared, laying the foundation for 

applications in combination therapies. In these ternary formulations, the protonation of LMF 

follows the trend established for binary systems. We also find that slurry conversion can be scaled 

up at least 60-fold without any difficulties or adverse effect on the structure and properties of the 

product. Overall, our results demonstrate that slurry conversion is a general, low-cost, and green 

alternative to conventional methods for manufacturing ASDs where the components are fully 

integrated.  
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4.2. Introduction 

Solid oral dosage forms are traditionally formulated with the crystals of the active ingredients. 

Recent decades have seen significant growth in the development of amorphous solid dispersions 

(ASDs)1,2,3,4 to increase the bioavailability of poorly soluble drugs.5,6 Among the factors that 

account for this increased bioavailability are the higher solubility of an amorphous drug than its 

crystalline counterpart7,8 and the release of drug-containing nanoparticles that could facilitate 

absorption through a “reservoir” or “shuttle” effect.9,10,11 

An ASD is a multicomponent formulation, typically containing a drug, a polymer, and a surfactant, 

and can be manufactured in many ways.12 Hot melt extrusion (HME),13,14 spray drying (SD),15 and 

freeze drying16 are commercially important methods. In addition, ASDs can be prepared by 

mechanical activation,17 rotary evaporation (RE),18 antisolvent precipitation (AP),19,20,21 and spray-

freeze drying.22 These methods differ in solvent usage, processing temperature, equipment cost, 

and energy consumption. Since 2021, 

this laboratory has experimented with 

a simple method, called slurry 

conversion (SC), for ASD 

preparations,23,24,25,26 where solid 

ingredients are stirred in the presence 

of a small volume of a solvent, which 

is subsequently removed. 

Given the many ways to prepare an 

ASD, many have investigated whether 

they produce the same product in terms 

of internal structure and performance 

characteristics.27,28,29,30 Despite work 

in this area, the current understanding 

remains limited. We illustrate this 

situation using lumefantrine (LMF), a 

poorly soluble antimalarial, which has 

Figure 1. Degree of LMF protonation by PAA in 

formulations prepared by different methods. At a fixed 

drug concentration, the different methods reached very 

different degrees of protonation. Adapted from Figures 

5 and 6 in Ref 25. 
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been formulated as ASDs by many groups in recent years.31,50,51,32,25,26,33,34 LMF is a basic drug, 

and Figure 1 shows its degree of protonation when formulated with an acidic polymer, poly(acrylic 

acid) (PAA), by various methods.25 The degree of protonation is a direct probe of how well the 

drug has been mixed and reacted with the polymer. We observe a large difference between the 

ASDs prepared by the different methods. At 40% drug loading, the degree of protonation ranges 

from near zero for an ASD prepared by HME31 to 85% for that prepared by SC.25 For this drug, 

the degree of protonation directly impacts its physical stability and dissolution performance. The 

large difference shown in Figure 1 is also observed for LMF formulated with other acidic 

polymers,26 highlighting the common occurrence of a potentially widespread problem. 

In this work, we evaluate the generality of the slurry conversion method for formulating ASDs, 

both binary and ternary, and its ability to control drug-polymer salt formation. In previous work,26 

LMF was formulated with different polymers, and here we investigate various drugs (Scheme 1) 

formulated with the same polymer PAA. All drugs selected are poorly water soluble (BCS Class 

II or IV)35,36 and have varying basic strengths for testing the completion of their salt formation 

with the acidic polymer PAA. For a strong test of the method, a single synthesis condition25,26 was 

employed for the different drugs at fixed temperature, solvent, and solvent/solid ratio. We find that 

slurry conversion can prepare ASDs for most drugs tested (16/18 at 25% drug loading and 11/18 

at 50% drug loading). For a given drug, the degree of salt formation varies smoothly with the PAA 

concentration and correlates with its basic strength, supporting the conclusion that slurry 

conversion enables full interaction between the drug and the polymer. In addition to binary 

formulations, ternary ASDs containing multiple drugs were investigated to test the ability to 

prepare combination therapies, an increasingly utilized approach for treating infections.37 We find 

that LMF can be formulated as ternary ASDs with artemether and artesunate – standard 

combinations treating malaria, where LMF is protonated to a degree expected from the trend for 

binary ASDs. These findings demonstrate that slurry conversion is a versatile, low-cost, and green 

alternative to the conventional methods for ASD manufacturing. 
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Scheme 1. Structures of poly(acrylic acid) (PAA) and the drugs used in this work: lumefantrine 

(LMF), terfenadine (TFD), clofazimine (CFZ), pretomanid (PTM), itraconazole (ITZ), 

ketoconazole (KTZ), loratadine (LTD), felodipine (FDP), ritonavir (RTV), nevirapine (NVP), 

mebendazole (MBZ), pyrimethamine (PMA), albendazole (ABZ), carbamazepine (CBZ), 

indapamide (IDP), and efavirenz (EFZ), the neutral drug artemether (ATM) and the acidic drug 

artesunate (ATS). 

 

4.3. Materials & Methods 

Materials 

Poly(acrylic acid) (MW = 450,000 g/mol), albendazole, clofazimine, erythromycin, indapamide, 

loratadine, mebendazole, and terfenadine were purchased from Sigma-Aldrich (St. Louis, MO), 

nevirapine from Ambeed, Inc. (Arlington Heights, IL), carbamazepine from Alfa Aesar (Haverhill, 

MA), felodipine from J&K Scientific (San Jose, CA), and pyrimethamine from MP Biomedicals 
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(Solon, OH). Itraconazole, ketoconazole, and lumefantrine were purchased from VWR 

International (Radnor, PA). Pretomanid was gifted by TB Alliance (Pretoria, South Africa) and 

artemether and artesunate by Nanjing Bilatchem Industrial Co., Ltd. (Nanjing, China). 

Dichloromethane (DCM) (ChromAR grade) was purchased from Thermo Fisher Scientific (Fair 

Lawn, NJ), and ethanol from Decon Laboratories (King of Prussia, PA). All materials were used 

as received.  

Slurry Synthesis 

The condition for slurry synthesis of ASDs has been described previously.26 In brief, the drug and 

polymer powders were mixed at 25 or 50 wt% drug loading and dichloromethane (DCM) and 

ethanol (EtOH) at 1:1 volume ratio were added in sequence to reach a 1:4 (w/w) solid/solvent ratio 

in the slurry. Each mixture was stirred with a magnetic stir bar at room temperature for up to 30 

minutes and was dried under vacuum at room temperature for one day. During drying, the rapid 

loss of solvent caused the viscous solution to boil and rise, forming a brittle, glassy foam that was 

ground in an agate mortar with a pestle to a powder. 

To investigate the ability to scale up slurry synthesis, the batch size was enlarged from the standard 

size of 0.4 g of total solids (drug and polymer) up to 25 g. The scale-up process employed the same 

solvent, solid/solvent ratio, and drying condition as described above. A 20 mL glass vial was used 

to house the reaction mixture at the 0.4 g scale; a 500 mL glass bottle was used at the 25 g scale. 

To facilitate mixing at a larger scale, a Polytron PT 1200 E Handled Homogenizer was used in 

place of a magnetic stirrer.  

Powder X-Ray Diffraction (PXRD) 

PXRD was performed with a Bruker D8 Advance X-ray diffractometer with a Cu Kα source 

operating at a tube load of 40 kV and 40 mA. A powder sample of approximately 10 mg was spread 

and flattened on a Si (510) zero-background holder and scanned between 3° and 40° (2θ) at a step 

size of 0.02° and a scan rate of 1 s/step. For a partially crystalline sample, % crystallinity was 

calculated by dividing the area of the crystalline peaks by the total area of the crystalline peaks 

and the amorphous halo, treating the amorphous halo as a broad peak. Peak integration was 

performed using the program EVA from Bruker-AXS. This procedure provides an estimate of the 

crystalline fraction in a sample. A more accurate determination could be made using a calibration 
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curve constructed from the PXRD patterns of known crystalline fractions, but this was not pursued 

in this work. 

X-ray Photoelectron Spectroscopy (XPS) 

The details of XPS measurement and data analysis have been described previously.38 For each pure 

drug reference and ASD prepared, approximately 5 mg of powder was pressed onto a carbon tape 

fixed to the XPS sample holder. The high-resolution spectrum of the N atom was used to measure 

the protonated fraction of an amine drug. For drugs containing a single nitrogen, a simple two-

Gaussian fitting was performed using the program Origin following smart baseline subtraction. 

For drugs containing multiple nitrogen atoms, the protonated fraction was obtained using a curve 

subtraction method (see Results & Discussion). For each sample, spectra were recorded in 

duplicate (two separate regions) and averaged. 

 

4.4. Results and Discussion  

We first describe the results on binary ASDs to highlight the success rate of amorphization and 

trends in salt formation and then the findings on ternary ASDs containing multiple drugs. 

Slurry Synthesis Amorphization Success Rate and Clearing Transition. In this work, different 

drugs (Scheme 1) were formulated with PAA at 25% and 50% drug loading (DL) under the same 

condition (room temperature stirring in 1:1 DCM-EtOH at 4:1 solvent/solid ratio). Table 1 

summarizes the systems investigated and the success rate for slurry conversion to prepare 

amorphous solid dispersions. In this table, the crystallinity of the dried formulations is shown 

where zero signifies an amorphous product and a non-zero value indicates the crystalline fraction 

of the drug determined by PXRD (Figure 2). For comparison, Figure 2 also shows the PXRD 

patterns of the crystalline raw materials and the reference patterns generated from single-crystal 

structures to demonstrate their phase purity.39-56 39,40,41,42,43,44, 

 

45,46,47,48,49,50,51,52,53,54,55   

69



 

  

Table 1. Amorphization success rates of binary drug-PAA ASDs by slurry conversion. Crystallinity 

of each dried formulation is given with zero signifying an amorphous product. DL: drug loading. 

Drug MW (g/mol) 

Crystallinity of dried formulation 

25% DL 50% DL 

Clofazimine (CFZ) 473.4 0 0 

Lumefantrine (LMF) 528.9 0 0 

Terfenadine (TFD) 471.7 0 0 

Carbamazepine (CBZ) 236.3 0 0 

Efavirenz (EFZ) 315.7 0 0 

Indapamide (IDP) 365.8 0 0 

Albendazole (ABZ) 265.3 12%  15%  

Felodipine (FDP) 383.1 0 0 

Itraconazole (ITZ) 705.6 0 0 

Ketoconazole (KTZ) 531.4 0 6%  

Loratadine (LTD) 382.9 0 0 

Mebendazole (MBZ) 295.3 16%  25%  

Nevirapine (NVP) 266.3 0 26%  

Pyrimethamine (PMA) 248.7 0 10%  

Pretomanid (PTM) 359.3 0 31%  

Ritonavir (RTV) 720.9 0 0 

Artemether (ATM) 298.4 0 93%  

Artesunate (ATS) 384.4 0 0 
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Figure 2. PXRD patterns of binary drug-PAA formulations prepared using the slurry method 

at 25 and 50% drug loading (DL), along with the patterns for the pure crystalline drugs as 

starting materials and their reference patterns generated from the single-crystal structures 

deposited in CCDC under the refcode supplied.38-55 Most formulations were fully amorphous 

and a few partially crystalline.  
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Table 1 and Figure 2 show that for 

most drugs investigated, the slurry 

method successfully rendered the 

initially crystalline drug amorphous 

(zero crystallinity). Of the 18 drugs, 

16 were amorphized at 25% DL and 

11 at 50% DL. The decrease of the 

amorphization rate with DL is 

expected since less polymer is 

available to interact with the drug 

and prevent its crystallization. The 

drugs tested cover a wide range of 

structures and therapeutic classes, 

indicating a wide applicability of 

the slurry conversion method for 

formulating ASDs. 

Our survey of the 18 drugs indicate 

that the drugs of higher molecular 

weights (MW) are more likely to be 

amorphized. We can see this result by examining Table 1; Figure 3 shows the result more clearly 

by plotting the crystallinity of each dried formulation against the MW of the drug. The partially 

crystalline formulations are mainly associated with the drugs of lower MW. At MW > 350 g/mol, 

amorphization was successful in all but one case (ketoconazole at 50% DL, with 6% crystallinity). 

This result is not surprising because smaller molecules tend to crystallize faster than larger ones. 

In addition, at a fixed drug loading, a lower-MW drug has higher mole fraction and higher chemical 

potential (assuming ideal mixing), leading to higher a driving force of crystallization. 

Crystallization could occur in the drying step even if the drug was fully dissolved in the solvent 

with the polymer (see below).  

 

Figure 3. Crystallinity of dried formulations at 25% and 

50% DL plotted against the drug’s molecular weight. Zero 

crystallinity indicates an amorphous formulation. Low 

molecular-weight drugs tend to remain partially crystalline 

in the dried product. 
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A notable feature of the slurry synthesis is that for most drugs investigated, the initially turbid 

slurry abruptly “cleared” after a few minutes of stirring, forming a transparent, viscous solution. 

This transition was a useful visual indicator of complete dissolution and amorphization of the 

initially crystalline drug, before the drying step to lock in the amorphous structure. Figure 4a 

illustrates this clearing transition using LMF-PAA as an example. The slurry remained turbid for 

several minutes and suddenly cleared with an increase of viscosity, sometimes halting the rotation 

of the stir bar. This transition provides an efficient screening tool for identifying drug-polymer 

combinations suitable for slurry conversion, but as we show below with CFZ, complete clearing 

is not a necessary condition for amorphization. 

Of the drugs tested, three did not show the clearing transition: CFZ, ABZ, and MBZ. As Figure 4b 

shows, the CFZ slurry remained opaque during stirring and contained residual solids, but a 

pronounced color change occurred from red to black, indicating the reaction between CFZ and 

PAA (salt formation).23 Despite the lack of clearing, subsequent drying of the CFZ slurry yielded 

a fully amorphous solid (Figure 2). This example illustrates that even without full clearing 

(dissolution), the drug and the polymer could still interact, transforming the initially crystalline 

drug to an amorphous solid dispersion, as in a solution-mediated polymorphic transformation. The 

red-to-black color change of the CFZ slurry is a result of the protonation of CFZ’s imine group 

and its effect on the -electron system.23  

Similar to CFZ, the slurries of ABZ and MBZ did not clear, but unlike CFZ, their dried slurries 

were partially crystalline (Table 1). This was the result of the low solubility of these drugs in the 

default solvent and their relatively low basicity to react with PAA. It was possible to fully dissolve 

ABZ and MBZ in an alternative solvent (DMSO) at an elevated temperature of 75C, but the high 

boiling point of DMSO made the subsequent drying difficult. It is of interest to further optimize 

the method to prepare ASDs of these challenging drugs.  
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Figure 4. Clearing transition during slurry conversion. (a) Typical progression illustrated with 

LMF-PAA, where a turbid slurry turns into a clear solution and dries to an amorphous solid. 

(b) Atypical behavior illustrated with CFZ-PAA, where the slurry did not fully clear. Despite 

this, the CFZ-PAA slurry dried to an amorphous product. 
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Salt Formation 

Previous work has shown that for an 

ASD of lumefantrine and an acidic 

polymer, the degree of salt formation 

depends strongly on the method of 

manufacturing, and in turn, influences 

its physical stability and release 

kinetics.50,25,26 Following the previous 

work, we use the degree of salt 

formation here as a probe of the internal 

structure of an ASD and a metric for 

comparing different formulation 

methods. Figure 5 shows the XPS N 

spectra collected for this purpose. For 

the drugs of this study, the potential salt 

formation involves the protonation of a 

nitrogenous base by PAA, thus altering 

its XPS N spectrum. In Figure 5, the top 

two panels correspond to the two 

aliphatic amines (TFD and LMF), the 

next three panels to the aromatic amines 

(LTD, NVP, and FDP), and the bottom 

panel to an amide (CBZ). In this order, 

the drug’s basic strength decreases, and 

so should the degree of protonation by 

PAA. For the weakest bases, little or no 

protonation is expected, but there could 

be spectral change due to the formation 

of stronger hydrogen bonds between the 

drug and PAA than between the drug 

molecules. These expectations are 

 

Figure 5. XPS N spectra of drug-PAA ASDs prepared by 

slurry synthesis (solid curves) and the corresponding 

pure drugs (dashed curves). 25 wt% drug loading for all 

ASDs. 
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broadly confirmed by the observed spectra. For LMF and TFD, the N spectrum shifts to higher 

binding energy (BE), by about 2 eV, indicating the protonation of the aliphatic amine by PAA.25 

For the other drugs, the peak shifts are smaller. For CBZ, the shift is barely visible, consistent with 

its lack of basicity and the peak shift could be a result of stronger hydrogen bonds between CBZ 

and PAA than between CBZ molecules, without proton exchange. 

Figure 6 shows the degree of 

protonation for a given drug as a 

function of DL. The data on LMF25 

and CFZ23 are from the previous 

work in this lab and the other data 

are from this work. If the drug has a 

single basic nitrogen atom (e.g., 

LMF, TFD, and FDP), the observed 

spectrum is fitted as a sum of two 

Gaussian functions that represent 

the unprotonated and the protonated 

N atoms and their relative areas 

yield the degree of protonation.25 

For LTD, NVP, and CBZ, there are 

multiple nitrogen atoms in the 

molecule and only one of them is 

expected to interact strongly with PAA (the amide N, for example, is expected to be inert). For 

these drugs, a subtraction method was used. As illustrated in Figure 7 for LTD, the spectrum of the 

pure drug is first scaled to have the same area A0 as that of the ASD spectrum and then subtracted 

from the ASD spectrum. The positive area DA in the subtracted spectrum corresponds to the 

increase of protonated nitrogen atoms and the negative area to the loss of unprotonated nitrogen 

atoms. Dividing DA by the area that represents one nitrogen atom (A0/2, where 2 is the number of 

nitrogen atoms per LTD molecule) gives the fraction of protonation. The subtraction procedure 

removes the signal from the non-reactive nitrogen atom (amide) and isolates the change due to salt 

formation. This method avoids the otherwise complex peak fitting process to account for both 

reactive and non-reactive nitrogen atoms.  

Figure 6. Degree of protonation as a function of drug 

loading for 6 drugs formulated with PAA. The degree of 

protonation increases with decreasing drug loading 

(increasing PAA concentration) and basic strength. 
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Figure 6 shows that for each drug, the extent of drug-polymer salt formation smoothly decreases 

with DL. This is sensible because as the drug concentration increases, more drug molecules 

compete for the same reaction site on PAA, leading to lower probability of success. When 

compared at the same DL, the different drugs show different degrees of interaction and the overall 

ranking agrees with that of their basic strengths: aliphatic amine (LMF and TFD) and imine (CFZ) 

> aromatic amine (LTD, NVP, and FDP) > amide (CBZ). LMF and TFD are similar ternary 

aliphatic amines, and it is sensible that they are similarly protonated by PAA at the same DL. For 

the weaker bases CBZ and FDP, the N atom peak shift observed during XPS analysis may have 

large contributions from hydrogen bonding between the drug and PAA, and the precise breakdown 

between proton transfer and hydrogen bonding requires further analysis. 

The salt-formation results observed here (Figure 6) are not surprising from the standpoint of acid-

base equilibrium, but noteworthy 

given the known difficulty to 

complete salt formation in a drug-

polymer ASD (Figure 1). For LMF, 

the degree of salt formation with an 

acidic polymer varies significantly 

with the method of 

preparation.50,51,25,26 This variability 

can be attributed to the difficulty of a 

sluggish macromolecule to fully react 

with a small molecule.  Of the various 

methods compared in Figure 1, slurry 

conversion outperforms the others in 

completing the salt formation (Figure 

1),26 and the result of this study 

supports this conclusion. If the 

method had difficulty in completing 

the drug-polymer reaction, the data in 

Figure 6 would not form the smooth 

Figure 7. Subtraction method for determining the degree 

of protonation when non-reactive N atoms are present, 

illustrated for LTD.  

 

77



 

  

trends that are expected based on acid-base equilibrium. 

Ternary Formulations 

Of the 48 ASD products FDA-approved between 2012 and 2023, 18 were fixed-dose combinations 

(FDCs) to facilitate patient compliance and synergy between drugs.56 Coartem® (lumefantrine-

artemether) exemplifies an FDC for malaria57 and Kaletra® (lopinavir-ritonavir) an FDC for 

AIDS. We investigated whether slurry conversion can prepare multi-drug ASDs for applications 

in this area. We used lumefantrine-artemether (LMF-ATM) and lumefantrine-artesunate (LMF-

ATS) as models, and to connect with the results on binary systems, used PAA as the formulation 

polymer. Table 2 summarizes the ternary formulations prepared and the success rate of 

amorphization. These formulations contained LMF and a partner drug (ATM or ATS) at different 

ratios (1:1 and 6:1) and were prepared at two DLss (25 and 50%). The 6:1 drug ratio was chosen 

because the clinically important Coartem contains LMF and ATM at this ratio. For these ternary 

systems, the DL refers to the total amount of the drugs in the formulation. 

Table 2. Amorphization success rate of ternary ASDs prepared by slurry conversion. PAA is the 

dispersion polymer. The 6:1 ratio was chosen to match the composition in Coartem®.  

Drug A Drug B 
A:B Ratio 

(w/w) 

Crystallinity of dried formulation 

25% DL (A+B) 50% DL (A+B) 

Lumefantrine (LMF) Artemether (ATM) 

1:0 0 0 

6:1 0 0 

1:1 0 0 

0:1 0 93% 

Lumefantrine (LMF) Artesunate (ATS) 

1:0 0 0 

6:1 0 0 

1:1 0 0 

0:1 0 0 

 

Table 2 indicates that all the ternary formulations prepared were amorphous (zero crystallinity) 

and the PXRD patterns that support this conclusion are collected in Figure 8. All the ternary 
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formulations showed broad and featureless PXRD patterns, without the sharp crystalline 

diffraction peaks present in the raw starting materials (bottom of Figure 8), indicating their 

amorphous nature. At the bottom of Figure 8 are also given the PXRD patterns generated from the 

single-crystal structures deposited in CCDC, which verify the phase purity of each crystalline 

starting material. Between ATM and ATS, ATM is the faster crystallizer since in the binary 

formulation with PAA (50% DL), ATM 

is partially crystalline (93%), but ATS is 

fully amorphous. However, in the 

ternary formulations of ATM, LMF, and 

PAA, ATM is fully amorphous (Table 

2). This highlights that the presence of 

LMF helps inhibit the crystallization of 

ATM. 

As in the case of most binary ASDs 

prepared, all ternary formulations 

tested exhibited an abrupt clearing 

transition where the turbid slurry 

became transparent (Figure 4a), 

indicating dissolution of the crystalline 

drug before the drying step. The 

inclusion of a secondary drug had no 

significant effect on the clearing 

behavior observed for the binary 

formulations. This suggests that the 

clearing transition is a generic feature 

of slurry conversion independent of the 

number of chemical components 

present and can be used as a general 

screening tool for systems suitable for 

this approach.  

Figure 8. PXRD patterns of ternary ASDs prepared by 

slurry conversion, along with those of the crystalline 

drugs and the reference patterns generated from the 

single-crystal structures deposited in CCDC under the 

refcode supplied. All ternary ASDs prepared were 

amorphous.  
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XPS was used to determine the degree of salt formation between LMF and PAA in the ternary 

formulations, for comparison with the trend observed with the binary formulations (Figure 1). 

Figure 9 shows the XPS N spectra for the ternary ASDs prepared. Each of these spectra features a 

strong peak corresponding to protonated N atoms, and a small peak at lower BE corresponding to 

unprotonated N atoms is visible with only two formulations with high LMF concentrations (50% 

DL). This indicates complete or nearly complete protonation of LMF by PAA in these ternary 

ASDs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. XPS N spectra of ternary ASDs. The peak at higher 

BE corresponds to the protonated N atom of LMF; the peak 

at lower BE to the unprotonated N atom.  
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Figure 10 shows the degree of protonation of LMF in the ternary ASDs calculated from the XPS 

spectra in Figure 9 using the same method described above for the binary ASDs. For comparison, 

the previous results on the binary ASDs composed of LMF and PAA are also included in Figure 

10. In this plot, the degree of protonation of LMF is plotted against its concentration in the ASD, 

be it binary or ternary. We find that the data points for the ternary ASDs conform well with the 

trend for the binary ASDs. This result indicates that the second drug (ATM or ATS), at the 

concentration used, has a minor effect on the acid-base reaction between LMF and PAA. Of the 

two partner drugs with LMF, ATM is neutral and ATS is acidic (Scheme 1), and the fact that there 

is little difference in their effect on the LMF-PAA reaction indicates that they are mostly inert 

bystanders, perhaps because PAA has far higher acidic group density than ATS in the formulations 

prepared. This result may be useful for predicting the degree of salt formation in multicomponent 

ASDs if the polymer supplies most of the reaction sites.  

 
Figure 10. Degree of protonation of LMF by PAA in binary 

(circles) and ternary (other symbols) ASDs vs % LMF in the 

formulation. The data on binary and ternary ASDs fall on a 

common trend.  
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Scale-Up of Slurry Conversion 

To assess the ability to scale up 

slurry synthesis, we used the 

LMF-PAA formulation as a 

model and increased the batch 

size from the standard 0.4 g up 

to 25 g. The process at larger 

scale employed the same 

solvent, solvent/solid ratio, and 

drying condition as the standard 

process. To facilitate mixing, a 

handheld homogenizer was 

used in place of a magnetic 

stirrer. We found that the 

process could be scaled up 

without any difficulties or any 

adverse effect on the structure 

and properties of the product. 

At the larger scale, the same 

clearing transition was 

observed where the initially 

turbid slurry abruptly became a 

transparent and viscous 

solution during mixing; see the 

picture in Figure 11a for a cleared slurry at the 25 g scale. Figure 11a compares the PXRD patterns 

of the dried products obtained by slurry synthesis at the 0.4 g and 25 g scales. Both materials are 

amorphous, showing no crystalline diffraction peaks. Figure 11b shows the XPS nitrogen spectra 

of the two formulations. These spectra indicate that LMF was highly protonated in the ASDs and 

the degrees of protonation were both at 87%. These results demonstrate that the slurry synthesis 

can be readily performed at increased scales. This work has successfully increased the batch size 

Figure 11. (a) PXRD patterns of LMF-PAA formulations at 

50% drug loading prepared by slurry conversion at two batch 

sizes: 0.4 g (top) and 25 g (bottom). The inset shows the 25 g 

scale slurry after clearing, before drying to a solid product. (b) 

XPS N spectra of the two formulations in (a). The peak at 

higher BE corresponds to the protonated N atom of LMF; the 

peak at lower BE to the unprotonated N atom. Both 

formulations show 87% protonation.  
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60-fold, and further work is warranted to explore further scale up on industrial processing 

equipment. 

 

4.5. Conclusions  

This study investigated the generality of slurry conversion (SC) as a low-cost, solvent-sparing 

method to synthesize amorphous solid dispersions (ASDs) of poorly soluble drugs. To complement 

a previous study where the method was used to formulate the same drug (lumefantrine) with 

different polymers,26 here it is applied to formulate multiple drugs with the same polymer (PAA). 

For a rigorous test, 18 drugs (Scheme 1) were formulated under a single condition: room 

temperature stirring and 1:1 ethanol-DCM as solvent at 1:4 solid/solvent ratio. We find a high 

success rate of amorphization (ASD formation): 16/18 at 25% drug loading and 11/18 at 50% drug 

loading. Of the 18 drugs, only ABZ and MBZ failed outright, for their insolubility in the default 

solvent and fast crystallization. Overall, the high success rate of this simple method is encouraging. 

Using LMF as a model, this work has shown that the slurry synthesis can be scaled up 60-fold 

without encountering any difficulties or any adverse effect on the structure and properties of the 

product. We highlight that the method has very low equipment cost, lower solvent usage than other 

solvent-based methods, and low energy consumption, and that there is room for further 

improvement in these metrics. This method permits rapid screening of candidate formulations in 

early development and has the potential to be a general platform for ASD manufacturing.  

Using XPS, we have characterized the degree of salt formation between a drug and PAA in an 

ASD. The strongest bases (CFZ, an imine, and LMF and TFD, two aliphatic amines) were 

protonated to the greatest extent, followed by LTD and FDP (aromatic amines) and by CBZ 

(amide). For each drug, the degree of protonation smoothly decreases with increasing drug loading, 

a consequence of more molecules competing for the same reaction site at lower probability of 

success.  Both results are expected for an acid-base reaction at equilibrium and support the 

conclusion that slurry conversion allows the ASD ingredients to fully mix and react. Had it failed 

to do so, we would expect erratic results of salt formation as illustrated in Figure 1, without smooth 

and meaningful trends. Although slurry conversion was first used to synthesize amorphous drug-
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polymer salts,62,63 its success with basic drugs of different strengths (even an acidic drug, ATS) 

indicates its applicability for synthesizing neutral ASDs.  

The physical state of the drug and the polymer in the slurry deserves attention as it influences how 

the components interact during synthesis and the ASD structure after drying. The often observed 

clearing transition (Figure 4a) indicates full dissolution of the components in the slurry solvent 

and amorphization of the initially crystalline drug. For salt-forming systems, the drug and the 

polymer are likely organized as ion pairs in the organic slurry solvent and remain as such during 

drying to a solid. Unlike water, an organic solvent is less capable of stabilizing isolated ions by 

solvation. Elucidating the state of the drug and the polymer in the slurry could help understand and 

control the resulting ASD structures. 
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5.1. Abstract 

Amorphous solid dispersions of lumefantrine have been prepared with 10 polymers and their drug 

release has been measured in 0.1% sodium dodecyl sulfate. Poly(acrylic acid) (PAA) significantly 

outperforms the other polymers in reaching the highest apparent solubility through a 0.2 mm filter, 

and its outperformance persists as drug loading increases from 25% to 50%, without the sudden 

decline of release reported for some formulations. The PAA formulation releases its drug cargo as 

nanoparticles that are stable for at least 8 hours, sufficient for transit through the gastrointestinal 

tract. The nanoparticles released by PAA are the smallest (~10 nm) of the formulations tested. The 

exceptional performance of PAA is likely due to its high aqueous solubility, high acidic group 

density, and ability to interact with ionic species during dissolution. Our finding motivates further 

studies of PAA as a promising and presently underutilized polymer for amorphous formulations.   
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5.2. Introduction 

Amorphous solid dispersions (ASDs) are the focus of active ongoing research for enhancing the 

delivery of poorly soluble drugs.1,2 An ASD typically contains a hydrophobic drug, a hydrophilic 

polymer, and a surfactant, and can be prepared by both solvent-based and solvent-free methods. 

While the common motivation for developing an ASD is the higher solubility of an amorphous 

drug than its crystalline counterpart,3,4 there has been recent attention to the ability of an ASD to 

release its drug cargo as nanoparticles, leading to an apparent solubility that substantially exceeds 

the true solubility with potential benefits for drug absorption.5,6,7,8,9,10 Apart from in situ generation, 

nanoparticles can be preloaded in a solid formulation and subsequently released by 

reconstitution.11 To the extent that drug-rich nanoparticles can facilitate drug delivery, optimizing 

their formation and stability is a key component of ASD development. 

For some medicines, formulations with high drug loading are desirable for reducing the pill 

burden. A notable observation in this context is that drug release from an ASD can suddenly decline 

as drug loading increases.12,13,14 For ASDs prepared with polyvinylpyrrolidone/vinyl acetate 

copolymer (PVPVA), the maximal drug loading before the decline of release is 30% for ritonavir,12 

35% for lumefantrine (LMF),13 and 5% for ledipasvir.14 Given these reports, it is of interest to 

investigate alternative formulations and release conditions to help achieve good release at high 

drug loading.  

Apart from the broad context described above, the present study was motivated by our previous 

work on ASDs based on polyacrylic acid (PAA). PAA is a water-soluble polymer with a high 

acidic-group density. Our initial interest was to take advantage of the abundant acidic groups to 

form salts with basic drugs, thus preventing their crystallization in hot and humid climates. In this 

role, PAA excels, producing ASDs with extensive salt formation and high stability against 

crystallization at 40 C/75% RH, the harshest condition for drug stability testing.15,16,17,18 A curious 

result from this work is that the high stability of these ASDs should cause low solubility, but the 

PAA formulations show excellent release in biorelevant media.15,17 For the drugs tested to date, 

clofazimine15 and LMF,16 high apparent solubility was observed in the Simulated Gastric Fluid 

(SGF) and the Simulated Intestinal Fluid (SIF), even at a high drug loading of 75% and 50%, 

respectively. This result is counterintuitive, especially in light of a study by Hiew et al., who report 
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that LMF dispersed in an acidic, salt-forming polymer shows good physical stability but poor 

release, whereas LMF dispersed in the neutral polymer PVPVA has the opposite combination of 

properties.13 It is noteworthy that PAA was not included in their study. 

A possible solution to this puzzle lies in the distinction between true solubility and apparent 

solubility. The thermodynamic connection between stability and solubility applies only to true 

solubility (molecularly dissolved drug), not to apparent solubility, which may include dispersed 

nanoparticles. To test this hypothesis, in this work, we dispersed amorphous LMF in 10 polymers 

including PAA and measured its release in an aqueous medium. The apparent solubility of each 

ASD was measured through a 0.2 mm filter, a common filter for solubility measurements, and 

Dynamic Light Scattering (DLS) was used to monitor drug dissolution as nanoparticles. The 10 

polymers include: poly(acrylic acid) (PAA), Eudragit® L100, Eudragit® L100-55, hypromellose 

phthalate (HPMCP), cellulose acetate phthalate (CAP), hypromellose acetate succinate 

(HPMCAS, in grades HF, MF, and LF), polyvinylpyrrolidone K-30 (PVP), and 

polyvinylpyrrolidone/vinyl acetate copolymer (PVPVA). See Scheme 1 for the structures of the 

polymers and other compounds of this study. Of these polymers, PVP and PVPVA are neutral and 

the rest are acidic, able to form salts with LMF.18 ASDs were prepared at 25 and 50% drug loading 

using a simple slurry conversion method.16,17 The aqueous medium of this study was 0.1% sodium 

dodecyl sulfate (SDS), which is below the critical micelle concentration of SDS. It was chosen 

because (1) 0.1% SDS is the surfactant component of SGF, (2) an ASD often contains and dissolves 

in the presence of a surfactant, and (3) as an ionic surfactant, SDS may better differentiate the 

different ASDs of this study than a neutral surfactant. 
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Scheme 1. Structures of lumefantrine (LMF), sodium dodecyl sulfate (SDS) and the dispersion 

polymers of this work: poly(acrylic acid) (PAA), Eudragit L100, Eudragit L100-55, cellulose 

acetate phthalate (CAP), hypromellose phthalate (HPMCP), hypromellose acetate succinate 

(HPMCAS), polyvinylpyrrolidone (PVP), and polyvinylpyrrolidone/vinyl acetate copolymer 

(PVPVA). The three grades of HPMCAS used (HF, MF, LF) had different succinyl contents. 

Eudragit L100 and L100-55 are random copolymers where the ratio of the two segments is 

close to 1, and PVPVA is a random copolymer whose m:n ratio is approximately 6:4. 
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We report that of the 10 polymers tested, PAA outperforms the others in reaching the highest 

apparent solubility and this advantage persists even at the higher drug loading (50%). In contrast, 

the ASD prepared with the neutral polymer PVPVA shows reasonably good release at 25% drug 

loading but virtually no release at 50%. Both visual observation and DLS indicate the formation 

of nanoparticles during dissolution, accounting for the high apparent solubility relative to the true 

solubility. The nanoparticles released from the PAA formulation are the smallest and the most 

abundant. Our findings show that PAA is a promising dispersion polymer for preparing high drug 

loading ASDs with good release. Since the drug is released as nanoparticles, not dissolved 

molecules, there is no conflict with the thermodynamic relation between stability and solubility. 

 

5.3. Materials & Methods 

Materials 

Poly(acrylic acid) (PAA, MW = 450,000 g/mol), cellulose acetate phthalate (CAP, MW = 2,500 

g/mol), polyvinylpyrrolidone K30 (PVP), polyvinylpyrrolidone/vinyl acetate copolymer 

(PVPVA), and sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich (St. Louis, 

MO). Eudragit L100 (MW = 125,000 g/mol) and L100-55 (MW = 320,000 g/mol) were purchased 

from Evonik Industries (Essen, Germany). Hypromellose phthalate (HPMCP-55, MW = 45,600 

g/mol) and hypromellose acetate succinate (HPMCAS-LF, HPMCAS-MF, HPMCAS-HF; MW = 

17,000 – 20,000 g/mol) were purchased from Shin-Etsu Chemical Company Ltd. (Tokyo, Japan). 

Lumefantrine was purchased from VWR International (Radnor, PA), dichloromethane (ChromAR 

grade) from Thermo Fisher Scientific (Fair Lawn, NJ), and ethanol from Decon Laboratories (King 

of Prussia, PA). All materials were used as received. Water was purified using a Milli-Q Lab Water 

Purification System. 

Slurry Synthesis 

The slurry synthesis of amorphous LMF-polymer salts has been previously described.15,16,17 The 

powders of LMF and a polymer were mixed at a 1:1 or 1:3 ratio (50 or 25% drug loading) and a 

mixed solvent of dichloromethane (DCM) and ethanol (1:1 v/v) was added at a solid/liquid ratio 

of 1:4 (w/w). Each formulation batch contained 400 mg in solid mass and its slurry was stirred 

magnetically at 25 °C for up to 20 min. During stirring, an abrupt “clearing transition” occurred, 
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yielding a transparent viscous solution. This solution was dried under vacuum and ground in an 

agate mortar and pestle to obtain a free-flowing amorphous powder.  

Apparent Solubility (AS) 

20 mg of an ASD at 25 or 50% drug loading was added into 20 mL 0.1% SDS. If fully dissolved, 

the dissolved solids’ concentration would be 1 mg/mL and the drug concentration would be [LMF] 

= 0.25 mg/mL for the 25% drug loading ASD and 0.5 mg/mL for the 50% drug loading ASD. After 

stirring at 37 °C for 1 hour, a 3 mL aliquot was drawn and filtered through a 0.2 mm syringe filter. 

0.2 mL of a filtered solution was pipetted in a well of a UV-transparent Corning® 96-well plate 

and its absorbance at 340 nm was measured with a Clariostar® Plus plate reader. If necessary, the 

sample solution was diluted with a 10 mg/mL SDS solution before measurement. The LMF 

concentration was calculated against a calibration curve constructed for the same plate reader using 

LMF solutions in 10 mg/mL SDS of known concentrations. LMF concentration in each solution 

was calculated using a standard calibration curve. 

Dynamic Light Scattering (DLS) 

DLS measurements were performed with a Malvern Zetasizer Nano ZS instrument (Southborough, 

MA) with a back scattering detector (173°). Prior to measurement, each solution was centrifuged 

to settle any undissolved solid material and to avoid filtration disturbance to the “native” particle 

size distribution. Centrifugation was performed at 25 C and 5000 RPM for 5 minutes. 1 mL of 

each solution was added to a disposable cuvette without dilution and measured after 2 minutes of 

equilibration at 25 C. In the analysis setting, water was chosen as dispersant (viscosity = 0.9 cP, 

RI = 1.330) and the drug nanoparticles were assumed to have an RI value of 1.5, which is typical 

for organic solids.19 All measurements were made in duplicate.  

Nanoparticle Size Stability 

20 mg of any ASD of interest was dissolved into 20 mL 0.1% SDS. After stirring at 37 C for 1 

hour, 2 mL of each solution was withdrawn and filtered through a 0.45 mm syringe filter. A filtered 

solution was added to a disposable cuvette with a lid for DLS measurement as described above as 

a function of time on the instrument up to 96 hours. Between measurements, the cuvettes were 

stored at 25 C.    
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5.4. Results 

Apparent Solubility 

Figure 1 shows the apparent solubility of the 

ASDs of LMF in various polymers at 25% and 

50% drug loading in 0.1% SDS. The numerical 

values are collected in Table 1. In each 

measurement, an ASD was dispersed in the 

dissolution medium at a total concentration of 

1 mg/mL; that is, if fully dissolved, [LMF] 

would be 0.25 mg/mL for an ASD at 25% drug 

loading and 0.5 mg/mL for an ASD at 50% 

drug loading (horizontal lines in Figure 1). 

After equilibration at 37 C for one hour, an 

aliquot of the solution was withdrawn and 

passed through a 0.2 mm filter and its drug 

concentration was determined. The one hour 

time was chosen because previous dissolution 

measurements had shown that steady-state 

drug concentration was reached at this time.16 

When the various solutions were sampled, the 

solution from dissolving the PAA formulation 

contained no residual solids by visual 

observation, whereas those from dissolving the 

other polymer formulations did. This suggests 

that the PAA formulation had the highest 

apparent solubility, which was confirmed by 

quantitative measurements. 

 

 
Figure 1. Apparent solubility of the ASDs of 

LMF in various polymers at 25% and 50% drug 

loading in 0.1% SDS. PAA outperforms the 

other dispersion polymers by this measure.  
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Consistent with the visual observation, Figure 1 shows that the PAA formulation had the highest 

apparent solubility, and the measured value approached the maximal concentration for complete 

dissolution. The difference between the apparent solubility and the maximal value could result 

from the rejection of the larger particles by the filter and/or drug absorption by the filter regardless 

of particle size. 

For the ASDs at 25% drug loading, the second-best polymer in terms of drug release was PVPVA, 

followed by PVP, and little release was observed from the ASDs prepared with the other polymers. 

For the ASDs at 50% drug loading, the second-best polymer was PVP, followed by HPMCAS-LF, 

HPMCAS-MF, HPMCAS-HF, PVPVA, L100-55, and HPMCP. The outperformance of PAA 

relative to the second-best polymer increased at the higher drug loading. It is noteworthy that with 

increasing drug loading, the runner-up polymer changed from PVPVA to PVP, while PAA 

remained the best performer. For the three HPMCAS grades (LF, MF, and HF), the relative 

performance followed the order LF > MF > HF, which is the descending order for their acidic-

group densities and the degrees of salt formation with LMF in the respective ASDs.18  
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Table 1. Apparent solubilities and % release of LMF dispersed in different polymers.a 

Drug loading → 25% 50% 

Polymer ↓ [LMF], mg/mL % release [LMF], mg/mL % release 

PAA 0.190 (5) 76 (2) 0.43 (2) 86 (3) 

L100 ND ND ND ND 

L100-55 ND ND 0.009 (7) 2 (1) 

HPMCP ND ND 0.008 (6) 2 (1) 

CAP ND ND ND ND 

LF ND ND 0.068 (3) 14 (1) 

MF ND ND 0.043 (8) 9 (2) 

HF ND ND 0.029 (8) 6 (2) 

PVPVA 0.105 (1) 42 (1) 0.020 (1) 4 (1) 

PVP 0.025 (1) 10 (1) 0.074 (10) 15 (2) 

 

a The value in parathesis is the standard deviation of the preceding value in the last digit(s).  

ND: Not detected.  

 

 

 

 

 

A point of reference for the apparent solubilities in Figure 1 and Table 1 is the amorphous solubility 

of LMF, 0.007 mg/mL (measured in the pH 6.8 phosphate buffer).13 Several ASDs prepared in this 

work have apparent solubilities that exceed the amorphous solubility, suggesting the formation of 

nanoparticles that could pass through the filter (0.2 mm) and contribute to the measured drug 

concentration. These nanoparticles were confirmed by visual observation and DLS (see below).  
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Figure 2 shows the effect of 

increasing drug loading on the 

percentage of drug release from each 

ASD. This quantity is calculated by 

dividing the apparent solubility by 

the maximal drug concentration for 

complete dissolution (Figure 1). 

Except for PVPVA, all the polymers 

tested show slightly improved release 

performance with increasing drug 

loading. PAA is the best performer at 

both 25% and 50% drug loading, 

releasing 76% and 86% of the drug, 

respectively. For the PVPVA 

formulation, increasing the drug 

loading significantly reduces the 

fraction of the drug released, from 

42% to 4%. The formulations with 

HPMCAS (3 grades) show improved 

drug release with increasing drug loading, from almost no release to several percent. Of the three 

grades of HPMCAS, the LF formulation gains the most in this regard, followed by MF and HF. 

For the PVP formulation, the increase of drug loading causes the released fraction of the drug to 

increase, from 10% to 15%. Later we will discuss these results in comparison with the release 

profiles reported in the literature.  

 

 

 

 

 
Figure 2. Percentage of LMF released from ASDs at 25 

and 50% drug loading. LMF dispersed in PAA is the most 

completely released at both levels of drug loading. The 

PVPVA formulation performs well at 25% drug loading 

but poorly at 50% drug loading. 

 

99



 

  

Nanoparticles Released by ASD Dissolution 

 Both visual observation and DLS indicate the release of nanoparticles by the dissolution of the 

ASDs. In this section, we present the characterization of these nanoparticles to help understand the 

high apparent solubility observed. Note that this characterization only probes the portion of the 

drug that had been released into solution, not the undissolved solid, which contained most of the 

drug for some ASDs. Figure 3 shows the visual appearance of the filtered solutions (through 0.2 

mm filters) used for solubility measurements. These solutions were obtained by dissolving the 

ASDs at 50% drug loading; similar results were observed for the ASDs at 25% drug loading and 

are not shown. Except for the ASDs prepared with L100 and CAP, all ASDs dissolved in 0.1% 

SDS to yield solutions with a blue tinge caused by light scattering (the Tyndall effect), indicating 

the presence of colloidal particles. The solutions from dissolving the ASDs of PAA, PVP, and 

PVPVA showed the strongest Tyndall effect.   

 

The strength of the Tyndall effect has an approximate but imperfect correlation with the apparent 

solubility (Figure 1). The ASD prepared with PAA has the highest apparent solubility, but its 

Tyndall effect by eye is comparable to that of the ASDs prepared with PVP and PVPVA. This 

 
 

Figure 3. Appearance of filtered solutions obtained by dissolving various LMF-polymer 

ASDs in 0.1% SDS, arranged in descending order of the Tyndall effect. 
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likely reflects the fact that light scattering intensity is sensitive to particle size and larger particles 

cause stronger scattering. The solution from dissolving The PAA formulation has higher apparent 

solubility and its solution must contain a larger quantity of particles, and its lack of stronger 

scattering suggests that its particles are smaller. To confirm this, DLS data were collected and are 

presented below. 

Figures 4 and 5 show the DLS data of the solutions obtained by dissolving the various ASDs in 

0.1% SDS. To probe the native particle sizes, the solutions were not filtered and only gently 

centrifuged to settle undissolved solids. The data on the CAP and L100 ASDs are excluded because 

they did not generate significant nanoparticles during dissolution. In these figures, particle size 

profiles are presented in both intensity and volume representations. DLS measures the fluctuation 

of scattering intensity caused by moving particles and the data are analyzed to determine the 

diffusion coefficient of the particles and through the Stokes-Einstein relation, their size. For a 

polydisperse sample, larger particles cause stronger scattering, and the intensity-based size is 

biased toward larger particles. For our purpose, the volume-based size is more important, 

corresponding to the size of the particles that occupy the largest volume fraction. The latter is 

obtained by further processing the DLS data under additional assumptions. The two 

representations of the DLS data differ significantly for some samples, indicating their 

polydispersity. For the PAA formulation, the intensity-based distribution has a maximum above 

100 nm and weaker peaks at smaller sizes; in the volumed-based distribution, the maximum occurs 

near 10 nm. This indicates that most of the nanoparticles by volume fraction are ~10 nm in size, 

but there are also larger particles that are responsible for much of the measured scattering intensity. 

Below, we will focus on the volume-based distributions. 

Figures 4 and 5 show that the particles released by the PAA formulation are significantly smaller 

than those by the other formulations, and the average size of these particles, ~10 nm, would allow 

them to pass through a 0.2 mm filter. Given the visual observation that the PAA formulation is 

fully dispersed in the aqueous medium, leaving no residual solids, the particle-size result explains 

the high apparent solubility of the formulation (Figure 1) and why it approaches the maximal 

concentration for complete dissolution. In essence, the solid formulation is fully dispersed in the 

aqueous medium as nanoparticles, most of which can pass through the filter.  
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Figure 4. Intensity-based (top) and volume-based (bottom) particle size distributions in the solutions 

produced by dissolving 25% drug-loading ASDs in 0.1% SDS at 1 mg/mL. Left: Distribution curves. 

Right: Average sizes.  
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Figure 5. Intensity-based (top) and volume-based (bottom) particle size distributions in the 

solutions produced by dissolving 50% drug-loading ASDs in 0.1% SDS at 1 mg/mL. Left: 

Distribution curves. Right: Average sizes. 
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Figure 6 plots the average size of the particles released by dissolving each ASD against its drug 

loading. Both the intensity-based and the volume-based sizes are shown, but we focus on the latter. 

We find that the average size of the particles released by the PAA formulation is the smallest at 

both drug loadings and is insensitive to the change of drug loading. This suggests that PAA 

outperforms the other polymers by consistently releasing the smallest particles.  Figure 7 plots the 

fraction of drug release (Figure 2) against the size of particles produced during dissolution (Figures 

4 and 5). In this format, we can test whether the formulation with higher apparent solubility also 

releases smaller particles. Although the data show significant scattering, a negative trend is 

evident. This trend suggests that the ability to rapidly generate very small nanoparticles is a key 

factor responsible for the good release of an ASD. It directs attention to the formation and 

stabilization of small particles in optimizing drug release by the nanoparticle mechanism.  

 Nanoparticle stability. For their pharmaceutical applications, the nanoparticles released from an 

ASD must be sufficiently stable over time. We evaluated this property by monitoring the apparent 

solubility and the particle size distribution as a function of time. Figure 8 shows the apparent 

solubility of the three best-performing ASDs identified above, namely, those containing PAA, PVP, 

Figure 6. Average size of particles released by dissolving each ASD plotted against its drug loading. 

Left: Intensity-based average size (Z-average). Right: Volume-based average size (volume mean).  
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and PVPVA, as a function of time. For this 

evaluation, each ASD was dispersed in 0.1% SDS 

at 1 mg/mL; the solution was stirred at 37 C and 

aliquots were drawn at different times to 

determine the apparent solubility. 

Figure 8 shows that during the 8 hours of 

measurement, the three ASDs maintained their 

apparent solubility. The PAA formulation had the 

highest apparent solubility initially and its 

advantage persisted over time. This indicates that 

during the time of observation, the nanoparticles 

were stable, without significant aggregation and 

growth. The 8 hours of stability is sufficient for 

the transit of an orally administered drug through 

the gastrointestinal tract. 

 

 

Figure 7.  Fraction of drug release from an 

ASD vs. average size of particles generated by 

dissolution. Open circles: 25% drug loading. 

Solid circles: 50% drug loading.  

 

Figure 8. Apparent solubility of the ASDs of LMF formulated with PAA, PVP and PVPVA in 

0.1% SDS as a function of time. Results are shown for ASDs at 25% drug loading (left) and 

50% drug loading (right).  
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Figure 9 shows the DLS data to characterize the size stability of the nanoparticles released by each 

ASD. Since we are mainly interested in the relative changes, only the intensity-based size 

distributions (“raw data”) are shown. We find that the nanoparticles released from all three ASDs 

are stable for at least 8 hours. This is seen from the distribution curves on the left and the Z-

averages on the right. These results are consistent with the constant apparent solubility shown in 

Figure 8. If the nanoparticles grew over time, the apparent solubility would decrease. In comparing 

the three ASDs, it is noteworthy that the PAA formulation has the highest apparent solubility 

(Figure 8) and thus the highest particle concentration. A higher particle concentration provides a 

larger driving force for the aggregation and growth of the particles, and yet the nanoparticles 

released by the PAA formulation are as stable as those released by the other formulations. 

 

Figure 9. Size stability of nanoparticles released by ASD dissolution. Top: ASDs at 25% 

drug loading. Bottom: ASDs at 50% drug loading. t0: freshly prepared (5 min). t1: 60 

min. t3: 480 min. 
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5.5. Discussion 

This work has compared the performance of 10 dispersion polymers for releasing their amorphous 

LMF cargo as drug-rich nanoparticles in 0.1% SDS. We find that PAA significantly outperforms 

the other polymers, even at a relatively high drug loading of 50% (Figure 1). This enables the 

LMF-PAA ASD to be physically stable against crystallization and have high apparent 

solubility,16,17 a puzzling combination of properties that had motivated this work. In addition, we 

find that the release performance is not harmed (in fact slightly improved) by the increase of drug 

loading from 25% to 50% for all the polymers except for PVPVA (Figure 2). Below we discuss 

these results. 

Can an Amorphous Formulation Be Physically Stable and Provide Efficient Release?  

One motivation for this work was the combination of physical stability and apparent solubility of 

the amorphous LMF-PAA formulation.50,23,16 According to thermodynamics, a more stable solid 

phase is less soluble. The extensive salt formation between LMF and PAA17 decreases the drug’s 

chemical potential and its driving force to crystallize. This is consistent with the high physical 

stability of the amorphous formulation, but contradicts its high solubility.16 The key to resolve this 

puzzle is to realize that the thermodynamic relation refers to true solubility, not apparent solubility. 

We have shown that the high apparent solubility of the LMF-PAA formulation is due to the efficient 

drug release as nanoparticles, not to the enhanced true solubility. The particles can pass through a 

fine filter (0.2 mm) commonly used for solubility measurements and contribute to the measured 

“solubility”. Thus, there is no conflict with thermodynamics. To the extent that drug-rich 

nanoparticles benefit drug absorption, it is possible for an amorphous formulation to be both 

physically stable and “highly soluble”. 

The amorphous formulations of LMF with the three grades of HPMCAS (LF, MF, and HF) provide 

further understanding of the balance between stability and release. For the ASDs at 50% drug 

loading, the relative release performance is LF > MF > HF (Figure 1). This is the order in which 

the acidic-group densities in these polymers decrease and the degrees of salt formation in the 

corresponding ASDs fall.18 By the thermodynamic reasoning above, the true solubility of the 

formulation should increase in the same order since there are fewer ionic interactions to lower the 

drug’s chemical potential in the solid state. Superficially, this contracts the trend of worsening 
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release in the same order, but this puzzle resolves itself once we realize that the thermodynamic 

argument applies to the true solubility, not the apparent solubility that reflects mainly the dispersed 

nanoparticles.  

Is PAA a Special Polymer? 

This work has shown that PAA outperforms the other polymers for releasing its drug cargo as 

nanoparticles, even at the relatively high drug loading of 50% (Figures 1 and 2). Visual 

observations indicate the PAA formulation is almost fully dispersed as nanoparticles, leaving no 

residual solids, and DLS indicates that the nanoparticles released by this formulation are the 

smallest (~10 nm) and are stable over time. At present, PAA is not a standard dispersion polymer 

for preparing ASDs, and our findings suggest that PAA could be promising polymer for future 

applications. 

Compared to the other polymers of this study, PAA is among the most water-soluble and has the 

highest acidic-group density. Since the drug in an ASD is generally hydrophobic, the high aqueous 

solubility of the dispersion polymer would enable its quick release from the solid, driving local 

phase separation and generation of drug-rich particles. The high acidic-group density of PAA 

enables extensive salt formation with a basic drug like LMF. In the solid state, these ionic 

interactions help prevent drug crystallization, even under hot and humid conditions; during 

dissolution, the ionized drug and polymer can interact with ionic species in solution and such 

interactions would be less important for neutral or less extensively ionized drugs and polymers. 

For example, NaCl and other inorganic salts can trigger drug release from the ionic complex 

between a basic polymer and an acidic drug.20 The SDS in our dissolution medium can interact 

with an ionized drug or polymer21,22,23,24,25 through mechanisms that might be negligible for neutral 

molecules. While such interactions can cause precipitation,23 this need not be a negative effect as 

the goal is to release the drug as nanoparticles, so long as the nanoparticles are efficiently generated 

and stabilized on the timescale of drug absorption (hours). 

Effect of Drug Loading on Release 

For all the polymers tested here except for PVPVA, the drug release performance improves slightly 

as drug loading increases from 25% to 50%. For PVPVA, the opposite is observed, making it the 

second-best performing polymer at 25% drug loading and one of the worst at 50% drug loading. 
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This pattern of drug release is both similar and different from that reported by Hiew et al.13 and 

below we compare the two studies. 

Hiew et al. have dispersed LMF in various polymers and measured their release in a phosphate 

buffer (pH 6.8). For the ASD prepared with PVPVA, they observe an abrupt decline of drug release 

above 35% drug loading, fully consistent with our result. Quantitatively, the apparent solubility of 

their ASD at 25% drug loading, 100 mg/mL, agrees with our value of 95 mg/mL. For the acidic 

polymers (L100, HPMCP, CAP, HPMCAS-MF), however, Hiew et al. observe significantly worse 

release with increasing drug loading, with the effect being noticeable even at 5% drug loading, 

whereas we find improved drug release as drug loading increases from 25% to 50%.  

We speculate that a major cause for the divergent conclusions is the difference in the ASDs 

prepared in the two studies and the conditions of their testing. Hiew et al. used rotary evaporation 

to prepare ASDs, and we used slurry conversion. These two methods both involve drying solutions 

and should in principle yield the same product, but this is not the case: as Table 2 shows, for the 

acidic polymers, Hiew et al.’s ASDs had consistently less extensive salt formation than those of 

this work. For example, when dispersed in HPMCAS-MF, LMF is 41% protonated in our product 

and 19% in theirs. It should not be surprising if ASDs of such different internal structures show 

different release behaviors. In addition, Hiew et al. measured the surface-area-normalized release 

rate of a tablet in a pH 6.8 phosphate buffer, and we measured the release from a powder dispersed 

in 0.1% SDS. Prior to measurements, their solutions were centrifuged and ours were passed 

through a 0.2 mm filter. It is reassuring that for the PVPVA formulation, both studies observed 

decline of drug release near 35% drug loading. For the ASDs prepared with acidic polymers, the 

different release behaviors could reflect the different degrees of ionization in the solid state and 

the interactions with different ionic species in the solution. Taken together, the results of the two 

studies argue that the worsening of drug release with increasing drug loading could be avoidable 

by employing different dispersion polymers26 and testing conditions, and for the same dispersion 

polymer, even by modifying the synthesis conditions. 
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Table 2. Degrees of protonation (%) of LMF in ASDs with different polymers.18 

 

Polymer 
25% drug 

loading, this work 

25% drug loading, 

Hiew et al.12 

50% drug 

loading, this work 

PAA 91 - 87 

L100 78 49 55 

L100-55 79 - 60 

HPMCP 79 46 67 

CAP 80 55 70 

LF 58 - 40 

MF 41 19 23 

HF 33 - 20 

PVPVA 0 - 0 

PVP 0 - 0 
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5.6 Conclusions 

Lumefantrine (LMF) is a highly hydrophobic, poorly water-soluble drug. In this work, we have 

dispersed amorphous LMF in 10 different polymers and tested its release in 0.1% sodium dodecyl 

sulfate (SDS), a common medium for dissolution testing. We find that poly(acrylic acid) (PAA) 

outperforms the other polymers in releasing LMF as nanoparticles, reaching the highest apparent 

solubility (measured through a 0.2 mm filter). The excellent release performance of PAA persists 

as drug loading increases from 25% to 50%. DLS measurements showed that of the 10 polymers 

tested, PAA releases the drug cargo as the smallest particles (~10 nm in size) and we find an 

approximate correlation between smaller particle size and more complete drug release across the 

polymers. The nanoparticles released from the PAA formulation are stable for at least 8 hours, 

sufficient for their transit through the gastrointestinal tract. The efficient release of nanoparticles 

from the PAA formulation answers the question that had motivated this work, namely, how this 

formulation can have high stability and good release, in apparent violation of thermodynamics. 

Since the drug is released mainly as particles, not dissolved molecules, there is no conflict with 

thermodynamics. If the solubility of a formulation is defined to include both true solubility and 

apparent solubility (of dispersed nanoparticles), an amorphous drug-polymer salt can be 

simultaneously stable and soluble.  

At present, PAA is not a standard polymer for preparing amorphous solid dispersions, and our 

finding motivates further work to explore its applications in this area, especially for ASDs of high 

drug loading. Relative to the other polymers studied, PAA is among the most water-soluble and 

has the highest acidic-group density, enabling extensive salt formation and ionic interactions with 

a basic drug like LMF. A remarkable result from this work is the release of very small particles 

(~10 nm) from the PAA formulation, which remain stable against aggregation and growth for at 

least 8 hours. Whether this is a general feature for an amorphous dispersion in PAA is a worthy 

question for future studies. 
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This thesis considered the preparation of effective amorphous solid dispersions (ASDs), 

particularly the effect of processing conditions and dispersion polymer on the stability and 

solubility behavior of the formulation with an emphasis on the degree of salt formation between 

the drug and dispersion polymer. In Chapter 2 and 3, we investigated salt formation in and 

performance of lumefantrine (LMF) ASDs. In Chapter 4, we show the versatility of our synthesis 

approach (slurry conversion) in amorphizing a wide variety of basic drugs dispersed in 

poly(acrylic acid) (PAA). In Chapter 5, we turn our attention to the solution state, identifying 

PAA as a promising formulation polymer for the dispersion of drug-rich nanoparticles to improve 

drug release. 

 

6.1. Synthesis and characterization of amorphous drug-polymer salts 

Chapter 2 examined the role of processing conditions on the degree of LMF protonation in LMF-

PAA ASDs and their subsequent stability under accelerated storage conditions (40 C/75% RH) 

and release in Simulated Gastric Fluid (SGF). This work compared slurry conversion (SC) and 

antisolvent precipitation (AP) to the more conventional ASD synthesis methods of hot-melt 

extrusion (HME) and rotary evaporation (RE). It was found that SC and AP were able to achieve 

reaction equilibrium for LMF-PAA salt formation while HME and RE did not, with SC distinct 

from AP in its drug loading (DL) tunability. This degree of salt formation is a critical attribute 

due to its demonstrated ability to enhance both stability and release of an LMF-PAA ASD. 

In Chapter 2 and 3, we consider the formulation of lumefantrine (LMF) amorphous solid 

dispersions (ASDs) formulated with alternative acidic polymers. In Chapter 3, we show that the 

outperformance of SC over other synthetic methods persists for these other LMF-polymer 

systems, indicating that the ability of SC to effectively facilitate intimate component mixing and 

subsequent equilibrium reaction behavior is not unique to LMF-PAA dispersions. Similarly, we 

demonstrate in Chapter 4 that the versatility of SC holds for a variety of poorly soluble basic 

drugs dispersed in PAA. In addition to the previously described LMF, 17 additional poorly 

soluble drugs including 15 basic, 1 neutral, and 1 acidic drug were formulated with PAA using 

the standard SC synthesis. Fully amorphous dispersions were successfully prepared under these 

synthesis conditions for 16 of the 18 drugs at 25% DL and 11 at 50% DL, with most 
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formulations undergoing an observable “clearing” during stirring, indicating complete 

dissolution and amorphization prior to drying. Furthermore, it was shown that SC could be used 

to prepare ternary ASDs (two drugs dispersed in PAA) and could also be scaled up at least 60-

fold for LMF-PAA at 50% DL with only minor modifications to the stirring method. This 

demonstrated versatility of the slurry method is encouraging given its very low equipment cost, 

lower solvent usage than other solvent-based methods, and low energy consumption.  

While these results are highly promising, it is important to anticipate potential scale-up 

challenges and points that could benefit from further optimization. While EtOH is considered a 

low-risk (Class 3) residual solvent in finished pharmaceutical products according to the FDA, 

DCM has a very low threshold for safety and is suggested to be present in finished 

pharmaceutical products at no more than 600 ppm.1 Recent years have seen increasing efforts of 

industrial leaders to reduce the quantity of DCM used in pharmaceutical processes; DCM is by 

Fig. 1. Contribution by mass percentage to materials of concern outlined by Glaxo-Smith-

Kline (GSK). Dichloromethane (DCM) corresponds to over 75% of this mass. Adapted 

from Ref. 2. 
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far the largest contributor to materials of concern (Fig. 1).2 To ensure that translation of SC to 

manufacturing scale remains viable, reliable analysis of residual DCM in dried slurry products is 

necessary. If DCM is shown to be inconsistently removed to a sufficient extent, alternative 

solvents that do not negatively affect the versatility of SC should be investigated to ease further 

scale-up and late-stage development.  

Head-space gas chromatography with a flame ionization detector (GC-FID) has been shown to 

be a reliable method to determine DCM content in both liquid and solid samples due to its high 

volatility.3 The LMF-PAA system should be studied first, given its demonstrated compatibility 

with SC at a variety of DLs and its well-characterized performance under optimal conditions. 

LMF-PAA should be prepared using standard SC synthesis at a range of DLs (5 – 75 wt%) at 

regular intervals and dried at room temperature under vacuum as previously described. Dried 

ASDs can then be ground into a fine powder to ensure sufficient exposed surface area for solvent 

evaporation. Known masses of each ground formulation may then be added to head-space GC 

vials of sufficient volume and held above the DCM boiling point (> 40C) to allow removal of 

residual DCM and subsequent quantification via head-space air sampler after a standard 

calibration of samples with known DCM content. Should this test demonstrate that sufficient 

DCM is removed (regardless of DL) for these LMF-PAA ASDs, additional LMF-based ASDs 

dispersed in different polymers should be analyzed using the same procedure. Due to the highly 

varied solubility and gelling behavior of different polymers in organic solvent, it is important to 

ensure that the removal of DCM from SC products is not strongly dependent on the ASD 

components.  

Should the removal of DCM be exceedingly difficult or unreliable, alternative solvents may be 

explored. Preliminary work has identified acetone as a candidate for DCM substitution, 

particularly given its status as a Class 3 solvent with an acceptable limit in finished 

pharmaceutical products that is approximately 10 times that of DCM. For LMF-PAA prepared 

using SC at 75C with acetone as a substitute for DCM during synthesis, 25 and 50% DL ASDs 

can be successfully formulated (Fig. 2). The use of mild heating in this preliminary experiment 

was due to the relatively lower solubility of LMF in acetone compared to DCM, but it is likely 

that this temperature could be lowered if needed for more favorable processing should these 
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conditions be scaled up. Due to LMF-PAA’s well-characterized and previously described 

apparent solubility benchmarks, the effect of acetone substitution should first be examined in the 

LMF-PAA system. The dispersion behavior of LMF-PAA at both 25 and 50% DL (both 

successful in amorphization using acetone/ethanol as shown in Fig. 2) in 0.1% SDS can first be 

quickly assessed and compared to the results presented in Chapter 6 for a DCM/ethanol 

synthesis. Should these ASDs show comparable performance under these conditions, longer-

scale dissolution in biorelevant media like SGF may then be performed to ensure equivalent 

apparent solubility. If promising, other previously investigated drug-polymer systems may be 

tested using an acetone/ethanol slurry solvent, however it should be noted that highly detailed 

 
Fig. 2. The appearance before and after stirring at 75C for 50% 

LMF-PAA synthesized with an acetone/EtOH solvent (top) and 

the PXRD patterns for dried slurries after synthesis. Sharp peaks 

for 75% DL indicate that acetone cannot successfully replace 

DCM at very high DLs but is sufficient up to at least 50% DL. 
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dissolution data for all of these systems is not yet available for direct comparison as in the case 

of LMF-PAA.  

As shown in Chapters 2 and 4, the ability of SC to facilitate reaction equilibrium for a variety of 

basic drugs prepared with PAA is a promising result, particularly given the range of basic 

strengths represented. Interestingly, even for a stronger base like LMF (pKa ~9), most DLs have 

a population of unprotonated LMF molecules that are still amorphous and remain so even after 

long-term storage under high temperature and humidity. CFZ-PAA is the exception to this rule, 

where 100% protonation is required for full amorphization; a partially neutral CFZ-PAA 

formulation will also be partially crystalline. This raises the question: what is the mechanism 

underlying LMF stabilization even in the absence of salt formation with PAA? It is possible that 

these “extra” LMF molecules are able to access weaker, less rigid interactions with PAA (i.e. 

hydrogen bonding) or they may simply be kinetically immobilized in the polymer matrix as in 

the case of a more conventional ASD based on a neutral polymer like PVP. To probe this, an 

analytical method capable of elemental mapping with high resolution may be employed. While 

XPS has been previously used under the assumption of a uniform sample obtained after grinding, 

the high sensitivity and resolution of XPS has been used in other cases to perform 2D mapping 

of sample surfaces with detailed binding state information.4 This technique may permit a better 

understanding of the solid amorphous material generated after drying. Rather than directly dried 

in bulk as a solution immediately after “clearing,” this clear solution should instead be spread on 

a suitable substrate as a thin film and dried in this state to generate a flat surface that represents 

the “natural” state of the glassy solid generally produced after vacuum drying. 2D mapping using 

XPS can then be performed on this dried film to 1) spatially and visually assess the distribution 

of protonated LMF molecules and 2) determine the binding state of non-protonated LMF 

molecules based on their binding energy shift: a lesser extent relative to protonated LMF 

suggesting hydrogen bonding, and a lack of shift indicating fully neutral LMF molecules.  

The nature of the drug-polymer interaction present in drug-PAA dispersions with weak basicity is 

also of interest for further study. Unlike an aliphatic amine like LMF, an amide such as 

carbamazepine is expected to be minimally protonated, if at all. However, N spectra obtained 

from XPS for CBZ-PAA ASDs show a degree of peak shift, indicating a population of N atoms 

at a higher binding energy. Whether or not this corresponds to true protonation is uncertain, as 
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amides are known to be very weak bases. To better understand the nature of this interaction, CBZ 

can instead be prepared as an ASD with a nonionic polymer with hydrogen bonding capabilities. 

CBZ-PVPVA is a promising candidate for this purpose, due to the demonstrated compatibility of 

PVPVA with SC. These CBZ-PVPVA ASDs may then be compared (at an identical DL) to CBZ-

PAA, using XPS to generate high-resolution N spectra for both. Should the two ASDs show peak 

shift of a similar magnitude, drug-polymer interaction limited to hydrogen bonding is likely. If 

the degree of peak shift is different (i.e. + 2 eV for CBZ-PAA and + 1 eV for CBZ-PVPVA), this 

raises the possibility of a low degree of protonation facilitated by SC.  

 

6.2 Modified release of amorphous drug-polymer salts 

In Chapter 5, we focus on the release behavior in 0.1% sodium dodecyl sulfate (SDS) in water 

from a variety of LMF-based ASDs. We find that PAA outperforms other polymers in releasing 

LMF as nanoparticles and reaching a high apparent solubility (AS), measured after filtration 

through a 0.2 m filter. This outperformance of PAA over 9 other dispersion polymers (7 acidic 

and 2 neutral) persists from 25 to 50% DL, both releasing the greatest amount of LMF and 

producing the largest volume fraction of small-size (~10 nm) particles. These findings are 

especially notable considering the high degree of solid-state stability of these same LMF-PAA 

formulations, showing that if the solubility of a formulation is defined to include both true 

solubility and apparent solubility (of dispersed nanoparticles), an amorphous drug-polymer salt 

can be simultaneously stable and soluble. PAA’s superior performance in this study suggests its 

potential viability as a new dispersion polymer and motivates further exploration of its dispersion 

capabilities. 

Polyelectrolyte formulations have been shown to be both ionic strength and pH-responsive, 

increasing drug release rate in response to targeted sections of the GI tract or through the use of 

salt and pH modifiers within the formulation itself. This suggests that PAA’s particle formation 

behavior can be influenced by excipients in the chosen aqueous medium and may even be 

tunable. Previous work has shown that PAA can induce changes in drug release from 

polyvinylidene fluoride (PVDF) depending on the local ionic strength,5 suggesting that 

amorphous salts prepared with PAA may also display ionic strength-dependent drug release. This 
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can be first tested in SGF, as it is already formulated with sodium chloride (NaCl) as a 

component (2.5 g/L) which can be easily adjusted to modify the ionic strength of the solution. In 

normal SGF, the ionic concentrations of the included species (NaCl, sodium dodecyl sulfate 

(SDS, HCl) yield an ionic strength of approximately 0.05 mol/L. To test the effect of ionic 

strength on LMF-PAA dissolution in SGF, the ionic strength may be increased to approximately 

0.075 and 0.1 mol/L by adding an additional 1.5 g and 3 g NaCl, respectively. The resulting 

colloids or solutions generated under each of these conditions may then be analyzed for a) 

[LMF] using UV-Vis, b) particle formation and particle size via DLS as described in Chapter 5, 

and c) if formed, particle stability against aggregation. Should the adjustment of ionic strength 

prove beneficial, this can inform the design of more potent formulations through the inclusion of 

inorganic salts to ensure maximized release via a target ionic strength.  

Similar to the influence of ionic strength, pH is also known to affect the behavior of 

polyelectrolytes like PAA in solution. This may be capitalized on instead of or in addition to 

ionic strength modulation. Basic APIs like LMF are expected to show decreased solubility in 

neutral-pH environments like the intestinal tract, and thus may benefit from locally modified pH 

to enhance release. The formation of LMF-PAA particles can first be evaluated as a function of 

pH with testing conditions that encompass the full biological range (pH ~2 to pH~8), with tests 

for both particle size and [LMF] performed as described above. Should a significant effect be 

identified at low pH, these LMF-PAA formulations can then be evaluated in the presence of a 

dissolved acidic pH modifier like citric acid, with the performance compared to that observed in 

the absence of this species. If promising, these pH-modifiers may be explored as an excipient 

included in the solid formulation, but it is important to note that this may interfere with LMF-

PAA salt formation and thus negatively affect solid-state stability, observable via a decrease in Tg 

measured via DSC and/or more rapid LMF crystallization over time.    

The LMF-PAA dispersion behavior is also highly notable due to the large volume fraction of 

particles generated at very small size (~10 nm). This result is intriguing and deserving of further 

study to enhance our understanding of these unique particles and their ability to provide 

exceptional LMF release. To better visualize these particles and help verify their size, 

nanoparticle tracking analysis (NTA) could be used to observe these particles in their native 

solution state. If unsuitable or ineffective for this purpose, cryogenic transmission electron 
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microscopy (cryo-TEM) may instead be employed.6 Zeta potential measurements could also be 

used to obtain additional chemical information about the particles, as the assembly of surfactants 

and/or dissolved polymer is detectable as a change in the zeta potential.7  
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