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ABSTRACT 

Many newly discovered drugs have low aqueous solubility leading to poor dissolution behavior 

and inefficient drug absorption, resulting in low bioavailability. Generally, for oral dosage forms, 

there are two major routes of drug absorption in the gastrointestinal (GI) track: passive diffusion 

and carrier-mediated transportation. Regardless of the primary route, drug absorption is highly 

dependent on the amount of free drug present in the aqueous solution. One formulation strategy to 

enhance solubility is the formation of an amorphous solid dispersion (ASD), where the drug is 

dispersed in a hydrophilic polymer. Supersaturation can be achieved following dissolution of an 

ASD, which significantly increases the free drug concentration. Recent research shows that 

dissolution of an amorphous solid dispersion can lead to a concentration above the maximum 

supersaturation concentration, also known as amorphous solubility. When this occurs, the drug 

and solution undergo liquid-liquid phase separation resulting in the formation of a drug-rich 

colloidal phase. This can only be obtained when the drug and polymer undergo polymer-controlled 

dissolution. During polymer-controlled dissolution the dissolution rate of the drug is limited by 

the intrinsic dissolution rate of pure polymer and not the drug dissolution rate. This brings forth 

two advantages over physically stable ASD formulations that exhibit polymer-controlled 

dissolution. The first is that the dissolution rate of the drug is orders of magnitude higher, which 

allows for quick attainment of maximum supersaturation in vivo. The second advantage is that the 

drug-rich colloidal phase can serve as a reservoir with very fast replenishing rates. This extends 

the duration of maximum flux across biological membranes, allowing for higher bioavailability. 

In order to achieve the optimal dissolution performance for an ASD formulation, it is critical to 

understand how to achieve polymer-controlled dissolution, as well as the impact of any 

crystallization events, which can deplete the supersaturation advantage. Thus, my PhD research 

focuses on mechanistically understanding the elements that prevent apparently stable ASD 

formulations from attaining their optimal dissolution performance. The conclusions drawn from 

the research may significantly improve the bioavailability of amorphous drugs and provides fresh 

insight into new drug molecule candidate optimization and excipient selection when an ASD is the 

preferred formulation strategy. 
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 INTRODUCTION 

 Research Significance, Knowledge Gap, Specific Aim, and Hypotheses 

The introduction of combinatorial chemistry and high throughput screening has led to new 

molecular entities with higher molecular weight, greater hydrophobicity and more hydrogen 

bonding groups, resulting in 90% of new molecular entities being practically insoluble.1, 2 In 

general, for oral dosage forms, the drug absorption is highly dependent on the amount of free drug 

present in the aqueous phase. Thus, in order to improve the bioavailability of drugs with poor 

aqueous solubility, formulation strategies have been used to boost solution concentrations. One 

promising strategy is to deliver drug as an amorphous solid dispersion (ASD), which is a molecular 

level mixture of drug and a polymer. Compared to the crystalline solubility, the amorphous 

solubility can be several times higher.3 Thus, by dissolving an ASD, supersaturation can be 

achieved, which significantly increases the free drug concentration in the aqueous phase. However, 

drug molecules in a supersaturated solution have higher chemical potential relative to crystalline 

drug, which can lead to crystallization. If crystallization cannot be inhibited or slowed during 

dissolution, the solubility advantage of the amorphous formulation will be compromised. 

Crystallization has two processes, nucleation and crystal growth. For ASDs containing residual 

crystallinity, desupersaturation can happen if crystal growth cannot be inhibited or slowed. Several 

commercial ASD formulations have been found to contain some residual crystals.4-6 However, 

there is little understanding regarding the impact of residual crystallinity on ASD dissolution, and 

only the amount of residual crystallinity is controlled in an ASD formulation. Thus, the first aim 

of the research was to demonstrate that seed crystals with different intrinsic properties have 

a variable impact on the dissolution performance of ASDs.  

The hypothesis for this aim is: the impact of residual crystallinity on the dissolution 

performance of ASDs is dependent on the intrinsic properties of crystal seeds, specifically crystal 

shape and in turn, growth area, as well as the growth interface properties, rather than the mass 

of seeds present.  

To achieve and maintain a supersaturated drug solution is not the only advantage of ASD 

formulations. Recent research has shown that dissolution of an ASD can lead to a concentration 

above the maximum supersaturation concentration, and drug and solution undergo liquid-liquid 
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phase separation (LLPS).7 The resulting drug-rich phase consists of colloidal species, which can 

serve as a reservoir to replenish the drug solution concentration which is depleted during 

absorption, and can extend the duration of maximum flux across biological membrane.8 A study 

has shown that these drug-rich colloidal species can further improve bioavailability in vivo.9 Hence, 

the optimal dissolution performance from dissolving an ASD is to exceed the amorphous solubility 

with the formation of drug-rich colloidal species. However, this desired outcome cannot always 

be achieved during ASD dissolution. It only occurs when the dissolution is controlled by the 

polymer.10 Some recent studies have shown that drug release switches from being polymer-

controlled to drug-controlled when drug loading increased above a certain limit.10, 11 At low drug 

loadings, the dissolution is controlled by polymer, where drug and polymer release congruently. 

In contrast, at high drug loadings, the dissolution switches to drug-controlled dissolution. When 

dissolution is controlled by amorphous drug, the maximum drug concentration that can be 

achieved is the amorphous solubility, therefore, no drug-rich colloidal species are able to be 

formed. The drug loading where drug release behavior dramatically changes from polymer-

controlled to drug-controlled has been termed the limit of congruency (LoC).10 The LoC seems to 

be highly variable and unpredictable for copovidone (PVPVA)-based dispersions, and the 

underlying factors influencing this threshold value are unknown. Hence, the second aim of the 

research is to mechanistically understand ASD release behavior, and to reveal which drug 

physicochemical properties impact the LoC.  

The hypothesis for this aim is: for copovidone-based ASDs, the drug release performance is 

dependent on drug loading; and the strength of drug-polymer interaction plays an important role 

in the dissolution behavior.  

One of the most frequent studied intermolecular interactions in ASDs is hydrogen bonding.12 

This interaction has been shown to slow or prevent amorphous-amorphous phase separation or 

crystallization in ASDs.13-15 In contrast, another noncovalent interaction, halogen bonding, has not 

been studied in drug formulations. Halogen bonding is the attractive interaction between the 

electrophilic region of halogen atoms and electron donating groups. The halogen bond is a 

directional interaction, similar to the hydrogen bond. In terms of bonding strength, halogen bonds 

can be comparable to hydrogen bonds for optimized systems.16 It has been shown in several crystal 

engineering studies that when both interactions can form, hydrogen bonding is favored over 

halogen bonding, but they can still co-exist.17 The existence of halogen bonding in ASDs has not 
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been demonstrated. However, the halogen atoms in drug molecules potentially can form halogen 

bonding with the electron-donating groups in povidone. The most common technique used to 

investigate halogen bonding is X-ray crystallography, which is not possible for amorphous 

materials. There is a knowledge gap about halogen bonding and characterization techniques for 

amorphous formulation. Thus, the third aim of the research is to demonstrate the existence of 

halogen bonding in ASDs by using different characterization techniques.  

The hypothesis for this aim is: The halogen bearing drug molecules can form halogen bonds 

with the carbonyl groups of vinyl-pyrrolidinone in PVPVA- based ASDs. 

Drug-polymer interactions are considered to be an important parameter when it comes to 

ASD performance. Intermolecular interactions such as hydrogen bonding, ionic interactions and 

hydrophobic interactions have been studied. Their impact on drug-miscibility, amorphous 

crystallization tendency, and supersaturation maintenance following ASD dissolution has been 

investigated. However, little research has been done to study the impact of drug-polymer 

interactions on drug release performance, which is a knowledge gap in the ASD formulation space. 

As it mentioned earlier, LoC, an indicator for drug release performance, has become an important 

parameter for ASD formulations. Thus, it is important to understand the impact of drug-polymer 

interaction on the LoC. The fourth aim of the research is to reveal the impact of different 

drug-polymer intermolecular interactions on drug release performance from PVPVA based 

ASDs.  

The hypothesis for this aim is: for PVPVA-based ASDs, the drug loading boundary, where 

the dissolution of ASDs changes from polymer-controlled to drug-controlled, is dependent on 

drug-polymer intermolecular interactions.  

In summary, this research focuses on mechanistically understanding the elements that impair 

ASD formulations from achieving their optimal dissolution performance. The research provides 

fundamental understanding about the impact of crystallization and drug-polymer interactions on 

ASD dissolution. The conclusions drawn from the research can help optimize the dissolution 

performance, provide insight into new drug candidate optimization, and streamline formulation 

development.  
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 Solubility Advantage of Amorphous Drugs 

The key difference between an amorphous and a crystalline solid is that the former system 

lacks the repetitive three-dimensional order that persists over longer length scale. The molecules 

do not pack as compactly as in a crystalline solid which results in greater free volume for the 

amorphous system. However, amorphous solids do show some short range order18 via packing of 

molecules to form nearest neighbor interactions through van de Waals interactions, hydrogen 

bonding, or electrostatic interactions.  

During cooling of a melt, the specific volume (V) or enthalpy (H) of the substance decreases 

as the function of temperature.19 Upon rapid cooling of a melt, V and H can follow the equilibrium 

line from liquid to the supercooled liquid even when the temperature is lower than Tm, because 

crystallization is an activated process and a certain extent of undercooling is necessary. For many 

systems, crystallization can be avoided completely. Additional cooling of the supercooled liquid 

leads to an increase in viscosity, and the molecules move more slowly until the temperature reaches 

the glass transition temperature (Tg) where the molecules move too slowly to rearrange 

significantly before the temperature decreases further. The molecules are “trapped” and the 

rearrangements are longer than the experimental timeframe and changes of V and H become 

relatively slower as the function of temperature. The material in this region is a glassy amorphous 

solid. These processes are presented in Figure 1-1, showing that compared to the crystalline solid, 

amorphous materials have excess thermodynamic properties. The free energy difference between 

amorphous solids and crystals can be estimated by the equation derived by Hoffman20: 

∆𝐺 =
∆𝐻𝑓𝑢𝑠(𝑇𝑚−𝑇)𝑇

𝑇𝑚
2                                                                           1-1 

Where ΔHfus is the melting enthalpy, Tm is the melting temperature and T is the temperature at 

which the amorphous converts to crystalline. 
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Figure 1-1 Schematic depiction of the variation of enthalpy (or volume) with temperature. Taken 

from ref. 19. 

 

The higher free volume of the amorphous solid, translates to a larger molecular mobility 

compared to crystalline solids. When dissolving amorphous materials in aqueous solutions, no 

energy is needed to break down the compact crystalline structure for the amorphous form due to 

the lack of a crystal lattice. The solubility of amorphous form can be predicted by experimental 

determined crystalline solubility and free energy difference between amorphous and crystalline, 

expressed as the following equation21: 

 

∆𝐺 = 𝑅𝑇𝑙𝑛
𝑎𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠

𝑎𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒
≈ 𝑅𝑇𝑙𝑛

𝑐𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠

𝑐𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒
                                                  1-2 

 

Where a is the activity of the solute in saturated solution, c is the solubility, R is the gas constant, 

and T is the temperature. When in dilute solution where activity coefficients are approximately 

unity, the activity, a, can be assumed to be equal to the concentration, c, in an aqueous solution. 

From equation 2, the larger the free energy difference, the higher the potential solubility 

enhancement by the amorphous form. The amorphous form has been suggested to improve the 

aqueous solubility by a factor of 4 to 50 for different compounds.3 However, the higher free energy 

translates to greater thermodynamic driving force for crystallization.  
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 Crystallization 

By dissolving amorphous materials, supersaturation can be created, which means the 

solution concentration is higher than crystalline solubility. The supersaturation ratio is generally 

determined from the following relationship22:  

 

𝑆 =
𝑐

𝑐𝑒𝑞
                                                                                                          1-3 

 

Where c is the drug concentration in the supersaturated solution and ceq is the equilibrium 

crystalline solubility. A concentration-temperature phase diagram23 is shown in Figure 1-2. When 

concentration is above the crystalline solubility, the chemical potential of the solute is higher than 

the solute in the saturated solution. This leads to thermodynamic driving force for crystallization. 

At low supersaturations, there is insufficient driving force to overcome the nucleation energy 

barrier, so that no spontaneous nucleation will occur. However, if there are crystal seeds, the crystal 

can grow in the metastable zone. When the concentration reaches the next region, secondary 

nucleation, new nuclei can be generated in the presence of crystal seeds. In the higher 

concentration region, the excess chemical potential can lead to spontaneous nucleation, which is 

termed primary nucleation. As the concentration increases further, the amorphous solubility will 

be reached, and liquid-liquid7 or glass-liquid24 phase separation happens (LLPS or GLPS). Thus, 

when the concentration is at the amorphous solubility, several crystallization events, namely 

primary nucleation, secondary nucleation, and crystal growth, can occur.   

 

Figure 1-2 Concentration-Temperature Phase Diagram. Adapted from ref. 23. 
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1.3.1 Primary Nucleation 

The mechanism of formation of a stable crystal nucleus from a homogenous solution is still 

under debate. However, the classical theory of nucleation25 is widely employed. According to this 

theory, in order to create a new nucleus, an energy barrier needs to be surmounted. The overall 

free energy of nucleation, ΔG, is the summation of the positive free energy change ΔGs, which is 

due to a formation of a new surface, and the negative free energy change ΔGv, which is the excess 

free energy between a very large particle and the solute in the solution. Thus: 

 

∆𝐺 = ∆𝐺𝑆 + ∆𝐺𝑉 = 4𝜋𝑟2𝛾 +
4

3
𝜋𝑟3∆𝐺𝑣                                                 1-4 

 

Where r is the size of the nucleus, γ is the interfacial tension, and ΔGυ is the free energy change 

per unit volume. From equation 4, clearly ΔGs and ΔGv have different dependencies on the size of 

nucleus, so the total free energy ΔG has a maximum value, as shown in Figure 1-3. The maximum 

free energy, ΔGcrit can be calculated and is shown in eq 5, and the corresponding size of the nucleus 

is defined as the critical nucleus radius, rc. 

 

∆𝐺𝑐𝑟𝑖𝑡 =
16𝜋𝛾3𝜗2

3(𝑘𝑇𝑙𝑛𝑆)2                                                                                    1-5 

 

Where S is supersaturation, ν is molecular volume, k is the Boltzmann constant and T is the 

temperature. Hence, the nucleation rate can be expressed in the form of an Arrhenius equation: 

 

𝐽 = 𝐴𝑒𝑥𝑝 [−
16𝜋𝛾3𝑣2

3𝑘3𝑇3(𝑙𝑛𝑆)2]                                                                         1-6 

 

According to equation 6, supersaturation has a large impact on nucleation rate: the greater 

the supersaturation, the faster the nucleation rate is. Typically, there is a time delay between the 

achievement of supersaturation and the occurrence of nucleation, which is defined as the induction 

time. The experimental induction time (tind) is the sum of the nucleation time for critical nucleus 

to form (tn) and time for nucleus to grow to a detectable size (tg).
26 
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Figure 1-3 Free energy diagram for nucleation. Taken from ref 25. 

1.3.2 Secondary Nucleation 

When crystals of the solute are present in the supersaturated solution, nucleation at a lower 

supersaturation relative to that required for primary nucleation is possible. Many mechanisms have 

been proposed to interpret the origin of secondary nucleus. One theory is termed the embryo 

coagulation secondary nucleation (ECSN) theory. This theory proposes that secondary nuclei arise 

from displacement of the adsorbed solute layer that has not yet incorporated into crystals. Qian 

and Botsaris27 examined the nucleation of a chiral molecule at a concentration in the secondary 

nucleation zone, and experimental results showed that crystals with the opposite chirality to that 

of the seeds were also detected. Because of the non-discriminating nature of van der Waal’s forces, 

an embryo with different chirality will also attach to crystal seeds and undergo coagulation, which 

further leads to formation of nuclei.  

However, only secondary nuclei with the same chirality as the parent crystals were 

observed by McBride and Carter28, when the parent crystals were subject to multiple contacts with 

a magnetic stirrer. The researchers concluded that the secondary nucleus had been incorporated 

into the parent crystals to attain the same configuration before they were removed from the parent 

crystals by contact with the stirrer. Reyhani29 et al. also found a strong connection between the 

morphology, movement of growth steps between embryonic and parent crystals. This mechanism 
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of secondary nucleation is defined as contact nucleation. Contact nucleation is highly depend on 

the supersaturation.30 The critical nucleus size for survival decreases at higher supersaturation; the 

thickness of the adsorbed layer at the crystal surface increases at higher supersaturation to make 

more clusters available for secondary nucleation.  

A mechanical shear force at the surface of crystals can also cause secondary nucleation, 

which is termed shear secondary nucleation. Tai et al.31 suggested that high supersaturation is 

necessary for shear secondary nucleation. Another common mechanism for secondary nucleation 

is attrition. Attrition nucleation is where fragments are removed from parent crystals by 

mechanical force, such as collision between crystals, or collision between crystals with other 

subjects, or by shear fluid. Attrition fragments often show anomalous growth behavior, namely 

that the crystal growth rate of fragments actually increases with fragment crystal size, and small 

fragments may not grow at all.32 Possible explanations are that the fragment is removed from a 

dislocation free area of a parent crystal or the distance of the dislocation growth site is smaller than 

the critical diameter.32, 33Attrition secondary nucleation is a mechanical process so that it is 

independent on supersaturation.  

1.3.3 Crystal Growth  

When nuclei become larger than the critical size, they begin to grow. Similar to secondary 

nucleation, many different crystal growth mechanisms have been proposed in the literature. 

Mechanisms including as rough growth, spiral growth, and growth by two dimensional nucleation 

are considered here.  

1.3.3.1 Classification of Crystal Surfaces 

A Kossel crystal is often used as a model to illustrate crystal growth interfaces and 

mechanisms, and assumes that constituent units of both crystals and growth units are simple cubes 

(Figure 4). Kossel was the first to focus attention on the interface structure, and classified crystal 

surfaces into complete and incomplete surfaces.34 Later, Hartman and Perdok divided crystal 

surfaces into three groups: flat (F), stepped (S) and kinked (K) surfaces, depending on the how 

many dense rows of atoms they are parallel to,35, 36 shown in Figure 1-4. Growth units are most 
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easily incorporated into a kink site, and the kinks move along the step, which eventually completes 

the face.37  

 

Figure 1-4 A schematic representation of a Kossel crystal illustrating flat, stepped and kinked 

surfaces. Taken from ref. 34.  

1.3.3.2 Growth Mechanisms35  

The crystal surface with many kink sites available is a rough interface, and grows relatively 

faster. Rough faces can grow at any supersaturation higher than zero.  

When the crystal surface is atomically or molecularly smooth, two dimensional nucleation 

is required to start a new layer. In this situation, the crystal growth is two independent processes: 

1) formation of a “center of crystallization”; 2) lateral movement of the steps to complete the face. 

The system can undergo layer-by-layer growth, where the nucleation happens only after 

completion of the previous layer. In the other circumstances, nucleation takes place before 

completion of the previous layer, leading to multilayer growth.  

 As very few crystals are perfect, imperfections on crystal surface can influence the process 

of crystal growth. A screw dislocation formed on the surface can provide non-vanishing steps on 

the crystal surface. After the formation of a screw dislocation, the surface can grow forming a 

spiral staircase. The curvature of the spiral cannot exceed a certain value, which is determined by 

the two dimensional nucleus under the growth conditions.  

In solution, the driving force for crystal growth is dictated by the supersaturation. For the 

three mechanisms, the growth rates have different dependences on supersaturations38. Figure 1-5 

summarizes the growth rate versus driving force for three growth mechanisms. At low driving 
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forces, the growth interface is smooth and growth is controlled by spiral growth. With moderate 

driving force, the interface is smooth, and the two dimensional growth mechanism is dominant. 

When the driving force increases, the interface becomes rougher.  

 

Figure 1-5 The driving force versus growth rate relationship. Taken from ref. 38. 

1.3.3.3 Diffusion-reaction Theory 

The diffusion theory was first introduced by Noyes and Whitney39, and later was modified 

by Berthoud40 and Valeton41 to diffusion-reaction theory. There are two steps in the crystal growth: 

1) solute transports from bulk solution to the solid surface; 2) the solute molecule incorporates into 

the crystal lattice. The driving force for these two steps is concentration difference, which can be 

represented by the equations 

 

Diffusion: 
𝑑𝑚

𝑑𝑡
= 𝑘𝑑𝐴(𝑐 − 𝑐𝑖)                                                                             1-7 

Surface integration: 
𝑑𝑚

𝑑𝑡
= 𝑘𝑟𝐴(𝑐𝑖 − 𝑐∗)                                                             1-8 

Overall growth rate: 𝑅𝑔 = 𝐴𝑘𝑔𝑺𝑔  𝑔 = 1~2                                                    1-9 

 

Where kd is a coefficient of mass transfer by diffusion, kr is a rate constant for the surface 

integration process, ci is the solute concentration in the solution at the crystal-solution interface, c 

is the concentration of the bulk solution, c* is the concentration at the crystal surface, A is the 
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surface area of the crystal, k is an overall crystal growth coefficient, S is supersaturation, and g is 

the order of the overall crystal growth. 

A pictorial representation of these two processes is shown in Figure 1-6. If g = 1, the 

crystallization is a diffusion controlled process, and while g = 2 indicates surface integration 

controlled crystallization. In many cases, the crystal growth is integration controlled, such as screw 

dislocation and 2-dimensional nucleation mechanisms. 

 

 

Figure 1-6 Concentration driving force for crystallization from solution. Taken from ref. 22. 

 Impact of Polymers on Phase Behavior of Amorphous Solid Dispersions 

In ASDs, amorphous drugs and polymers are mixed at the molecular level, resulting in a 

miscible, single phase system. ASDs can be prepared by either melting the two components 

followed by quench cooling of the mixture, or dissolving both components, and then evaporating 

the solvent.42 In the pharmaceutical industry, the scaled processes are hot melt extrusion and spry 

drying, respectively. Hancock et al. studied several glasses in terms of their molecular mobility by 

monitoring enthalpy relaxation with time due to the molecular motion below the glass transition 

temperature (Tg), and the results show that amorphous materials are more stable at temperatures 

much lower than the Tg.
43 Thus, mixing a high Tg polymer with an amorphous drug can increase 

Tg, resulting in better stability of the drug to crystallization at room temperature. The polymer not 

only modulates Tg, but also reduces the local molecular mobility to prevent the rearrangement of 

the drug molecules to form crystals.  
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In order to prevent the amorphous drug from crystallization, the drug and polymer need to be 

miscible. The free energy of mixing (ΔGmix) for drug-polymer binary system can by determined 

by Flory-Huggins theory.44 The entropy of mixing (ΔSmix) is determined by the number of 

configurational states of drug and polymer, which is always favorable to mixing. The enthalpy of 

mixing (ΔHmix) is dependent on the drug-drug, drug-polymer, and polymer-polymer interactions. 

If the drug-polymer interactions are favorable, ΔHmix is negative. When the drug-polymer 

interactions are unfavorable, ΔHmix is positive. ΔGmix, ΔSmix, and ΔHmix are given by the following 

equation, 

 

∆𝐺𝑚𝑖𝑥

𝑅𝑇
= 𝑛𝑑𝑙𝑛𝜙𝑑 + 𝑛𝑝𝑙𝑛𝜙𝑝 + 𝜒𝑑𝑝𝑛𝑑𝜙𝑝                              1-10 

∆𝑆𝑚𝑖𝑥

𝑅𝑇
= −𝑛𝑑𝑙𝑛𝜙𝑑 − 𝑛𝑝𝑙𝑛𝜙𝑝                                               1-11 

∆𝐻𝑚𝑖𝑥

𝑅𝑇
= 𝜒𝑑𝑝𝑛𝑑𝜙𝑝                                                                 1-12 

 

Where the d and p represent drug and polymer respectively, n and ϕ are mole fraction and volume 

fraction respectively, and χ is the Flory-Huggins interaction parameter between drug and polymer.  

However, drug-polymer phase separation can occur in the presence of moisture, resulting 

in drug-rich and polymer-rich phases. A drug-rich phase has higher tendency for crystallization. 

In the presence of water, a ternary system composed of water, drug, and polymer is formed. In this 

case, the free energy of mixing can be given by equation 1-13.45 ΔSmix is typically favorable to 

mixing. Hence, the interactions between water-drug, water-polymer, and drug-polymer, which are 

reflected in the ΔHmix term, decide if the mixing is favorable. When the interaction energies 

between the components are quite different, amorphous-amorphous phase separation can happen 

in the presence of moisture. However, when the formation of drug-rich and polymer-rich is 

preferred thermodynamically, sufficient molecular mobility is still required to kinetically enable 

phase separation to occur.45 

 

 
∆𝐺𝑚𝑖𝑥

𝑅𝑇
= 𝑛𝑤𝑙𝑛𝜙𝑤 + 𝑛𝑑𝑙𝑛𝜙𝑑 + 𝑛𝑝𝑙𝑛𝜙𝑝 + 𝜒𝑤𝑑𝑛𝑤𝜙𝑑 + 𝜒𝑤𝑝𝑛𝑤𝜙𝑝 + 𝜒𝑑𝑝𝑛𝑑𝜙𝑝         1-13      

 

Where w stands for water.                   
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A suitable polymer can inhibit crystallization of the drug in the matrix, prevent nucleation of the 

drug in supersaturated solutions, and inhibit crystal growth when there are crystal seeds in solution.  

 Impact of Polymers in Supersaturated Solutions 

1.5.1 Impact of Polymers on Nucleation  

By dissolving an amorphous drug, supersaturation can be achieved in aqueous solutions. 

However, nucleation is likely to happen due to the higher chemical potential of the solute in the 

supersaturated solution. The higher the concentration, the greater the driving force for primary 

nucleation. Polymers have been demonstrated to inhibit nucleation of poorly water soluble drugs 

to some extent, and can thus lead to a longer duration of supersaturation.46-48 As shown in Figure 

1-7, efavirenz is a good crystallizer, thus in the absence of polymers, primary nucleation occurs 

within 5 min. In the presence of various polymers, the induction time is increased to around 30 

min.46 However, how these polymers exert their effect is still unclear, partly due to difficulties 

associated with performing molecular-level experiments. Based on experimental observations and 

molecular simulations, solute-polymer interactions are key for nucleation prevention. When there 

are strong interactions between polymer and solute, the polymers are able to influence the packing 

of solute molecules into nuclei.49  
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Figure 1-7 Induction times for efavirenz from unseeded-desupersaturation experiments, in the 

absence and presence of polymers. Taken from ref. 46. 

 

For secondary nucleation, very few studies have been conducted to shed any fundamental 

light on impurities effects, including polymers, on secondary nucleation. Secondary nucleation is 

assumed to be related to interfacial supersaturation, so that any addition of impurities leading to a 

change of interfacial supersaturation will impact secondary nucleation.50 In another study of 

impact of polymers on secondary nucleation, it was shown that secondary nucleation was 

suppressed by polymers in a manner dependent on the solution viscosity.51 

1.5.2 Impact of Polymers on Crystal Growth 

Maintaining solution supersaturation, thereby maximizing the drug absorption is very 

important after ASD dissolution. Hence, incorporating a good crystal growth inhibitor into the 

formulation is desirable since crystalline-free ASDs are not always possible in practice. Several 

studies48, 52, 53 have shown that polymers are able to inhibit or retard crystal growth of water-

insoluble drugs in supersaturated solutions. In Figure 1-8, the y axis represents the ratio of the 

crystal growth rate in the absence of polymers to that in the presence of polymers, and it can be 

noted that several polymers are able to inhibit efavirenz crystal growth, at least to some extent.  
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Figure 1-8 Crystal growth rate ratio of efavirenz at an initial drug concentration of 10 μg/mL. 

Taken from ref. 53. 

 

For inhibition of crystal growth by polymers, there is a general consensus that adsorption 

of polymers onto the crystal surface is a required step. Studies show that the hydrophobicity, 

polymer conformation, and amphiphilic nature of the polymer, play an important role in dictating 

the extent of crystal growth inhibition. If polymers are too hydrophilic, they tend to interact with 

solvent molecules. When polymers are too hydrophobic, it is likely they interact more favorably 

with other monomer units, resulting in less interaction with drug molecules.52 For polymer 

conformations including trains, loops and tails, the balance among these three sub-chains gives the 

absorbed layer its unique properties, which further impact the polymer adsorption on the crystal 

surfaces.54 The amphiphilic nature of polymers is shown to further enhance their ability to inhibit 

crystal growth.52 Polymers with a higher degree of carboxylic acid (COOH) substitution tend to 

be more effective at inhibiting crystal growth, and the degree of ionization of the COOH group 

varies with pH, which in turn influences the conformation of the polymers on the crystal surface.55  

Atomic force microscopy has been used to study the conformational changes of HPMCAS on 

crystal surface at different pHs.56 The results, shown in Figure 1-9, show that at pH 3, below the 

pKa of HPMCAS, globules of polymer are observed because of self-aggregation of the unionized 

polymer, and the effectiveness of HPMCAS as a crystal growth inhibitor reduces. In contrast, at 
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pH 6.8, above pKa, the ionized COOH groups are more “water-loving”, so that the polymers more 

uniformly cover the surface, rendering HPMCAS a better crystal growth inhibitor at this pH.  

I) 

 

II) 

 

Figure 1-9 (I) Schematic of polymer adsorption onto the crystal surface at pH 3 and pH 6.8 

respectively; AFM images of a) HPMCAS adsorbed to felodipine in pH 3, b) HPMCAS 

adsorbed to felodipine in pH 6.8, c) No HPMCAS. Taken from ref. 56. 

  

For the mechanism of how adsorbed impurities (polymers) impact the crystal growth rate, 

Kubota and Mullin57 have proposed a mathematical model. This model (Figure 1-10) is based on 

the adsorption layer theory, which assumes the atoms continuously adsorb onto the crystal surface 

and then build into active sites until the whole crystal face is completed, and to initialize a new 

growth face, a two-dimensional nucleus needs to be created. The critical radius of a two 

dimensional nucleus ρc is given by Burton et al33, 

 

𝜌𝑐 =
𝛾𝑎

𝑘𝑇(𝑙𝑛𝑆)
                                                                          1-10 

 

Where γ is the edge free energy, a is the size of a growth unit, k is the Boltzmann constant, T is 

the solution temperature and S is the supersaturation ratio. 

 According to this theory, crystal growth is a step-wise build-up leading to a linear 

advancement on the crystal face. The velocity of a linear step, υ0,  can be hindered if polymers 
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adsorb at kink sites along the step lines by a pining mechanism.58 Based on this model, the linear 

step is forced to curve and the advancement velocity of a curved step is related to the average 

distance between adjacent adsorbed polymers, Ɩ. Then the time-average advancement velocity, υ, 

of the step with adsorbed polymers can be given by the equation57, 58 

 

𝜗

𝜗0
= 1 − 𝜌𝑐/𝑙 (for 𝑙 > 𝜌𝑐 )                                                                   1-11 

Where υ = 0 for 𝑙 < 𝜌𝑐. 

 

Figure 1-10 Model of impurity adsorption. Impurity species are assumed to be adsorbed on the 

step lines at kink sites and to retard the advancement of the steps. Taken from ref. 58. 

 

The coverage of active sites by polymers, θ, is related to the average distance between the active 

sites, L, and the average distance between adjacent polymers, Ɩ.  

 

𝜃 =
𝐿

𝑙
                                                                                    1-12 

Insertion of eqs. (10) and (12) into eq. 11 gives the following equation, 

𝜗

𝜗0
= 1 −

𝛾𝑎

𝑘𝑇(𝑙𝑛𝑆)𝐿
𝜃                                                               1-13 

The impurity effectiveness factor, α, is defined as 

𝛼 =
𝛾𝑎

𝑘𝑇(𝑙𝑛𝑆)𝐿
                                                                          1-14 
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 Dissolution of Amorphous Solid Dispersions 

Since the 1960s, dissolution of drugs became a very important research subject in 

pharmaceutics. The basic step of drug dissolution is the reaction between solid drug and the 

dissolution medium. Therefore, the dissolution kinetics are dependent on the flow rate of the 

medium towards the solid-liquid interface, the reaction rate at the interface, and diffusion rate of 

dissolved drug molecules from interface to bulk solutions, shown in Figure 1-11.59 Steps 2 and 3 

in Figure 1-11 are highly dependent on the hydrodynamic conditions, especially the 

microenvironment of the solids.  

 

Figure 1-11 The basic steps in drug dissolution mechanisms. (1) The solvent molecule moves 

towards the liquid-solid interface; (2) Adsorption-reaction takes place at the interface; (3) 

Diffusion of the dissolved drug molecules into the bulk solutions. Taken from ref. 59. 

 

Based on either diffusion of the dissolved drug molecules from interface to bulk solution 

or reaction of the interface of liquid-solid, the dissolution mechanisms can be interpreted by two 

models: the diffusion layer model and the interfacial barrier model, respectively. These two models 

are illustrated in Figure 1-12. Both of these models are based on the assumption that there is a 

stagnant liquid layer in contact with the solid interface. In general, the diffusion layer model is 

more commonly used.  
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Figure 1-12 Schematic presentations of dissolution mechanisms: (A) diffusion layer model; (B) 

interfacial barrier model. Taken from ref. 59. 

 

Noyes and Whitney39 were the first to conduct quantitative studies of dissolution processes. 

They proposed an equation stating that the rate of the mass, M, of solids dissolved in solution is 

proportional to the surface area of the solid, A, the solubility of the solid, S, and the concentration, 

C, at time t, which gives the equation,  

 

𝑑𝑀

𝑑𝑡
= −𝑘𝐴(𝑆 − 𝐶)                                                                  1-15 

 

Where k is the mass transfer dissolution rate constant, and has the dimension of length/time 

(cm/sec). According to the equation, when dissolving pure amorphous drug, the maximum 

concentration can be achieved is amorphous solubility.  

1.6.1 Dissolution Mechanism of Amorphous Solid Dispersions 

The general dissolution mechanisms of a single component have been discussed earlier, 

but in terms of ASD dissolution, the situation is more complicated due to the presence of an 

intimate mixture of two components: the polymer and the drug. Higuchi et al. published a 

mathematical model to describe dissolution mechanism of polyphase mixtures.60 Upon exposure 

of two components to solvent, they dissolve with the rates proportional to their solubility, Cs, and 

diffusion coefficients, D, as described in a dissolution model for a single component. In this model, 

the component which diffuses faster, forms an interfacial layer at the dissolution front, and the 
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other component has to diffuse through this layer prior to release into in the bulk solution (Figure 

1-13). 

 

Figure 1-13 Schematic representation of the dissolution model for a two component system. 

Taken from ref. 60. 

 

If component A diffuses faster, the component A rich phase forms at the interface of solid-

liquid, 

 

𝑁𝐴

𝑁𝐵
>

𝐷𝐴𝐶𝑆𝐴

𝐷𝐵𝐶𝑆𝐵
                                                                                    1-16 

 

Where NA and NB denote the proportion of component A and B, respectively. In this situation the 

dissolution rates of each component are given by, 

 

𝐺𝐴 =
𝐶𝑆𝐴𝐷𝐴

ℎ
                                                                                    1-17 

𝐺𝐵 =
𝑁𝐵

𝑁𝐴
𝐺𝐴                                                                                    1-18 

 

Where G is the diffusion rate per unit area, and h is the thickness of the diffusion layer. This model 

predicts that the dissolution rate of the minor component is controlled by the dissolution rate of 

the excess component. This model has been confirmed by experimental studies of the dissolution 
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rates of polyvinylpyrrolidone (PVP) sulfathiazole coprecipitates.61 This study showed that the 

dissolution rate of sulfathiazole is independent of the dissolution rate of PVP at low PVP weight 

fractions, while the dissolution rate of sulfathiazole increases with an increasing dissolution rate 

of PVP at high PVP weight fractions.  

Recent studies have shown that for miscible PVPVA-based ASDs, the dissolution behavior 

falls into two different dissolution regimens depending on drug loading.10 At low drug loadings, 

drug and polymer dissolve congruently (i.e. at the same rate), and the dissolution rate is comparable 

to pure PVPVA dissolution rate. In this regimen, the formulation can achieved 100% release 

resulting in the formation of drug-rich colloidal species. However, at higher drug loadings, the 

tablet surface becomes drug-enriched, and the dissolution is dominated by amorphous drug. In this 

case, insufficient drug and polymer release were observed. This pattern of behavior was proposed 

as the consequence of competition between ASD dissolution and amorphous-amorphous phase 

separation (AAPS) at the dissolution front. A faster AAPS kinetics leads to lower extent of release. 

Similar dissolution behavior has been reported for other ASDs.11 

 Reservoir Effect 

Raina et al. has demonstrated that the flux across membrane increases with increasing 

supersaturation until the free drug concentration reaches the amorphous solubility.62 Amorphous 

solubility is the maximum free drug concentration can be attained. LLPS occurs when the 

concentration exceeds amorphous solubility LLPS occurs, which leads to formation of drug-rich 

colloidal species. Indulkar et. al proved that these drug-rich colloidal species can quickly replenish 

the solution concentration, which can extend the duration of the maximum flux. The advantage of 

this drug-rich phase is defined as the “reservoir effect”. Because of the reservoir effect, the 

bioavailability of amorphous formulations can be further improved in vivo.9, 63 Thus, drug-rich 

colloidal species are beneficial for drug absorption, and it is desirable to surpass amorphous 

solubility when dissolving an ASD.  

 Drug-polymer Interactions 

Drug-polymer intermolecular interactions are considered to play an important role in ASD 

formulation performance. There are several interactions that have been studied, such as hydrogen 
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bonding, ionic interactions, and hydrophobic interactions. Among these three interactions, 

hydrogen bonding is the most frequently studied interaction. For povidone (PVP) or PVPVA ASDs, 

the hydroxyl groups in the drug molecules are able to form hydrogen bonds with the carbonyl 

group of vinyl pyrrolidinone.12, 14, 64 With drug-polymer hydrogen bonding, they physical stability 

of ASDs was improved by reducing drug crystallization kinetics in the ASD matrix.65 The 

enhanced drug-polymer miscibility by hydrogen bonding also leads to better hot melt extrusion 

processability for PVP-based ASDs.66 Infrared (IR) spectroscopy, solution nuclear magnetic 

resonance (NMR) and solid state NMR have been used to characterize the hydrogen bonding in 

ASDs.12, 67, 68 Ionic interactions also have proven to delay drug crystallization in the ASD matrix.69 

Hydrophobic interactions between HPMCAS and drug molecules in solution can help maintain 

the supersaturation following ASD dissolution.70   
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 PACLITAXEL CRYSTAL SEEDS WITH DIFFERENT 

INTRINSIC PROPERTIES AND THEIR IMPACT ON DISSOLUTION OF 

PACLITAXEL-HPMCAS AMORPHOUS SOLID DISPERSIONS  

A version of this chapter has been previously published in Crystal Growth & Design 

DOI: 10.1021/acs.cgd.7b01521 

 Abstract 

Dissolving a formulation containing the drug in amorphous form can lead to supersaturation 

and increase the free drug concentration relative to that achieved by dissolving the crystalline form. 

However, the amorphous form is thermodynamically metastable and hence crystallization can 

occur both in the formulation and from the supersaturated drug solution generated upon dissolution. 

From a practical perspective, it may not be possible to always produce amorphous solid dispersions 

(ASDs) that are completely free of residual crystallinity. Crystals formed in different environments 

can have dissimilar intrinsic properties, which in turn can influence crystal growth kinetics and 

hence the dissolution profile of the ASD. Herein, paclitaxel, a compound that crystallizes as 

needles, was used as a model compound to explore the impact of crystal seeds on the 

(de)supersaturation profile obtained following dissolution of an amorphous solid dispersion. 

Crystal seeds generated under four different conditions had different available growth areas, size 

distributions, and interface structure. These differences translated to variations in crystal growth 

rates from supersaturated solutions, which in turn impacted the supersaturation profiles observed 

following dissolution of the amorphous solid dispersions. Furthermore, in the presence of a 

polymeric growth inhibitor, the crystal growth rate was reduced. This was attributed to polymer 

adsorption onto the crystal surface whereby the average distance between polymer adsorption sites 

was of the same order of magnitude as the critical nucleus size for 2D growth (at a given 

supersaturation). Our study clearly demonstrates that for ASD performance, the mass of crystal 

seeds is not the relevant parameter, rather it is the available growth area and interface structure of 

the seeds. Thus, in considering the likely impact of residual crystals on ASD performance, crystal 

morphology and growth area, interface structure, as well as the effectiveness of additives in 

poisoning growth need to be taken into account.  
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 Introduction 

Many newly discovered drugs have low aqueous solubility leading to poor dissolution 

behavior and inefficient drug absorption, resulting in low bioavailability.71 Generally, for oral 

dosage forms there are two major routes of drug absorption in the gastrointestinal (GI) track: 

passive diffusion and carrier-mediated transportation.72 Regardless of the primary route, drug 

absorption is highly dependent on the amount of free drug present in the aqueous solution. One 

formulation strategy to enhance solubility is the formation of an amorphous solid dispersion (ASD), 

where the drug is dispersed in a hydrophilic polymer.71, 73 Under non-sink conditions, 

supersaturation can be achieved following dissolution of an ASD, which significantly increases 

the available molecularly dissolved drug.3, 21 Although the amorphous drug provides a solubility 

advantage, the higher chemical potential of the solute in a supersaturated solution relative to the 

crystalline form provides a driving force for crystallization.20, 74 If crystallization cannot be slowed 

down or inhibited completely during dissolution, the generated supersaturation will be depleted, 

and the solubility enhancement of the amorphous formulation will be reduced.  

Crystallization involves two processes, nucleation and crystal growth. Certain polymers 

have been found to slow down or inhibit the nucleation of amorphous drugs either in the solid 

state75, 76 or from the supersaturated solutions generated upon dissolution46, 47. For some systems, 

exposure to atmospheric water and/or elevated temperatures can lead to crystallization of the 

amorphous drug in the matrix77; this can happen during manufacturing, storage or dissolution. 

Thus for some systems, the drug is not completely amorphous in the formulation; e.g. the 

formulation patent for KalydecoTM which contains ivacaftor, a drug used to treat cystic fibrosis, 

indicates that the amorphous solid dispersion contains up to 15% crystalline drug.4 Trasi et al. have 

suggested that a commercial formulation of tacrolimus contains predominantly amorphous drug 

with a low level of crystalline seeds, which are produced during the manufacturing process.5  In 

another study, a commercial lyophilized formulation of paclitaxel was found to contain trace 

amounts of paclitaxel crystals.6   Several techniques such as x-ray diffraction, thermal analysis, 

microscopy and Raman spectroscopy are used to detect the formation of crystals in ASD matrices74, 

78, 79, but crystallinity levels below 1% are challenging to detect with  these common analytical 

approaches80. Therefore, from a practical perspective, it may not be possible to always produce 
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amorphous solid dispersions or other amorphous formulations that are completely free of residual 

crystallinity. The presence of  crystal seeds will potentially reduce the solubility enhancement of 

the amorphous form if crystal growth cannot be inhibited during the dissolution process.81  

It is clearly important to understand the impact of residual crystallinity on the dissolution 

performance of ASDs. However, to date, little research has been conducted in this area. 

Furthermore, crystals produced from conventional solvent crystallization processes have been 

employed to evaluate the impact of seeds on supersaturation profiles.46, 81 However, the crystal 

seeds present in an ASD may have different properties from the bulk crystalline active 

pharmaceutical ingredient (API) typically used to evaluate the impact of crystallinity as well as to 

set specifications for crystallinity limits. Indeed, previous studies have shown that crystals evolved 

in different environments can result in different crystal growth rate kinetics.82, 83  

The hypothesis under evaluation in the current study is that seed crystals with different 

morphologies will have a variable impact on the dissolution profiles of amorphous solid 

dispersions when compared at equivalent initial weight percent crystallinity levels. To test this 

hypothesis, paclitaxel seed crystals generated under different conditions were added to the 

dissolution medium. Paclitaxel ASDs were then dissolved and the impact of the different seeds on 

the dissolution performance was evaluated in terms of the level of supersaturation achieved and 

the rate of desupersaturation. Bulk API crystals were also used for comparison. Scanning and 

transmission electron microscopy were used to better understand seed properties.  

 Theoretical Considerations 

Supersaturation. The supersaturation ratio is generally determined from the following 

relationship22:  

𝑆 =
𝑎

𝑎∗
=

𝑐𝛾′

𝑐∗(𝛾′)∗
                                                                      2-1 

 

Where a is the activity of solute in a solution, c is the drug concentration in the supersaturated 

solution, γ´ is the activity coefficient, and the superscript “*” represents the properties of the system 

at saturation. When studies conducted in simple media, γ´/ (γ´)* is assumed to be 1, and 

supersaturation ratio can be determined by the ratio of solute concentration to equilibrium 

crystalline solubility in solutions. 
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Impact of Polymers on Crystal Growth. The adsorption layer theory is a well-recognized 

approach to describe crystal growth. Atoms/molecules continuously adsorb onto the crystal surface 

and then incorporate into kink sites along the growth steps, followed by the advancement of the 

growth steps across the entire crystal face. To initialize a new growth face, a two-dimensional 

nucleus needs to be created. The critical radius of a two dimensional nucleus ρc is given by33, 

 

𝜌𝑐 =
𝛾𝑎

𝑘𝑇(𝑙𝑛𝑆)
                                                         2-2 

 

Where γ is the edge free energy, a is the size of a growth unit, k is the Boltzmann constant, T is 

the solution temperature and S is the supersaturation ratio. 

 

 According to this theory, crystal growth is a step-wise build-up leading to a linear 

advancement of steps on the crystal face. The velocity of a linear step, υ0,  can be hindered if 

polymer molecules adsorb at kink sites along the step lines by a pining mechanism.58 According 

to this model, the linear step is forced to curve and the advancement velocity of a curved step is 

then related to the average distance between adjacent adsorbed polymer molecules, Ɩ. In this case, 

the time-average advancement velocity, υ, of the step with adsorbed polymers can be given by 

equation 357, 58, 84 

 

𝜗

𝜗0
= 1 − 𝜌𝑐/𝑙 (for 𝑙 > 𝜌𝑐 )                                2-3 

Where υ = 0 for 𝑙 < 𝜌𝑐. 

 Materials  

             Paclitaxel (Figure 2-1a) was purchased from Attix Pharmaceuticals (Toronto, ON, 

Canada), as the dihydrate form, as confirmed from the x-ray diffraction pattern (data not shown) 

and thermogravimetric analysis (data not shown). Hydroxypropyl methyl cellulose acetate 

succinate grade AS-MF (HPMCAS-MF) was from Shin Etsu Chemical Co., Ltd. (Tokyo, Japan). 

Methanol, and tetrahydrofuran (THF) were obtained from Macron Chemicals (Philipsburg, NJ, 

USA). 50 mM pH 6.8 phosphate buffer with ionic strength of 0.16 was prepared by dissolving 

sodium phosphate dibasic and sodium phosphate monobasic monohydrate in water. Both sodium 
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phosphate dibasic and sodium phosphate monobasic monohydrate were purchased from Macron 

Chemicals (Philipsburg, NJ, USA). 

 

(a) (b) 

 

 

 

Figure 2-1 Chemical structures of (a) paclitaxel and (b) HPMCAS. 

 Methods 

2.5.1 Determination of Crystalline Solubility and Amorphous Solubility. 

The equilibrium crystalline solubility of paclitaxel dihydrate in 50 mM pH 6.8 phosphate 

buffer was determined by stirring an excess amount of paclitaxel in buffer at 37 °C at 300 rpm for 

48 hrs. The undissolved solid was separated from the saturated solution by ultracentrifugation at 

35000 rpm using an Optima L-100 XP ultracentrifuge (Beckman Coulter, Inc., Brea, CA) equipped 

with a swinging-bucket rotor SW 41Ti and the concentration in supernatant was analyzed by high 

performance liquid chromatography (HPLC) system (Agilent Technologies, Santa Clara, CA). For 

the HPLC method, a mobile phase of 55% acetonitrile and 45% water (v/v) at flow rate of 0.2 

mL/min with injection volume of 60 µL and an ultraviolet (UV) detection wavelength of 205 nm 

was used. The separation column used was an Ascentis Express C18 column (10 cm x 3.0 mm, 2.7 

µm particle size). 

The amorphous solubility was determined in the presence of 20 µg/mL HPMCAS-MF 

using three independent methods. The first method was to measure the UV-visible extinction 

increase caused by the formation of a drug-rich phase in solution at a wavelength of 400 nm, which 

is a non-absorbing wavelength for paclitaxel. A stock solution of paclitaxel in methanol (10 mg/mL) 



 

 

43 

was added at a rate of 25 µL/min using a syringe pump (Harvard Apparatus, Holliston, MA) to 15 

mL buffer while stirring at 300 rpm, 37 °C. The signal change at 400 nm was monitored using a 

UV/visible spectrophotometer (SI Photonics, Tuscon, AZ) with an in situ probe. The amorphous 

solubility was estimated from the paclitaxel concentration where the scattering started to increase 

beyond the baseline noise. The second method was to utilize pyrene as an environment sensitive 

fluorescence probe to determine when the paclitaxel drug-rich phase formed. The intensity ratios 

of the pyrene emission fluorescence peaks at 373 nm and 383 nm change with the polarity of local 

environment, indicating when a drug-rich phase is formed.85 The experiments were carried out by 

gradually adding a stock solution of 10 mg/mL paclitaxel in methanol to 15 mL buffer with 1 µM 

pyrene to achieve paclitaxel concentrations between 3 µg/mL and 70 µg/mL. The emission 

fluorescence spectra were obtained using a RF-5301 PC Spectrofluorophotometer (Shimadzu, 

Tokyo, Japan) with an excitation wavelength of 332 nm. The intensity ratios for pyrene were 

determined as a function of paclitaxel concentration and plotted. The amorphous solubility is 

indicated by the paclitaxel concentration where the ratio changes substantially. The third method 

to obtain amorphous solubility was to measure paclitaxel concentration in the aqueous phase 

following equilibration with the drug-rich phase. The drug-rich phase was created by adding 10 

mg/mL stock solution of paclitaxel in methanol to 15 mL buffer, stirred at 300 rpm at 37 °C, to 

yield a final added concentration of 40 µg/mL. The drug-rich phase was separated from the drug-

lean aqueous solution by ultracentrifugation at 35000 rpm for 35 min. The supernatant was 

analyzed by HPLC (Agilent Technologies, Santa Clara, CA) with a mobile phase of 50% 

acetonitrile and 50% water (v/v) at a flow rate of 0.35 mL/min with injection volume of 2 µL. The 

UV detection wavelength was 205 nm. All the experiments were performed in triplicate. 

2.5.2 Nucleation Induction Time Measurements.  

The primary nucleation induction time in pH 6.8 buffer at 37 °C was determined in the 

absence and presence of 20 µg/mL HPMCAS. The experimental induction time (tind) is the sum of 

the nucleation time for a critical nucleus to form (tn) and time for nucleus to grow to a detectable 

size (tg).
26 The induction time experiments were performed at an initial paclitaxel concentration of 

30.7µg/mL, achieved by adding stock solution of 10 mg/mL paclitaxel in methanol to 50 mL of 

medium, stirred at 300 rpm, 37 °C. The induction time was determined by monitoring the light 

scattering (extinction) changes at a non-absorbing wavelength of 400 nm using a UV/visible 
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spectrophotometer (SI Photonics, Tuscon, AZ) with an in situ probe. The extinction increased upon 

the formation of crystals.  

2.5.3 Seed Crystal Preparation.  

Crystal seeds were created by crystallization from supersaturated solutions produced by 

anti-solvent addition. A methanolic stock solution of paclitaxel (10 mg/mL) was used to create 

solutions of concentration 5.8 µg/mL (S =16) or 28.8 µg/mL (S = 80) in 15 mL buffer stirred at 

300 rpm. The crystal seeds were grown for 5.5 h, to produce crystal seeds with a common history.86 

The resultant crystals were needles with a high aspect ratio. To obtain shorter crystals seeds, a 

sonication probe (Sonics, Newtown, CT, USA) at 40% amplitude with a 4s on and 2s-off duty 

cycle was introduced to the seeding solution for 10 min post crystallization. An ice bath was used 

during sonication to prevent the solution from overheating. Paclitaxel crystals, as received from 

the supplier, were also used for seeding. To ensure wetting, this material was slurried with buffer 

for 5.5 h before use.  

2.5.4 Crystal Seeds Growth in the Presence and absence of HPMCAS.  

The suspension containing the crystal seeds was diluted to yield the desired mass-based 

concentration of crystal seeds, 18 wt. % relative to initial paclitaxel concentration used to induce 

growth, with 15 mL as the final volume. HPMCAS was added to the seed solution prior to 

generation of supersaturation to achieve a final polymer concentration of 33 µg/mL. After 2 min 

stirring at 300 rpm, 37 °C, a small aliquot of paclitaxel methanolic stock solution (10 mg/mL) was 

added to produce an initial concentration at 31.6 µg/mL (S = 88). For crystal seeds growth without 

polymers the procedure was the same, but no polymer was present in the buffer. The apparent 

concentration of paclitaxel as a function of time was monitored using a UV/visible 

spectrophotometer (SI Photonics, Tuscon, AZ) with an in situ probe at 230 nm. Extinction at 400 

nm was subtracted from absorption at 230 nm to reduce the impact of any scattering caused by 

crystal seeds.  
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2.5.5 Preparation of Amorphous Solid Dispersions (ASDs) of Paclitaxel.  

Amorphous solid dispersions of paclitaxel and HPMCAS-MF at a ratio of 49:51 (wt. %) 

were prepared by solvent evaporation from THF using a rotary evaporator. The ASD was produced 

in a 20 mL glass scintillation vial. The mass of ASD formed was sufficient to create a solution 

saturated at the amorphous solubility upon addition of 15mL of buffer if complete dissolution was 

achieved. THF was removed by a rotary evaporator (Brinkman Instruments, Westbury, NY) using 

a water bath temperature of 45 °C. A thin, clear paclitaxel ASD film was formed on the vial wall.  

2.5.6 Dissolution of Paclitaxel-HPMCAS 49/51 (wt. %) Amorphous Solid Dispersions in the 

Absence and Presence of Crystal Seeds.  

Dissolution of ASDs in the absence of crystal seeds was conducted by adding 15 mL of 

buffer saturated with respect to crystalline paclitaxel to the vial containing the ASD. Dissolution 

experiments in the presence of crystals seeds were carried out by adding 15mL of the seed 

suspension to the vial containing the ASD. To maintain the same mass of seeds added, seed 

suspensions generated at different supersaturations were diluted with buffer saturated with 

paclitaxel (Figure 2-2). The final volume of added dissolution media (either saturated solution or 

seed suspension) was 15 mL and the UV spectra were monitored by a UV/visible 

spectrophotometer (SI Photonics, Tuscon, AZ) with an in situ probe. The apparent concentrations 

were attained by subtracting the baseline at 400 nm from the absorption peak at 230 nm. The 

residual paclitaxel concentrations at the end of the dissolution experiments were measured by 

HPLC after filtration using glass fiber syringe filters with a pore diameter of 0.45 µm to separate 

solution from solid material.   
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Figure 2-2. Scheme of dissolution of ASDs in the presence of crystal seeds. 

2.5.7 Scanning Electron Microscopy. 

Scanning electron microscopy (SEM) was used to characterize the morphology of crystal 

seeds. Approximately 4 µL of the suspension containing crystal seeds was deposited on a glass 

slide. The sample was dried for one week under vacuum at room temperature. The sample was 

then mounted on a pin stub using copper tape and sputter-coated with platinum for 120 s and 

conductive liquid silver paint was applied to the corners of the slide. An FEI NOVA nanoSEM 

Field Emission SEM (Fei, Hillsboro, OR), equipped with Everhart-Thornley (ET) detector and 

through-the-lens detector (TLD) was used to take images. The SEM was operated with 5kV 

accelerating voltage, 4-5 mm working distance and a beam spot size of 3. The image processing 

and analysis software Image J (National Institute of Health, Bethesda, MD) was used to analyze 

the SEM images. For each sample, 100 crystals were measured and the size distributions were 

generated by the statistics software, Minitab (State College, PA).  

2.5.8 Transmission Electron Microscopy.  

Transmission electron microscopy (TEM) was utilized to study the morphology of the 

crystal seeds before and after growth in the presence and absence of polymers. Approximately 1 

µL solution containing the crystal seeds was added to a carbon film with a 300 mesh copper grid 

(Electron Microscopy Science, Hatfield, PA). The film was dried for one week at room 

temperature under vacuum. Before taking images, 1% phosphotungstic acid (PTA) was applied to 
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the grid for 30 s. The images were acquired using a FEI Tecnai G2 20 Transmission Electron 

Microscope (Fei, Hillsboro, OR), with a 200 KV LaB6 filament. The detector was a Fischione 

high angle annular dark field (HAADF).  

2.5.9 Determination of Paclitaxel Growth Unit Size.  

The paclitaxel crystal structure used to measure the molecular length and width was the 

crystal form with the ref code RIGKUP in the Cambridge Structural Database. The distances 

between atoms were determined using the crystal structure visualization software, Mercury 

(Cambridge Crystallographic Data Centre, Cambridge, UK).87 The molecular length was taken as 

the distance between the H atom on the benzene ring of benzoyl amide and the H atom on the 

methyl group on cyclohexane. The width was taken as the distance between the H atom on the 

benzene ring of benzoate and H atom on the other acetate.  By measuring the width and length, the 

area of a growth unit was calculated.  

 Results 

2.6.1 Crystalline and amorphous solubility.  

The crystalline solubility of paclitaxel dihydrate in pH 6.8 buffer was found to be 0.36 

µg/mL. The amorphous solubility was determined by three methods. For UV extinction 

measurements, scattering at 400 nm increased when drug concentration reached 31.5 µg/mL, 

indicating the formation of a new phase. In fluorescence experiments, the ratio of pyrene emission 

peaks at 383 nm and 373 nm increased upon the formation of drug-rich phase, observed at a 

paclitaxel concentration of 30.9 µg/mL. The concentration of the aqueous phase after pelleting the 

drug-rich phase was determined as 32.3 µg/mL. Thus good agreement was observed between the 

three methods used to determine the amorphous solubility and results are summarized in Table 2-

1. The average amorphous solubility from three methods is about 31.6 µg/mL. The amorphous 

form is thus around 88 times more soluble than the dihydrate crystalline form.  
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Table 2-1. Crystalline (dihydrate) and amorphous solubility of paclitaxel. 

 Solubility (g/mL) 

Crystalline  0.36 ± 0.01 

Amorphous 

UV extinction 

Fluorescence 

Ultracentrifugation 

 

31.5 ± 0.8 

30.9 ± 1.8 

32.3 ± 0.4 

 

2.6.2 Nucleation Induction Time.  

The primary nucleation induction time was conducted at the amorphous solubility, i.e. the 

supersaturation ratio was 88, in the absence and presence of HPMCAS. Without polymers, 

paclitaxel crystallized within 6 min. HPMCAS was a highly effective nucleation inhibitor and in 

the presence of this polymer the supersaturation was maintained for more than 16 h.  

2.6.3 Characterization of Crystal Seed Morphology. 

Crystal seeds were generated at paclitaxel concentrations of 5.8 µg/mL and 28.8 µg/mL, 

corresponding to supersaturation ratios of 16 and 80, respectively, with and without sonication. 

The seeds generation conditions and the abbreviations used to identify seeds produced at each 

condition are summarized in Table 2-2.  

Table 2-2. Conditions used for crystal seeds generation and corresponding abbreviation. 

Generation Conditions Abbreviations  

at low supersaturation of 16 S16 

at high supersaturation of 80 S80 

at low supersaturation of 16 with ultra-sonication S16 w/ s 

at high supersaturation of 80 with ultra-sonication S80 w/ s 
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SEM images of the seeds are shown in Figure 2-3. Paclitaxel crystallizes as needles with 

high aspect ratio, indicating fast growth at the ends of the crystals. Ultra-sonication is able to break 

the crystals yielding shorter crystals that presumably have a higher surface area for growth (i.e. 

more “ends”). Crystal morphology was analyzed further by measuring the length, c, and width, b, 

of 100 crystals for each crystallization condition, and the size frequency distributions in terms of 

length and width are shown in Figure 2-4. From the size frequency distribution based on crystal 

length, c, S80 crystals have relatively more fine crystals compared to S16 crystals, an observation 

which can be readily explained by classical nucleation theory.22 The critical free energy of nucleus 

formation is much lower at a higher supersaturation ratio, hence an increased nucleation rate is 

anticipated at the higher supersaturation, resulting in relatively smaller crystals. After sonication, 

the crystals seeds were broken into much shorter crystals. According to the distribution of the 

widths, b, there is no significant difference among S80, S16 and S80 w/ s crystal seeds, but the 

width of S16 w/ s crystals shifted to lower values. 

 

 

Figure 2-3. SEM images for crystal seeds of S16, S80, S16 w/ s and S80 w/ s. 
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Figure 2-4. Size distribution in terms of length (c) and width (b) for crystal seeds. 

 

Assuming each crystal is cuboidal (i.e. each of the faces is a rectangle), the crystal end 

areas normalized by mass can be estimated based on measurements of 100 crystals for each 

condition. The results are shown in Figure 2-5. For an equal mass, crystal seeds of S16 and S80 

have similar end areas, which are correspondingly about 7-8 fold smaller than for S16 w/ s and 

S80 w/ s crystals.  
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Figure 2-5. Crystal end areas normalized by mass for crystal seeds. 

2.6.4 Crystal Growth in the Absence of Polymers 

Crystal growth was evaluated at a supersaturation corresponding to the amorphous 

solubility (31.6 μg/mL, S = 88). This is the maximum supersaturation that can be achieved by 

dissolution of a solubility enhancing formulation.88  In the presence of 18 wt.% crystal seeds, 

desupersaturation happened immediately, as shown in Figure 2-6. S16 w/ s and S80 w/ s seeds 

lead to similar slopes indicating a similar rate of desupersaturation. The rate of desupersaturation 

is faster for these seeds compared to an equivalent mass of the S16 and S80 seeds, presumably 

because of the greater area of growth sites available due to a larger end area. S80 showed different 

growth kinetics from S16 seeds, despite a similar estimated area of crystal ends, perhaps 

suggesting that additional events are occurring in addition to only crystal growth at the needle ends. 

SEM was used to analyze the crystal morphology after growth, again measuring the characteristic 

lengths (c) and widths (b) for 100 crystals. The resultant size distributions with a comparison to 

the crystals prior to growth are shown in Figure 2-7. 
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Figure 2-6. Desupersaturation profiles of paclitaxel solutions at an initial concentration of 31.6 

µg/mL (S = 88) in 18 wt. % seed crystals produced under different crystallization conditions. 
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Figure 2-7. Size distributions before and after crystal growth of seeds in terms of length and width 

for crystal seeds. S16-2, S80-2, S16 w/ s-2 and S80 w/ s-2 represent crystals after growth from the 

original crystals, S16, S80, S16 w/ s and S80 w/ s, respectively.  

 

For S80 crystal seeds, the distribution of the shorter crystal lengths decreased somewhat 

and the number of slightly longer crystals increased after growth. For S16 crystal seeds, the length 

distribution did not move towards longer crystals; instead and somewhat unexpectedly, more fine 

crystals were observed. S16 w/ s and S80 w/ s crystal seeds demonstrated obvious growth in terms 

of length. S16, S80 and S80 w/ s were found to have comparable width distributions before and 

after the growth, while a clear width increase was seen for S16 w/ s.  
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One of the terms to describe an acicular crystal is the aspect ratio, which is defined as the 

quotient of the length to width of a crystal. The average aspect ratio of 100 crystals for each 

condition was calculated for each sample before and after growth, and the results are summarized 

in Figure 2-8. The aspect ratio increased for S80, S16 w/ s and S80 w/ s seeds, but to different 

extents. The opposite phenomenon was unexpectedly observed for S16.   

 

Figure 2-8. Aspect ratios before and after growth of crystal seeds in absence of polymers. The 

meshed columns represent crystal seeds processed by ultra-sonication before growth. 

2.6.5 Crystal Growth in the Presence of HPMCAS 

The morphology of the seed crystals following growth at a supersaturation of 80 in the 

presence of 31.6 µg/mL HPMCAS was studied by TEM to enable higher space resolution than 

achievable with SEM. The seed loading was again 18 wt. %. The TEM images for the various 

types of seeds after growth are presented in Figure 2-9. 



 

 

55 

 

Figure 2-9. TEM images for crystal seeds after growth in the presence of HPMCAS. S16-3, S80-

3, S16 w/ s-3 and S80 w/ s-3 represent crystals after growth from S16, S80, S16 w/ s and S80 w/ 

s crystal seeds in the presence of 31.6 µg/mL HPMCAS, S = 88 respectively. 

 

The morphology of the seed crystals is altered by growth in the presence of the polymer. 

The ends of the needles show dendritic growth. It was not possible to calculate crystal size 

distributions since many fine crystals were produced due to breakage of the dendritic crystals 

formed from growth of the polymer-poisoned seed crystals. The origin of the dendritic crystals can 

be explained by adsorption of  HPMCAS onto the seed crystals, with subsequent step pinning 

whereby crystals are forced to grow in between the HPMCAS adsorption sites, as described in the 

model proposed by Kubota and Mullin57. Thus the width of each crystal “finger” can be taken as 

an indication of the distance between two adjacent HPMCAS adsorption sites on the crystal surface. 

For each sample, 20 measurements of dendrite crystal width were taken to evaluate the distance 

between two adsorption sites where mean values are presented in Figure 2-10. The mean distances 

vary somewhat among the crystals grown from different seeds, but fall within values of 10 to 16 

nm. 
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Figure 2-10. Average distance between adjacent HPMCAS adsorption sites. S16-3, S80-3, S16 

w/ s-3 and S80 w/ s-3 represent crystals after growth from S16, S80, S16 w/ s and S80 w/ s seeds 

respectively in the presence of 31.6 µg/mL HPMCAS.  

2.6.6 Dissolution Profiles of Paclitaxel/HPMCAS (49/51) Amorphous Solid Dispersions 

The dissolution profiles of paclitaxel/HPMCAS ASDs in the presence and absence of seed 

crystals are summarized in Figure 2-11. In the absence of seeds, the ASD dissolves to achieve the 

amorphous solubility of paclitaxel. Even though this concentration represents a very high 

supersaturation (S = 88), no desupersaturation is observed over 16 hours, in agreement with our 

earlier observation that HPMCAS is a very effective nucleation inhibitor for this compound. When 

the dissolution media contained 18 wt.% crystal seeds, desupersaturation was observed, due to 

crystal growth. Thus, HPMCAS is unable to completely block crystal growth, although the rate of 

desupersaturation is considerably lower than that observed in the absence of polymer (Figure 2-6). 

However, the kinetics of desupersaturation varied depending on the types of seeds added. For all 

cases, and within experimental error, the amorphous solubility was reached. The addition of S16 

w/ s and S80 w/ s crystal seeds resulted in similar desupersaturation profiles that were initially fast 

and became progressively slower as the supersaturation decreased. In contrast, for S16, S80 and 

bulk API crystal seeds, the slope of the desupersaturation profile was more constant over the time 

frame of experiments whereby the S80 seeds resulted in a faster rate of desupersaturation than the 

S16 and bulk API seeds. 
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Figure 2-11. Dissolution profiles for paclitaxel/HPMCAS 49/51 amorphous solid dispersions in 

the absence and presence of 18 wt. % crystal seeds generated under different conditions. 

 

Final concentrations at the end of the experiment were confirmed using HPLC analysis 

with results summarized in Figure 2-12. Bulk API and S16 seeds led to moderate decreases in 

solution concentrations over the 16 h experiment where the final solution concentrations were ~25 

and 19 µg/mL respectively. Thus considerable residual supersaturation remains even when 18 wt. % 

seeds have been added. In contrast, the residual concentrations for dissolution experiments 

performed with S80, S16 w/ s and S80 w/ s were much lower, ~ 10, 8 and 9 µg/mL respectively. 

These values are still considerably above the crystalline solubility of paclitaxel dihydrate (~0.4 

µg/mL), indicating that HPMCAS is a very effective crystal growth inhibitor at somewhat lower 

supersaturations. 
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Figure 2-12. Residual paclitaxel concentrations determined by HPLC after filtration to remove 

crystalline material, 16 h after ASD dissolution in the presence and absence of crystal seeds (18 

wt. %) of differing properties.  

 Discussion  

Interestingly Dissolution of amorphous drug formulations can generate a supersaturated 

solution, which in turn is thought to improve the bioavailability of compounds where the intestinal 

absorption is solubility limited.89 However, it is important to consider the stability of the 

supersaturated solution in the context of various crystallization events that can occur, depending 

on the degree of supersaturation generated and the presence or absence of crystal seeds. The phase 

behavior of supersaturated solutions is usefully depicted by a concentration-temperature phase 

diagram23, as shown in Figure 2-13. When the drug concentration reaches and exceeds the 

amorphous solubility, phase separation to an amorphous form of the drug will occur if nucleation 

and subsequent crystal growth can be avoided.7, 24 For paclitaxel, the amorphous solubility is about 

88 times higher than crystalline solubility. Hence, dissolution of amorphous formulations in non-

sink conditions can lead to a very highly supersaturated solution. Consequently, crystallization, 

initiated via primary nucleation can occur. If residual crystalline material is present, crystallinity 

can evolve via crystal growth and secondary nucleation may also occur. These crystallization 
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events will lead to a depletion of supersaturation.  Therefore, the overall dissolution profile of an 

ASD depends on the interplay of the dissolution rate and the crystallization kinetics. 

 

 Figure 2-13. Concentration-temperature phase diagram for a supersaturated solution. Adapted 

from ref. 32. 

 

We note that the nucleation induction time for paclitaxel at a supersaturation equivalent to 

the amorphous solubility is very short in the absence of a polymer, and that HPMCAS is a very 

effective inhibitor of primary nucleation. Therefore, an ASD of HPMCAS and paclitaxel is able 

to dissolve to create a supersaturation equivalent to the amorphous solubility and maintain this 

very high degree of supersaturation for several hours.  However, the presence of crystal seeds 

results in desupersaturation. Thus, although HPMCAS is a good primary nucleation inhibitor, 

crystal growth cannot be completely blocked by this polymer. The inability of HPMCAS to 

completely inhibit crystal growth can be explained by considering the size of the critical nucleus 

for 2D growth, described in Section 2.2, and the average distance between adsorbed polymer 

molecules. To estimate the critical nucleus, a value for the interfacial tension between the crystal 

and water is needed. Due to problems with experimental determination of this parameter, different 

values of this quantity was used based on literature values for representative compounds. The 

compounds chosen have a range of hydrophobicities based on consideration of log P. The critical 

nucleus radius was estimated using eq. 2, and the quantities used for calculations as well as results 

are listed in Table 2-3. From these estimations, ρc is 5~7 nm at a supersaturation ratio of 88. This 

value is smaller than the measured average distance between HPMCAS adsorption sites, assessed 

from the width of the crystals grown on the seed ends in the presence of the polymer which are 

~10-20 nm (Figure 2-10). Thus, HPMCAS cannot prevent paclitaxel crystal seeds from growing, 
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based on a consideration of eq. 3, due to the very small size of the critical nucleus, which in turn 

presumably results from the very high supersaturation achieved at the amorphous solubility. 

However, the polymer does poison the growth interface, leading to much slower growth rates and 

the formation of very thin crystals that evolve from the poisoned growth surface. 

Table 2-3. Values used to calculate ρc (eq 2). 

Value used to calculate ρc 

Methylene Iodide 

(log P =1.6) 

Octane 

(log P =5.15) 

Felodipine 

(log P =3.4) 

γ (J/nm2) × 10-20 4.1690 5.0891 3.9082 

a (nm2) 2.64 

k (J/K) 1.38×10-23 

T (K) 310 

lnS 4.47 

ρc (nm) 5.7 7.0 5.4 

 

It is also of interest to consider how the critical nucleus size varies as a function of 

supersaturation, given the observation that considerable supersaturation persists after 16 h of seed 

growth (Figure 2-11). In Figure 2-14, the relationship between critical nucleus size and 

supersaturation is plotted, using the values from Table 2-3; also included in the plot are the residual 

supersaturation levels measured for the different seeds after 16 h, as well as the mean distances 

between HPMCAS adsorption sites for the different seeds. According to eq. 3, the closer the 

distance between adsorbed polymer molecules, relative to the critical nucleus size, the slower the 

crystal growth rate will be. Further, we can predict that when the supersaturation decreases to such 

an extent that the critical nucleus size is equal to the average distance between polymer adsorption 

sites, crystal growth will stop, and the residual supersaturation will persist. Figure 2-14 illustrates 

that the distance between polymer adsorption sites for S16 w/ s and S80 w/ s seeds are similar to 

the estimated critical nucleus size for the supersaturation level observed after 16 h, explaining the 

almost zero growth rate observed at this time point for these samples (Figure 2-11). Figure 2-14 

provides the theoretical underpinning for previous observations of residual supersaturation in the 

presence of crystal seeds.92 This is clearly important when considering supersaturation-time 

profiles in vivo as a function of time in the presence of growth inhibitors; current physiologically 

based pharmacokinetic absorption models assume that the concentration returns to the equilibrium 

crystalline solubility following crystallization. This is clearly not supported either by experimental 

observations or theoretical considerations, and improved models clearly need to be developed. 
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Figure 2-14. Plot of critical nucleus size as a function of supersaturation ratio, according to eq. 2, 

by using the values from Table 2-3. The discrete data points represent the measured average 

distance between HPMCAS adsorption sites at residual supersaturation ratio at the end of 16 hr 

dissolution experiments in the presence of different crystal seeds. 

 

An additional crystallization event, namely secondary nucleation, was observed during 

seed growth in the absence of polymers for some seed types. Comparison of the aspect ratios before 

and after growth (Figure 2-7) shows that aspect ratio reduced after growth for S16 crystal seeds, 

and the extent of aspect ratio enhancement for S80 crystal seeds after growth was smaller as 

compared to S16 w/ s and S80 w/ s. These observations can be explained by the evolution of fine 

crystals with low aspect ratios due to secondary nucleation. SEM images in Figure 2-15 lend 

support to this explanation. From the images, many small needle-like crystals were found adhered 

to the surface of a larger crystal following growth. Via secondary nucleation, more growth sites 

are created which can further accelerate desupersaturation, as observed for these seeds. For S16 

w/ s and S80 w/ s crystals seeds, secondary nucleation also occurred to some extent during growth, 

but because a sufficient amount of crystal ends were available, crystal growth was more dominant, 

and an obvious increase in aspect ratios was observed. The impact of HPMCAS on secondary 

nucleation is difficult to evaluate, because breakage of the dendritic crystals formed during growth 

also generates fine needle-like crystals, which are difficult to distinguish from crystals produced 

by secondary nucleation. However, although not widely studied, it has been suggested that the 

presence of a polymer can suppress this process.93 Assuming that secondary nucleation is 
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suppressed by the polymer, the concentration-time profile observed during ASD dissolution when 

seeds are present is then dictated by the ASD dissolution rate and the growth rate of the crystal 

seeds. From the dissolution curves (Figure 2-11), it is apparent that the amorphous solubility can 

be achieved, indicating that the dissolution rate is much faster than the crystal growth rate. This 

seems to be quite a remarkable observation given the high mass fraction (18 wt. %) of seeds that 

has been added and needs to be further considered.  

 

Figure 2-15. SEM images for S16, S80 crystal seeds after growth in the absence of polymers.  

 

The most likely explanation for the quite modest effect of the seeds on the 

desupersaturation profile is the crystal morphology. For needle-like crystals to evolve, crystal 

growth of the faces forming the ends of the needles is much faster than the crystal faces forming 

the sides of the needle. Consequently, per unit mass, needle-shaped seeds with higher aspect ratios 

have a smaller area for growth relative to needles with a lower aspect ratio, or crystals with more 

equant shape.  This is clearly demonstrated in the current study. The ultra-sonicated seeds (S80 w/ 

s) are estimated to have a needle end area approximately 7 times larger relative to the equivalent 

unsonicated seeds (Figure 2-5). This significant increase in the available growth area leads to a 

faster bulk growth rate both in the absence of polymers (Figure 2-6) and a steeper 

desupersaturation slope during ASD dissolution where polymer is present (Figure 2-11). Similarly, 

S16 w/ s seeds have a greater end area per unit mass compared to the unsonicated seeds (S16) and 

also became narrower. From the size distribution analysis after growth (no polymer), crystals grew 

wider as well as longer. This growth behavior difference most likely explains why these seeds lead 

to more rapid and extensive desupersaturation following ASD dissolution (Figure 2-11). Our 

results clearly demonstrate that for ASD performance, the mass of crystal seeds added is not the 

relevant parameter to be considered; rather it is the available growth areas and their growth rates. 

Nucleus 

from 

secondary 

nucleation 



 

 

63 

Thus in considering the likely impact of residual crystals on ASD performance, crystal 

morphology as well as the effectiveness of the additives in poisoning growth needs to be 

considered.  

We also found that the conditions of seed formation, notably the supersaturation used to 

generate the seeds, also influences seed properties. Comparing S16 and S80 crystal seeds, both 

had similar areas for crystal ends per unit mass, as well as crystal size distributions. However, 

different growth kinetics were observed both in the presence and absence of polymers. Careful 

examination of SEM and TEM images (Figure 2-16) reveals differences in the interface structure 

of needle tips. For S16 seeds, the shape of the ends was more pointed and the interface was 

relatively smooth. In contrast, S80 seeds showed flatter ends which were rougher. The varied 

morphology of growth surface most likely indicates different growth mechanisms in play for the 

crystals formed at the different supersaturation levels,94 which in turn leads to a different number 

of active sites available for both polymer adsorption and crystal growth. Schram et. al. has reported 

that crystal seeds prepared in different environments show differences in interface structure as 

evaluated using atomic force microscopy, which then influenced the subsequent rate of crystal 

growth.82  
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Figure 2-16. SEM images and TEM images of crystal ends for S16 and S80 crystal seeds. The 

first four pictures are TEM images, while the last two are SEM images. 

 

Generally, in the manufacturing and storage of ASDs, ensuring a completely amorphous 

drug is considered to be a key element,95 although this is not always attainable and hence limits 

are typically set for the allowable crystallinity. These limits are usually given on a wt. % 

crystallinity basis and are frequently dictated by the limit of detection of the analytical method 

used to evaluate residual crystallinity. Clearly this is an arbitrary approach and the percent 
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crystallinity per se is not a predictive indicator of the impact of crystallinity, rather the number of 

sites available for crystal growth is a more important, albeit difficult, parameter to assess.  During 

the dissolution of paclitaxel/HPMCAS ASDs we can add a high weight fraction of seeds (18 wt. %), 

and depending on the seed properties, either have virtually no effect, or cause significant 

desupersaturation. Based on the observations herein, it is likely that high aspect ratio crystals 

present in an ASD will have a smaller impact per unit weight than more equant residual crystals, 

all other factors being equal. Clearly this is an area that deserves more investigation in order to 

ensure appropriate limits on crystal content in amorphous formulations of poorly water soluble 

drugs. 

 Conclusions 

The presence of crystal seeds can impair the extent and duration of supersaturation achieved 

by dissolving amorphous solid dispersions under non-sink conditions. However, the seed impact 

is highly dependent on seed properties. For paclitaxel amorphous solid dispersions, a high extent 

and duration of supersaturation was achievable even in the presence of a relatively large weight 

fraction of crystal seeds for some seed types. In particular, it was noted that high aspect ratio 

paclitaxel seeds had less impact on desupersaturation rate relative to lower aspect ratio seeds, when 

an equivalent weight fraction was used.  HPMCAS was found to slow crystal growth, where the 

extent of inhibition was dependent on the critical nucleus size as a function of supersaturation 

relative to the average distance between HPMCAS adsorption sites. These observations point to 

the importance of considering seed origin, morphology and interface properties as well as the 

extent of supersaturation generated during dissolution when evaluating the likely impact of 

residual crystallinity on the performance of amorphous formulations.  
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 INSIGHTS INTO THE DISSOLUTION BEHAVIOR OF 

LEDIPASVIR-COPOVIDONE AMORPHOUS SOLID DISPERSIONS: 

ROLE OF DRUG LOADING AND INTERMOLECULAR 

INTERACTIONSINTRODUCTION 

A version of this chapter has been previously published in Molecular Pharmaceutics. 

DOI:10.1021/acs.molpharmaceut.9b01025 

 Abstract 

The generation of a colloidal drug-rich phase by dissolving an amorphous solid dispersion 

(ASD) is thought to have a positive impact on oral absorption and bioavailability. Thus, 

understanding which formulations generate these species is important. In this study, ledipasvir-

copovidone ASDs, with and without surfactants, were prepared and their release performance was 

examined at different drug loadings. An intrinsic dissolution rate assembly was used, to limit 

potential surface area variations among formulations, and the release of both polymer and drug 

were monitored as a function of time. Drug-rich colloids only formed when the drug loading (DL) 

was at or below 5%; at a DL of 7.5% or above, drug release became negligible. Drug and polymer 

released congruently at and below 5% DL, and incongruently at higher DLs. Thus, the limit of 

congruency (LoC) is between 5 and 7.5 % DL. X-ray photoelectron spectroscopy (XPS) of 

partially dissolved tablet surfaces revealed that a drug-rich layer formed on the surface of the tablet. 

This was most evident for the higher DL ASDs, and led to amorphous drug-controlled dissolution. 

Consequently, the surface drug-enriched layer physically hindered polymer from further release. 

Evidence is provided that the extent of drug-polymer interactions as a function of DL play a central 

role in dictating the observed release behavior. Some surfactants were found to promote the 

formation of drug-rich colloids at considerably higher DLs, providing a formulation strategy to 

increase the LoC. 

 

Keywords: amorphous solid dispersions; drug loading; dissolution; drug-polymer interaction 
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 Introduction 

In recent years, the percentage of developmental and approved drugs possessing low aqueous 

solubility has increased, whereby it has been estimated that up to 90% can be considered to be 

poorly soluble.2 One formulation strategy increasingly being applied for the oral delivery of poorly 

soluble drug is amorphous solid dispersion (ASD), where the drug is dispersed in a polymer matrix 

to form a molecular level mixture. Dissolving an amorphous drug or an ASD formulation can 

create supersaturation and significantly increase the free drug concentration as compared to the 

formulations containing crystalline drug,3, 71, 73 leading to enhanced oral absorption and improved 

bioavailability.96, 97 

Dissolution of a solid is typically described by coupling the Whitney–Noyes equation with 

the Nernst–Brunner diffusion layer model to yield the following equation: 

 

𝑑𝑀

𝑑𝑡
=

𝐷𝐴

ℎ
(𝐶𝑠 − 𝐶)       3-1 

 

where dM/dt is the dissolution rate (mass dissolved per unit time), D is the diffusion coefficient of 

the solute, A is the solid surface area, h is the thickness of the diffusion layer, Cs is the solubility 

of the dissolving solid form in the dissolution medium, and C is the concentration of solute in the 

bulk dissolution medium. According to this equation, when the free drug concentration reaches the 

solubility of the amorphous drug, the term in the parenthesis goes to zero. Therefore, the maximum 

free drug concentration that can be achieved by dissolving an amorphous drug is the amorphous 

solubility. One of the benefits of reaching the amorphous solubility in solution is that the 

membrane transport rate is maximized.62 Moreover, equation 1 predicts that the dissolution rate is 

controlled by the amorphous solubility assuming that the diffusion coefficient, solid surface area, 

and thickness of the diffusion layer are fixed.  

Recent research has shown that dissolution of an amorphous solid dispersion can lead to 

concentrations that surpass the amorphous solubility, thus equation 1 cannot be applied to ASDs 

with very rapid drug release.83, 98 When this occurs, the system undergoes liquid-liquid phase 

separation7 or glass-liquid phase separation24 (depending on the glass transition temperature of the 

separated phase) resulting in the formation of a water-saturated drug-rich phase dispersed in the 

continuous aqueous phase. The drug-rich phase, if in small- or nano-sized colloidal species, can 

serve as an effective reservoir, enabling a sustained maximum flux during membrane transport. 
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This was shown in vitro using a diffusion cell.8 A recent in vitro study that coupled dissolution 

and absorption showed that drug absorption can be further enhanced by increasing the number of 

drug-rich colloidal species.99 Some in vivo studies also suggest that the drug-rich colloidal species 

are beneficial for drug absorption.9, 63 Therefore, an emerging opinion is that the optimal outcome 

from ASD dissolution is to exceed the amorphous solubility with the formation a drug-rich phase 

in nano-sized colloidal species. However, this desired scenario cannot be attained when dissolution 

is controlled by the amorphous drug, since the maximum concentration that can be achieved is the 

drug amorphous solubility, after which the dissolution rate approaches zero. Formation of drug-

rich colloids is feasible only when the dissolution is controlled by the polymer.10, 11  

Thus, understanding ASD release mechanisms is essential for designing a formulation with 

optimal release performance. Some mechanistic studies on polyphase mixtures have been carried 

out by Higuchi et al.,60, 61 leading to the proposition that the dissolution rate of each component is 

related to the composition and interactions between solute and solvent, as well as any phase 

segregation at the dissolution front with the formation of a barrier layer that controls dissolution. 

However, the interface composition has not been widely studied for ASDs. A recent study by 

Indulkar et al. revealed that when the drug loading (DL) of ritonavir-copovidone (PVPVA) ASDs 

increased beyond 25 wt. %, drug release switched from being polymer-controlled to drug-

controlled, leading to a dramatic decline in the rate and extent of drug release.10 Similar 

observations were made for ASDs containing PVPVA and either cilnidipine or nilvadipine.11 

However, for these systems, the DL where the release performance became impaired was lower 

than for ritonavir, 15 and 10 wt. % respectively. The DL boundary where the release rate drastically 

drops has been termed the limit of congruency (LoC). At low DLs, drug and polymer release at 

the same rate, similar to that of pure polymer, while above the LoC, drug release is typically slower 

than polymer release. The LoC appears to be highly variable for PVPVA-based dispersions and it 

is currently unclear which drug physicochemical properties and/or drug-polymer interactions 

impact this threshold value. PVPVA dispersions are important as many commercial ASD 

formulations contain this polymer.100 Higher drug loading ASDs with poor drug release have also 

been observed for hypromellose phthalate (HPMCP) ASDs.101 

In this study, ledipasvir-PVPVA ASDs were used as the model system. Ledipasvir, which is 

used to treat hepatitis C infections in combination with other drugs, is formulated as an amorphous 

solid dispersion in the commercial product. It is a high molecular weight (889 g/mol), lipophilic 
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compound with a log P of 6.8 and also has a very high glass transition temperature of 160 °C.102 

These properties, together with a complex molecular structure containing a variety of functional 

groups, provide an important contrast to the low Tg compounds studied previously. Using surface 

normalized dissolution, drug and polymer release from ASDs was measured as a function of DL. 

The impact of adding small amounts of select surfactants was also investigated. The structure and 

composition of the dissolving tablet surface was examined using fluorescence microscopy, micro 

computed tomography and X-ray photoelectron spectroscopy, while nuclear magnetic resonance 

spectroscopy was employed to investigate the drug-polymer interactions.  

 Materials   

 Ledipasvir (Figure 3-1a) was purchased from Gojira Fine Chemicals (Bedford Heights, 

OH, USA), PVPVA 64 (Figure 3-1b), polyvinylpyrrolidone (PVP), and polyvinyl acetate (PVA) 

were obtained from Ashland Inc. (Covington, KY, USA). Ethanol 200 proof anhydrous, poloxamer 

407, sodium dodecyl sulfate and Span® 85 were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Phosphate buffer (50 mM, pH 6.8) was prepared by dissolving sodium phosphate dibasic 

and sodium phosphate monobasic monohydrate in water. Both sodium phosphate dibasic and 

sodium phosphate monobasic monohydrate were purchased from Macron Chemicals (Philipsburg, 

NJ, USA). Vitamin E TPGS and Tween 80® (polysorbate 80) were from BASF (Ludwigshafen, 

Germany) and Croda (Snaith, UK) respectively. The deuterated solvents for nuclear magnetic 

resonance (NMR) spectroscopy were toluene and dimethyl sulfoxide (DMSO), containing 0.03 % 

(v/v) tetramethylsilane (TMS), obtained from Sigma-Aldrich (St. Louis, MO, USA) and 

Cambridge Isotope Laboratories (Tewksbury, UK) respectively. For the NMR titration study, 1-

vinyl-2-pyrrolidinone (VP), purchased from Sigma-Aldrich (St. Louis, MO, USA), was employed. 
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(a) (b) 

 

 

  

Figure 3-1. Chemical Structures of Ledipasvir (a) and PVPVA with VP/VA mass ratio of 60/40 

(b). 

 Methods 

3.4.1  Preparation of Amorphous Solid Dispersions (ASDs) of Ledipasvir. 

The composition of binary amorphous solid dispersions of drug and polymer is typically 

expressed in weight percent. However, to compare and contrast the effects of a third component 

on dissolution performance it was important to keep the drug-to-polymer ratio in the ternary 

formulations the same as in the binary formulations. For this reason, the composition of the ternary 

formulations is expressed in parts by weight instead of weight percent. All ternary formulations 

contained 100 parts of drug and polymer and 5 parts of surfactant. For example, the ternary 

equivalent of a binary formulation with a DL of 20% is 20 parts drug, 80 parts polymer, and 5 

parts surfactant. Amorphous solid dispersions of ledipasvir and PVPVA at DLs of 2, 5, 7.5, 10, 20 

and 50 wt. % were prepared by solvent evaporation from ethanol using a rotatory evaporator. The 

pure amorphous ledipasvir was also attained by this method. A total amount of 10 g ledipasvir and 

PVPVA was dissolved in 200 mL ethanol, and the solvent was removed by a rotary evaporator 

(Büchi, New Castle, DE) using a water bath set at a temperature of 60 °C. For ASDs containing 

surfactant, an additional 500 mg of surfactant was added to the pre-mixed ethanol solution 

containing ledipasvir and PVPVA, and ethanol was evaporated using a rotary evaporator. The 

ASDs were then placed in a vacuum oven with the temperature set at 40 °C for 24 h to remove 

residual solvent. The ASD powders were sieved and the 150-250 µm sieve fraction was collected, 

to achieve a narrower and consistent particle size distribution prior to dissolution.  
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3.4.2 Determination of Glass Transition Temperature of Amorphous Solid Dispersions by 

Differential Scanning Calorimetry (DSC). 

The neat amorphous ledipasvir, PVPVA, and ASD powders prepared by solvent 

evaporation were loaded into standard aluminum pans. The pan lids had a pin-hole to allow escape 

of volatile components. The glass transition temperatures were analyzed by a Q2000 differential 

scanning calorimeter with a refrigerated cooling accessorty (TA Instrument, New Castle, DE). The 

sample was equilibrated at 1 °C and then heated from 1 °C to 180 °C at 10 °C/min and then cooled 

back down to 1 °C at 10 °C/min. The heating and cooling cycle was repeated 3 times and the last 

cycle was used for analysis. The temperature accuracy of the Q2000 was validated by running a 

10 °C/min heating ramp on a sample of indium. During the experiment, a nitrogen flow of 50 

mL/min was maintained to create a dry environment. 

3.4.3 Dissolution of Amorphous Solid Dispersions using Rotating Disk Apparatus. 

Surface area normalized dissolution was carried out using an intrinsic dissolution rate 

measurement assembly (Agilent, Santa Clara, CA). The sieved ASD powder, 100 mg, was 

compressed at a pressure of 1500 psi with a hydraulic press (Carver Inc, Wabash, IN) in a circular 

intrinsic die of diameter 8 mm, and the compression pressure was held for 60 s. The die was then 

attached to a rotating paddle. For neat polymer release, 250 mg PVPVA was used. All the 

dissolution experiments were performed in 100 mL pH 6.8 50 mM phosphate buffer at 37 °C with 

a stirring rate of 100 rpm.  

3.4.4 Concentration Analysis of Ledipasvir and PVPVA. 

For the release studies, at each sampling time point, 3 mL dissolution medium was 

withdrawn for both ledipasvir and PVPVA concentration analysis, and replaced with 3 mL of neat 

dissolution medium to maintain the volume at 100 mL. The time points taken were 10, 20, 30, 40, 

50, 60 and 90 min. For ledipasvir, 0.4 mL of sample was diluted by addition of 0.6 mL ethanol to 

ensure all the drug-rich colloids were dissolved, and the drug concentration was analyzed using a 

high performance liquid chromatography (HPLC) system (1260 Infinity, Agilent, Santa Clara, CA). 

For the HPLC method, a mobile phase of 60% acetonitrile and 40% water (v/v) at a flow rate of 

0.8 mL/min with an injection volume of 20 µL and an ultraviolet (UV) detection wavelength of 
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205 nm were used. The separation column used was an Ascentis Express C18 (Sigma-Aldrich, St. 

Louis, MO) with dimensions of 10 cm x 3.0 mm, 2.7 µm particle size. The remaining 2.6 mL of 

sample was filtered through a 0.2 µm nylon syringe filter (Pall Corporation, Port Washington, NY), 

and the last 0.8 mL of solution was collected and diluted with 0.2 mL methanol for subsequent 

analysis of PVPVA concentration. The instrument used was an OMNISEC chromatographic 

system (Malvern Panalytical, Worcestershire, UK), with a mobile phase of 20% methanol and 80% 

pH 7.4 phosphate buffer solution at a flow rate of 0.75 mL/min with an injection volume of 100 

µL, and PVPVA was detected by a UV detector at a wavelength of 205 nm. The column for 

PVPVA quantification was an A2500 (Malvern Panalytical, Worcestershire, UK), aqueous 

GPC/SEC column 300 x 8 mm.  

3.4.5 Tablet Morphology Study by Micro Computed Tomography (Micro CT).  

Tablet morphology before and after intrinsic dissolution was examined by a high resolution 

SkyScan-1272 micro CT via X-ray transmission from Bruker (Billerica, MA). The X-ray source 

was operated at a voltage of 60 kV and a current of 166 µA. The tablets were placed on the rotating 

stage, and the total sample rotation was set as 360° with an interval of 0.1°. The spatial resolution 

was 8 µm/pixel. The acquisition time for each tablet was about 7 hr. The tablet after dissolution 

was dried in a vacuum oven overnight to remove all the residue moisture prior to examination, and 

no phase transformation was expected during acquisition. The reconstruction was carried out by 

NRecon software (Bruker, Billerica, MA), and the 3-dimensional model rendering and viewing 

were performed using CT-volume software (Bruker, Billerica, MA).  

3.4.6 Amorphous-Amorphous Phase Separation Study by Fluorescence Microscope. 

Environment-sensitive fluorescent probes have been used to study phase separation 

behavior for hydrated, solid ASDs.103, 104 In the current study, Nile red, a hydrophobic probe, was 

used as the “sensor” to detect the hydrophobicity change in the environment following exposure 

of ASD films to water vapor. Upon formation of a drug-rich phase, the probe will incorporate into 

the more hydrophobic phase, which is a drug-enriched domain. Ledipasvir-PVPVA ASD films 

with 5, 10 and 50% DL were prepared by spin coating (KW-4A spin coater, Chemat Technology 

Inc., Northridge, CA) 200 µL ethanol solution, containing ledipasvir and PVPVA at the desired 
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ratio and a trace amount of Nile red. The substrates used were quartz slides of 1 in. x 1 in. x 1 mm 

dimension (Ted Pella Inc., Redding, CA). The ethanol stock solutions had a total solid 

concentration of 100 mg/mL while the Nile red concentration was 100 µg/mL. Fluorescence 

imaging of ASD films was performed before and after exposure to 100% RH at 37°C for 3 days. 

The instrument used was an Olympus BX-51 Optical Microscope (Olympus Corporation, Tokyo, 

Japan) with green (520 nm-550 nm) excitation.  

3.4.7  X-ray Photoelectron Spectroscopy (XPS). 

The compacts before and after dissolution (for 10 min) were ejected manually from the die, 

and the chemical composition of the tablet surface was probed using XPS. The XPS spectra from 

the tablets were acquired using a Kratos Axis Ultra DLD Imaging spectrometer (Kratos Analytical, 

Manchester, UK) with monochromic Al Kα radiation (1486.6 eV) at a constant pass energy (PE) 

of 20 and 160 eV for high-resolution and survey spectra, respectively. To avoid non-homogeneous 

electric charge of non-conducting samples and to achieve better resolution, a built-in commercial 

Kratos charge neutralizer was used. For each sample, at least three acquisitions at different spots 

were collected. 

The XPS data were analyzed using CasaXPS software. The charge correction was done by 

setting the main C 1s component (typically the C-H/C-C component) to a binding energy of 284.8 

eV for each measurement. The curve-fitting was performed after a Tougaard background 

subtraction using model peaks obtained from the pure compounds. The atomic percentages on the 

tablet surface were calculated using Scofield relative sensitivity factor and taking into account an 

attenuation length of photoelectrons.  The atomic percentages were converted to weight percentage 

based on the chemical formula of the compounds.   

3.4.8 Nuclear Magnetic Resonance Spectroscopy (NMR). 

1H NMR, 19F NMR and 13C NMR were performed using a Bruker DRX 500 MHz 

spectrometer (Billerica, MA, USA). To confirm the ledipasvir as-received was comparable to 

literature reports,105, 106 1H NMR, 19F NMR and 13C NMR spectra were recorded in deuterated 

DMSO. The rest of the NMR studies were measured in a non-polar solvent, toluene, in order to 

study intermolecular interactions. The 19F NMR spectra were collected at ledipasvir concentrations 
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of 0.5, 2, and 4 mg/mL. 19F NMR and 1H NMR spectra of ledipasvir were collected in the presence 

of PVP and polyvinyl acetate (PVA) in order to gain insight into which functional group of PVPVA 

interacted with ledipasvir. A 2 mg/mL stock solution of ledipasvir in deuterated toluene was 

divided evenly into eight portions for the NMR titration study: A variable amount of 1-vinyl-2-

pyrrolidinone (VP), from 2 to 80 mg/mL, was added to each aliquot. Ledipasvir 19F NMR and 1H 

NMR spectra were collected for each sample. 19F NMR spectra were also collected at temperatures 

of 278 K, 298 K and 318 K. All other NMR experiments were performed at 298 K.  

3.4.9 Dynamic Light Scattering (DLS). 

The particle size of the drug-rich colloidal species generated during ASD dissolution was 

measured using DLS. A 3 mL aliquot of solution was withdrawn from the dissolution medium at 

different time points and analyzed by a Nano-Zetasizer (Nano-ZS) from Malvern Instruments 

(Westborough, MA) equipped with dispersion technology software (DTS). The backscattered light 

at an angle of 173° was obtained. The cuvette used was a 12 mm square polystyrene disposable 

cuvette. For all the measurements reported, the polydispersity index (PDI) was less than 0.3, so 

that the intensity size distributions generated were considered as a monodisperse.  

 Results 

3.5.1 Glass Transition Temperature (Tg) 

The dry glass transition temperatures of amorphous ledipasvir and PVPVA are 161 °C and 

108 °C respectively. From the DSC thermograms all ASDs, with DLs ranging from 2 to 50 wt. %, 

showed a single glass transition temperature with no melting events, suggesting that the amorphous 

drug is homogenously dispersed in the polymer. The measured midpoints of the glass transition 

temperatures for all ADSs are summarized in Table 3-1.  
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 Table 3-1. Midpoint glass transition temperature for all the ASDs. Mean values ± 

standard deviation are shown where n=3. 

Drug Loading Glass Transition Temperature (°C) 

0% 107.5 ± 0.1 

2% 107.1 ± 2.4 

5% 106.7 ± 0.8 

7.5% 110.8 ± 2.0 

10% 109.2 ± 0.4 

20% 119.8 ± 2.8 

50% 135.5 ± 1.2 

100% 160.9 ± 0.8 

3.5.2 Release profiles of Ledipasvir-PVPVA ASDs 

The release profiles of ledipasvir-PVPVA ASDs at different DLs, neat amorphous drug, 

and neat PVPVA are summarized in Figure 3-2. For neat amorphous drug dissolution, no 

ledipasvir was detected in solution within two hours. The HPLC detection limit for the method 

used was about 0.2 µg/mL. For ledipasvir PVPVA ASDs with 2% and 5% DL, the drug releases 

quickly exceeded the amorphous solubility (which is < 1 µg/mL), and the formation of a drug-rich 

phase was visually observed as the dissolution medium became cloudy. The percent release rate 

for the individual components of the ASD, i.e. ledipasvir and PVPVA, was comparable at each 

time point, reaching 100% after 60 min, and the drug release rate was similar to the dissolution 

rate of neat PVPVA. This suggests that the release of drug from the ASD was polymer-controlled. 

However, when the DL increased to 7.5% and above, no detectable drug release and only minimal 

polymer release was achieved. Thus LoC was determined to be 5% DL. Moreover, the tablets 

fractured at around 60 min post exposure to the dissolution medium.
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Figure 3-2. Release profiles of (a) ledipasvir and (b) PVPVA from ledipasvir-PVPVA 

amorphous solid dispersions with different DLs. 
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3.5.3 Release Profiles of Ledipasvir-PVPVA ASDs containing Surfactant. 

In order to study the impact of surfactants on the release behavior of ledipasvir-PVPVA 

amorphous solid dispersions, five different commonly used surfactants, varying in hydrophilic-

lipophilic balance (HLB), were incorporated into the ASDs. 

Out of the five, Span® 85, Tween 80 and vit E TPGS, did not improve the DL limit for 

polymer-controlled release, i.e. LoC. The release profiles for 7.5% DL ASDs containing these 

three surfactants are shown in Figure A.1; these were similar to the profile shown in Figure 3-2 for 

the 7.5% DL ASD. However, the more hydrophilic surfactants, poloxamer 407 and SDS, improved 

the LoC to 7.5% DL and 30% DL, respectively (Figure 3-3). Drug and polymer released 

congruently for both ASDs at a DL of 7.5%, however, the release rate was slower for the ASD 

containing poloxamer 407, reaching 100% drug and polymer release in about 110 min (Figure 3-

3b). For ASDs containing 5 wt.% SDS, LoC was 30%, but slightly slower release rate was 

observed at this DL (Figure 3-3c). As the DL increased to 40%, a very limited amount of drug or 

polymer was released from the formulation.  
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Figure 3-3. Release profiles of (a) 7.5% DL, (b) 10% DL ASDs containing 5 wt% Poloxamer 

407 and SDS, (c) ASDs containing 5 wt% SDS with DL of 20, 30, and 40%. 
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Figure 3.3 continued 

 

3.5.4 Particle Size of the Drug-rich Colloids Formed during Dissolution. 

The particle size of colloidal species formed during drug release was monitored for three 

formulations: 5% ledipasvir-PVPVA, 5% ledipasvir-PVPVA with 5% poloxamer 407 (dissolution 

profile is shown in Figure A.2), and 7.5% ledipasvir-PVPVA with 5% SDS. All ASDs achieved 

100% release, and the dissolution was polymer-controlled. The average particle diameter as a 

function of time is plotted in Figure 3-4. The particles were relatively stable over the 60 min 

dissolution period, and no evidence of agglomeration was observed. The dissolution rates of both 

polymer and ledipasvir were comparable among these ASDs, but the size of the drug-rich colloids 

varied among formulations. In the presence of SDS and poloxamer 407, the particle sizes were 

approximately 60 and 120 nm, respectively. This is considerably smaller than the 250 nm particles 

generated in the absence of surfactant.  
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Figure 3-4. Z-average particle diameter for the drug-rich particles generated during ASD 

dissolution. The x-axis represents the sampling time from the dissolution vessel. 

3.5.5 X-ray Micro-computed Tomography Images. 

X-ray micro CT was utilized to visualize the morphology evolution of ASD tablets before 

and after partial dissolution, with images shown in Figure 3-5. For the 5% DL tablet (Figure 3-5b), 

the tablet thickness decreased after 10 min of dissolution, indicating polymer and drug released 

from the tablet, consistent with the release rates shown in Figure 3-2. However, for the 10% DL 

tablet (Figure 3-5c), the thickness did not change significantly over the same time period. Close 

evaluation of Figure 3-5c, suggests that there is a top layer discriminated from the bulk (as 

indicated by the double-headed arrow), consistent with hydration of this layer. After 30 min 

(Figure 3-5d), bulging of the tablet occurred, indicating further hydration. Further, some porosity 

can be seen in the tablet.  
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Figure 3-5. X-ray micro-computed tomography cross-section images for (a) tablet before 

dissolution (b) 5% DL tablet after dissolution for 10 min (c) 10% DL tablet after dissolution for 

10 min (d) 10% DL tablet after dissolution for 30 min. The images represent the cross-sectional 

area at the center of the tablets and were obtained after 2D reconstruction. 

3.5.6 Fluorescence Microscopy 

For fluorescence microscopy imaging, Nile red was used as a fluorescence probe. Its 

excitation and emission maximum are around 552 nm and 636 nm respectively, so that the domains 

containing Nile red show red emission with green excitation. The fluorescence intensity is higher 

when the dye is in a hydrophobic environment.107, 108 Nile red will be predominately found in the 

drug-rich domains if formed, and hence these domains are expected to have greater fluorescence 

intensity compared to polymer-rich regions. The ASD films showed smooth and homogenous 

a 

b 

c 

d 



 

 

82 

fluorescence intensity before exposure to humidity. A representative image is shown in Figure 3-

6a. This confirms that there is no phase separation between ledipasvir and PVPVA in the 

unexposed ASD material at the resolution of the fluorescence microscope. The fluorescence 

images (Figure 3-6b) of moisture-exposed ASDs showed mostly homogeneous fluorescence 

intensity for the 5% DL ASD film, suggesting minimal, or no phase separation. The 10% DL ASD 

film (Figure 3-6c) showed small domains that differ in fluorescence intensity, suggesting some 

phase separation. The 50% DL film (Figure 3-6d) showed large domains that differ in fluorescence 

intensity, suggesting more extensive phase separation.  

 

Figure 3-6. Representative fluorescence microscope images of ledipasvir-PVPVA ASDs: (a) 

before exposure to moisture (50% DL), (b) 5% DL after exposure to moisture, (c) 10% DL after 

exposure to moisture and (d) 50% DL after exposure to moisture. Samples were exposed to 

100% RH, 37 °C for 3 days.  

3.5.7 X-ray photoelectron spectroscopy (XPS) 

The surface chemical composition of tablet surfaces before and after dissolution for 

different DL ledipasvir-PVPVA ASDs was also characterized by XPS. Since nitrogen atoms have 

a different chemical environment in PVPVA as compared to in ledipasvir (Figure A.2), the N 1s 
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peaks were chosen for peak fitting to calculate the weight ratio between drug and polymer. For the 

curve fitting of ASD spectra, the N 1s XPS spectra of pure ledipasvir and PVPVA were used to 

model the data (Figure A.2). From curve fitting, the atomic ratio between ledipasvir and PVPVA 

(based on the nitrogen atoms) was attained for the ASDs, and, using the chemical structures, this 

was converted to a weight composition. The weight compositions on the tablet surface are shown 

in Figure 3-7 for the 20% and 50% DL before and after dissolution for 10 min. According to the 

XPS data, for the tablet before dissolution, the ledipasvir weight percentage was close to the 

theoretical value, indicating no major enrichment of either drug or polymer in the near-surface 

region. The XPS analysis on the tablet surface after dissolution revealed that the surface became 

drug-enriched. The weight percentage of ledipasvir for the 20%, and 50% DL ASDs increased 

from 17% and 40% to 54% and 61%, respectively. For DLs below 20%, it was difficult to 

differentiate drug from polymer based on N1s curve fitting due to the low amount of drug present. 

The fluorine (F) 1s XPS peak was also analyzed. Ledipasvir contains two fluorine atoms, 

while no fluorine is present in the polymer.  In the F 1s spectrum of pure amorphous ledipasvir, 

only one peak with a binding energy of 687.1  0.1 eV was observed. However, when the 

ledipasvir molecules were dispersed in PVPVA, a new fluorine peak with a binding energy of 

684.0  0.2 eV emerged. Example spectra are shown in Figure A.3. This significant negative 3 eV 

binding energy shift indicates that a portion of the fluorine atoms experienced different interactions 

in the presence of the polymer, whereby the fluorine atom has become more electron-rich. From 

fluorine XPS peak curve fitting, the percentage of fluorine with a lower binding energy was 77%, 

73%, 42% and 18% for ledipasvir ASDs with DLs of 5%, 10%, 20% and 50% respectively, as 

shown in Figure 3-8. Thus, as the DL in the ASD increased, the percentage of F 1s that has a lower 

binding energy, decreased dramatically. This suggests that as the DL increases, the ledipasvir 

molecules in the dispersion are in closer proximity with one another, while at low DLs, they are 

more isolated from other ledipasvir molecules.  

The intensity of the F 1s peak with a lower binding energy decreased significantly after 

dissolution for initial DLs of 10%, 20% and 50%, dropping from 77%, 73% and 42% to 9%, 3% 

and 2% respectively, as shown in Figure 3-9. This dramatic decrease suggests that ledipasvir is no 

longer in close contact with the polymer, and hence has separated from PVPVA in the presence of 

water, and is now in a more drug-rich environment. For the 5% DL, the F signal on tablet surface 

after dissolution was insufficient to quantify. 
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Figure 3-7. Tablet surface composition before and after dissolution for tablets with initial DLs of 

20% and 50%. The weight percentage of drug on the near surface increases following dissolution 

for 10 min. 

 

 

Figure 3-8. Percentage of F 1s peaks with high and low binding energies as a function of DL in 

the ASD. It is apparent that the low binding energy F1s peak predominates at low DLs, while the 

high binding energy F1s peak is dominant at high DLs.   
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Figure 3-9. Percentage of F 1s with a lower binding energy (BE) of 684.0 ± 0.2 eV for ASDs 

with DLs of 10%, 20% and 50%, before and after dissolution for 10 min. 

 

3.5.8  Nuclear Magnetic Resonance (NMR) Spectroscopy 

The 1H NMR (Figure A.4(a)), 19F NMR (Figure 10) and 13C NMR (Figure A.4(b)) for 

ledipasvir in deuterated DMSO were collected to verify the compound identity. In 19F-NMR, the 

peaks labeled with stars are results of the geminal coupling of the two 19F atoms with different 

chemical shifts. The NMR spectra for the as-received ledipasvir are comparable to those in 

literature,105, 106 and likely contain trace amount of impurities, as discussed previously.109 Based 

on the ledipasvir chemical structure, the carbon with the two fluorine atoms attached is prochiral. 

In DMSO, a more polar solvent, the fluorine spectrum showed one main peak, presumably due to 

greater freedom of sigma bond rotation on the two sides of the ledipasvir molecule. However, more 

than one peak was observed when the solvent was changed to toluene, a less polar solvent (Figure 

3-10). In toluene, we reasoned that ledipasvir may have some intermolecular or intramolecular 

interactions, restricting free chemical bond rotation. As a result, the two 19F atoms experience 

different chemical environments. 19F NMR spectra at different ledipasvir concentrations 

confirmed that F peak splitting is due to intermolecular interactions. The concentration effect 
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increased from 0.5 to 4 mg/mL (Figure 3-11) the chemical shift difference between the two F 

atoms became larger. This is because at higher ledipasvir concentrations the probability of forming 

drug-drug interactions is greater, so a higher fraction of the fluorine atoms are in different chemical 

environments. 19F NMR spectra were also collected at different temperatures for a sample with a 

ledipasvir concentration of 2 mg/mL (Figure A.5). With increasing temperature, the chemical shift 

difference between the two F atoms decreased, due to an increase in chemical bond rotation.  

The next set of experiments was designed to study drug-polymer interactions. For these 

studies, it was important to use a solvent with minimal hydrogen bonding ability, hence toluene 

was selected. Interestingly, with the addition of only 2 mg/mL PVPVA to the ledipasvir toluene 

solution, the chemical shift difference between F peaks reduced, while addition of PVA had no 

impact (Figure 3-12). Thus, PVPVA potentially can break the ledipasvir-ledipasvir interaction, 

whereby the lack of impact of PVA suggests that the vinylpyrrolidone (VP) group rather than the 

vinyl acetate moiety may be responsible for the disruption of ledipasvir-ledipasvir interactions. 

19F-NMR could not be measured in the presence of PVP due to its minimum solubility in toluene. 

To further confirm that the VP group disrupts drug-drug interaction, variable amounts of the low 

molecular weight analog of PVP, 1-vinyl-2-pyrrolidinone (VP), were added to the ledipasvir 

toluene solution, and the resultant 19F NMR spectra are shown in Figure 3-13. The trends observed 

are similar to those observed in the presence of PVPVA, with the F peaks merging towards each 

other. This suggests that VP can disrupt interactions between ledipasvir molecules. From the drug 

molecular structure, F potentially can form hydrogen bonds with the amine group (NH) of a second 

ledipasvir molecule, accounting for the changes in the NMR spectrum observed at higher 

concentrations. When the amine group forms hydrogen bonds, the proton has a much higher 

chemical shift, as observed in the ledipasvir 1H-NMR (Figure 3-14). The four peaks with chemical 

shift greater than 10 ppm represent the four NH groups in the molecule. From the ledipasvir 

molecular structure, the two NH groups from each imidazole can form intramolecular hydrogen 

bonds with the carbonyl group to form a seven-member ring (shown in Figure 3-15a). In contrast, 

the other two NH groups potentially can form intermolecular hydrogen bonding with the fluorine 

atom (Figure 3-15b). The intramolecular hydrogen bonding is relatively more stable and stronger 

compared to intermolecular hydrogen bonding, resulting in two proton peaks with larger peak area 

and higher chemical shift. Moreover, addition of VP did not have significant impact on these 

intramolecularly hydrogen bonded protons. However, the VP group can disrupt inter-molecular 
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hydrogen bonding by either forming a hydrogen bond with NH or through a halogen bond or 

dipolar interaction with F. The formation of a hydrogen bond is more likely in this scenario, as 

indicated by the greater chemical shift and peak area for NH proton peaks in the presence of VP.  

 

Figure 3-10. 19F-NMR spectra of ledipasvir in deuterated-DMSO (blue line) and deuterated-

toluene (red line). The peaks labeled with asterisks are results of the geminal coupling of the two 

19F atoms with different chemical shifts.

* 
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 Figure 3-11. 19F-NMR spectra of ledipasvir toluene solutions with concentrations of 0.5 

mg/mL (blue line), 2 mg/mL (green line) and 4 mg/mL (red line). The peaks labeled with 

asterisks are results of the geminal coupling of the two 19F atoms with different chemical shifts. 
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Figure 3-12. 19F-NMR spectra of ledipasvir (green line), in the presence of 2 mg/mL PVPVA 

(blue line), and in the presence of 2 mg/mL PVA (red line). The concentration of ledipasvir is 2 

mg/mL and the solvent is toluene. The peaks labeled with asterisks are results of the geminal 

coupling of the two 19F atoms with different chemical shifts. 
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Figure 3-13. 19F-NMR spectra of ledipasvir in the presence of varying amounts of 1-vinyl-2-

pyrrolidinone. From bottom to top, the concentration of 1-vinyl-2-pyrrolidinone is 0, 2, 4, 8, 16, 

32, 64 and 80 mg/mL respectively. The peaks labeled with asterisks are a result of the geminal 

coupling of the two 19F atoms with different chemical shifts. 
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Figure 3-14. 1H-NMR spectra of NH groups in ledipasvir in the presence of varying amounts of 

1-vinyl-2-pyrrolidinone. From bottom to top, the concentration of 1-vinyl-2-pyrrolidinone is 0, 2, 

4, 8, 16, 32, 64 and 80 mg/mL respectively.  
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(a) (b) 

 

 
 

Figure 3-15. Schematic showing (a) intra-molecular hydrogen bonding and (b) inter-molecular 

hydrogen bonding.
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 Discussion 

Amorphous solid dispersions have become a popular formulation strategy for orally 

delivering drugs with poor aqueous solubility. ASDs have many advantages including faster 

dissolution and improved absorption (in the absence of crystallization) with concomitant 

implications for in vivo performance.21, 88, 89 Recent in vitro8 and in vivo9, 63 studies show that the 

formation of a drug-rich colloidal phase during dissolution can be beneficial for drug absorption. 

This suggests that the generation and maintenance of a supersaturated solution should not be the 

only desired goal when assessing the dissolution of ASDs. The optimal release profile may be one 

where the drug concentration exceeds the amorphous solubility with the formation of drug-rich 

colloidal species, which can serve as an effective reservoir during drug absorption. This can be 

achieved when the dissolution of the ASD is polymer-controlled, since hydrophilic polymers used 

for ASD formulations have much higher aqueous solubility compared to the drug. Notably, when 

dissolution changes from polymer-controlled to drug-controlled, not only is there an absence of 

colloidal species, but also a drastically decreased drug release rate.10, 11 

In the current study, the model compound ledipasvir has a very low amorphous solubility 

(<< 1 µg/mL) and no crystalline forms have been reported. Given the very low amorphous 

solubility, simply using the amorphous form of the drug is not sufficient to yield a reasonable 

dissolution rate, with no detectable drug released after 2 hours (Figure 3-2a). This highlights the 

essential role played by the polymer in the ASD formulation in promoting drug release from the 

formulation. The release profiles of the binary systems with low DLs (≤ 5%) clearly demonstrate 

the role of the polymer in determining the drug release rate, whereby the relative release rates of 

PVPVA and ledipasvir are the same, and similar to the dissolution rate of pure PVPVA (Figure 3-

2). This behavior is defined as congruent release (i.e. both components release at the same rate), 

and the critical DL where congruent release is retained has been defined as the limit of congruency 

(LoC).10 Given the need to produce dosage forms of a reasonable size, it is beneficial to obtain a 

high LoC for an ASD formulation. 

However, for ledipasvir ASDs the LoC is very low. For these systems, increasing the DL by 

a small increment from 5 to 7.5% resulted in a change in the release mechanism whereby release 

became incongruent with no detectable drug release and only minimal PVPVA release. The XPS 

chemical composition analysis of the compact surface revealed that the surface was enriched with 

ledipasvir (Figure 3-7). This drug-rich layer led to drug-controlled dissolution, which, in the case 
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of pure amorphous ledipasvir, is so slow as to be undetectable. From micro-CT images, it appears 

that this drug-rich layer acts as a physical barrier to prevent further release of components, 

including the highly water-soluble PVPVA, leading to swelling (Figure 3-5d). Fluorescence 

microscope images of ASD films also lend support to the contention that water induces ledipasvir 

to phase separate from the polymer, leading to drug-rich regions (Figure 3-6). It has been reported 

that ASDs can undergo amorphous-amorphous phase separation upon exposure to high relative 

humidity.45 When the thermodynamics are favorable, phase separation can occur immediately after 

contact with water.103 However, the phase separation tendency and kinetics vary as a function of 

DL. Purohit et al. observed that ritonavir-PVP ASD at a 50% DL phase separated immediately 

after the sample was immersed into the dissolution medium, whereas at 10% DL there was no 

evidence of phase separation.104 In the current study, 10% and 50% DL ASD films showed more 

discernable phase separation compared to the 5% DL ASD (Figure 3-5). Thus, at low DL, the rate 

of dissolution may be much faster than the rate of phase separation, resulting in congruent release, 

or phase separation may not be thermodynamically favorable. In contrast, faster amorphous-

amorphous phase separation kinetics at higher DLs can result in the formation of a drug-rich barrier 

at the dissolution front. Following phase separation, polymer-rich domains at the tablet boundary 

layer can dissolve while drug molecules are left behind forming a drug-rich layer. Once the tablet 

surface is covered with a drug-rich phase, polymer in the interior of the compact cannot release. 

This scenario provides a reasonable explanation for why the dissolution of ASDs with 7.5 and 10% 

DLs resulted in no drug and only a small amount of PVPVA release (Figure 3-2).  

The drug-rich layer on the tablet surface appears to evolve rapidly given that the polymer 

release rate is retarded within the first 10 min of dissolution for higher DL ASDs. For example, 

the 20% DL ASD showed only 2% polymer released after 10 minutes (Figure A.7). XPS results 

revealed that the drug composition on tablet surface increased from 20% to 54% in this 10 min 

period (Figure 3-7).   

Ledipasvir is a hydrophobic drug with Log P of 3.8.110 Hydrophobic drug molecules have 

limited affinity for water, and therefore, when large amounts of water interact with the ASD as 

during the dissolution process, will tend to self-associate, leading to phase separation. Water-

induced phase separation has been reported for numerous hydrophobic compounds.11, 45, 103  The 

tendency of a given system to undergo water-induced phase separation is thought to depend on the 

balance of interactions between the three components, namely drug, polymer and water.14, 45 It is 
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therefore of interest to consider the interactions present in amorphous ledipasvir, and ledipasvir-

PVPVA ASDs in the context of the observed release profiles as a function of DL. Ledipasvir 

appears to form cohesive intermolecular hydrogen bonding interactions between the secondary 

amine groups and fluorine; fluorine is known to participate in hydrogen bonding interactions as an 

acceptor.111 The 19F NMR spectra at different ledipasvir concentrations lend the support to this 

conjecture, where the chemical shift difference between two fluorine increased at higher 

concentrations (Figure 3-11), consistent with the formation of intermolecular drug-drug 

interactions. By adding VP, this chemical shift difference decreased, suggesting VP can break this 

drug-drug interaction. The functional group in VP responsible for this effect is the carbonyl group 

(C=O). The carbonyl group can form hydrogen bonds with the amine groups in ledipasivr, 

disrupting intermolecular hydrogen bonding between ledipasvir molecules. Evidence for 

interactions between VP carbonyl groups and ledipasvir amine groups is provided by proton NMR 

spectra (Figure 3-14) where it can be noted that two of the NH protons become more deshielded 

with increasing amounts of the VP monomer, indicating hydrogen bond formation between these 

two functional groups. This is also consistent with the F1s XPS analysis (Figure 3-8) which 

indicates that a portion of the fluorine atoms in ledipasvir exist in a more electron-rich environment, 

when dispersed in PVPVA; this effect is not seen in neat amorphous ledipasvir. In pure ledipasvir, 

F is the hydrogen bond acceptor, where it shares electrons with a proton in the amine group. When 

this drug-drug hydrogen bonding is disrupted by the carbonyl group in VP, fluorine gains electrons, 

explaining the observed shift in binding energy. XPS data therefore provides evidence of drug-

PVPVA interaction. Evidence that supports drug-drug hydrogen bonding and VP-drug hydrogen 

bonding is summarized in Table 3-2.   
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Table 3-2. Summary of evidence for drug-drug hydrogen bonding and VP-drug hydrogen 

bonding. 

 1H NMR 
19F NMR chemical shift 

difference between two F 
XPS 

 Shifts downfield when 

ledipasvir concentration 

increases; shifts upfield 

when temperature increases 

Increases when ledipasvir 

concentration increases 

F 1s shows a 

higher binding 

energy 

 
Shifts downfield when VP 

concentration increase 

Decreases when VP 

concentration increases 

F 1s shows an 

additional lower 

binding energy 

peak 

represents partial structure of ledipasvir,  represents amide group in ledipasvir,  

 represents VP carbonyl. 

From the XPS data, the total number of F atoms at the lower binding energy was calculated 

from the relative percentage at each DL, and is plotted in Figure 3-16. The number reached a 

plateau for DLs exceeding 10%. In NMR experiments, different drug:monomer ratios were 

achieved by addition of varying amounts of VP. This ratio was converted to an equivalent drug 

weight percentage (an example calculation is shown in the SI). The chemical shift difference 

between two F atoms was an indicator of the extent of polymer disruption of the drug-drug 

hydrogen bonding. When the chemical shift difference is plotted as a function of DL (Figure 3-

16), it shows that the polymer effectively disrupts drug-drug interaction only when the DL is below 

7%. Both NMR and XPS results suggest that interactions between ledipasvir and PVPVA saturate 

at a fairly low DL (<10%), and drug-drug interactions then predominate. The low extent of drug-

PVPVA interactions, combined with the greater extent of drug-drug interactions may contribute 

to the observed development of surface drug enrichment, which occurred for DLs ≥ 10%. It is of 

interest that the ledipasvir-PVPVA interaction saturation boundary, as determined from XPS and 

NMR measurements, was close to the DL limit where the release switched from polymer-

 
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controlled to drug-controlled (Figure 3-16). While this may be coincidental, relationships between 

drug-polymer interactions as a function of DL, and release properties clearly deserve further 

investigation. Due to the structural complexity of the ledipasvir molecule, it is difficult to further 

study these interactions. However, it is reasonable to speculate that competition between drug-

drug interaction and drug-polymer interaction, in particular in the presence of water may be a key 

factor influencing the dissolution performance of ASDs. Study of additional drug-PVPVA ASDs 

is needed to gain greater insight into these relationships.  

 

Figure 3-16. The chemical shift difference between fluorine atoms (primary y axis, 19F NMR 

data, •) and number of fluorine atoms with a lower binding energy (secondary y axis, XPS data, 

▲) as a function of DL.  The shaded blue area delineates congruent release. 

 

Interestingly, other ASDs formulated with PVPVA have shown higher LoCs than observed 

herein.10, 11 For example, the LoC of ritonavir-PVPVA ASDs was reported as 25% DL, with 

diminished release above this DL.10, 61 However, for ledipasvir-PVPVA ASDs, congruent release 

was only observed when the DL was 5% while DLs ≥7.5% showed no detectable release (Figure 

3-2). Ritonavir has a log P of 4.3, which is slightly higher than for ledipasvir.112 Thus, LoC does 

not appear to depend on compound hydrophobicity or molecular weight (MW) given that ritonavir 
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and ledipasvir are both high log P and high MW. One interesting difference, however, is the Tg of 

the compounds. Ritonavir (Tg of 50 °C, wet Tg of around 0 °C) is a supercooled liquid under the 

conditions of the release experiments, whereas ledipasvir is a glass (Tg of 160 °C).113 Clearly 

further investigation is needed to elucidate how the various compound properties and drug-

polymer interactions impact drug release from copovidone-based ASDs. 

Surfactant is commonly added to ASD formulation to improve the dissolution performance. 

For example, the commercial ASD products Kaletra® by AbbVie and Kalydeco® by Vertex 

Pharmaceuticals contain Span® 20 and SDS, respectively. In the current study, among the five 

different surfactants, which varied in HLB, only poloxamer 407 and SDS were found to improve 

the LoC. These were the more hydrophilic surfactants. The amount of surfactant added to the ASD 

is such that, after complete release, the concentration released into the dissolution medium is below 

their critical micelle concentrations (CMC) according to the reported CMC values in buffer.114, 115 

Thus, the solubilization effect by the surfactant in bulk solution is negligible. In addition, the drug 

and polymer in ASDs containing SDS had similar release rates as pure PVPVA, suggesting SDS 

did not increase the LoC by impacting the polymer release rate. The 7.5% DL ASDs with 

poloxamer 407 showed slower dissolution than pure PVPVA even though the ledipasvir and 

PVPVA were released congruently (Figure 3-3a). Interestingly, similar behavior was seen for 30% 

DL ASDs containing SDS (Figure 3-3c). If the release behavior of ASDs depends on the interplay 

between the kinetics of release versus amorphous-amorphous phase separation, then it is possible 

that SDS and poloxamer 407 reduced the rate or tendency of the systems to undergo phase 

separation, with SDS being much more effective than poloxamer 407. By adding only an additional 

5 wt. % SDS, the congruency boundary is increased from ~5% to ~30% DL (Figure 3-3c). The 

mechanism for this impact of SDS certainly needs more investigation. In addition to their impact 

on the LoC, drug-rich colloids formed upon drug release had a greater specific surface area in the 

presence of a surfactant, due to their smaller size (Figure 3-15). This can potentially lead to 

improved oral absorption, due to a faster drug replenishment rate by this nanodroplet reservoir.116 

This is definitely another factor that needs to be considered when designing and differentiating 

various ASD formulations, especially when their release profiles in vitro are comparable.  
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 Conclusions 

When drug release is controlled by polymer dissolution, ASDs are able to form drug-rich 

colloidal species in solution. However, this phenomenon is highly dependent on the DL. For 

ledipasvir-PVPVA ASDs, drug-rich colloids can only be attained for very low DLs, 5% DL or less. 

For these systems drug and polymer releases congruently, at the same rate as neat polymer. Higher 

DL ASDs show drug enrichment at the tablet surface, upon exposure to dissolution medium, which 

subsequently acts as a barrier to both drug and polymer release. It appears that the release 

performance may depend on the relative kinetics between dissolution and amorphous-amorphous 

phase separation. Drug-polymer interactions at different DLs may play a role in influencing the 

release behavior. Incorporating certain surfactants enables higher LoCs to be achieved. By 

incorporating surfactant in the ASDs, the LoCs are increased from 5% to 7.5% and 30% with the 

addition of poloxamer 407 and SDS, respectively. This study highlights that factors dictating the 

release rate of drugs from amorphous solid dispersions are not currently well understood. 
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 EVIDENCE FOR HALOGEN BONDING IN 

SOLUBILITY-ENHANCING DRUG-POLYMER DELIVERY SYSTEMS 

 Abstract 

Carbon-bound halogen atoms (iodine, bromine, chlorine and occasionally fluorine) are 

known to act as electron acceptors and form interactions with different species capable of acting 

as an electron donor. This interaction is termed as halogen bonding, and has been suggested to 

share some similarities with hydrogen bonding. While hydrogen bonding has been highly studied 

as an important intermolecular interaction occurring between drugs and additives in 

pharmaceutical dosage forms, halogen bonding has not been investigated in this context. However, 

about 20-25% of all drug molecules contain at least one fluorine atom, 14.5% contain chlorine, 

1.5% contain bromine and 1.2% contain iodine. Using X-ray photoelectron spectroscopy (XPS), 

nuclear magnetic resonance (NMR) spectroscopy, and infrared (IR) spectroscopy, this study 

investigated and demonstrated that the halogen-bearing drugs lacking hydrogen bond donors 

appear to form a halogen bonding interaction with the carbonyl group of a polymer, when prepared 

as an amorphous blend. Halogen bonding thus may be a common, but neglected intermolecular 

interaction in drug-polymer amorphous blends, and potentially important for the properties and 

performance of these drug delivery systems which are used to enhance drug solubility. This is the 

first time that the occurrence of halogen bonding has been observed in drug-polymer formulations.  

 

Keywords Amorphous solid dispersions, halogen bonding, X-ray photoelectron spectroscopy, 

nuclear magnetic resonance, infrared spectroscopy  

 Introduction 

Drugs are rarely delivered to the body in pure form, instead, highly engineered dosage forms 

are necessary in order for the drug to reach its intended site of action. Of the many challenges in 

drug delivery, poor aqueous solubility of modern drug candidates is one of the most prevalent 

issues.1, 117 Miscible blends of a lipophilic drug with a hydrophilic polymer, termed amorphous 

solid dispersions (ASDs), is one of the most popular formulation strategies for oral delivery of 

poorly soluble drugs. It is widely recognized that using an ASD formulation can greatly improve 
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drug bioavailability relative to the crystalline form.9, 97 The intermolecular interactions between 

drug and polymer are considered critical to ASD formulation performance.13, 66, 67, 118 One of the 

most frequently studied intermolecular interactions in ASDs is hydrogen bonding. Several studies 

have suggested that hydrogen bonding helps delay drug crystallization in solid state,12, 15, 45 

maintain the supersaturation generated by dissolving an ASD,119 and potentially can improve the 

dissolution performance.67 In contrast, halogen bonding, another noncovalent interaction, has 

received virtually no attention for these drug formulations.  

Halogen bonding (XB) is the attractive interaction between the electrophilic region of 

halogen (F, Cl, Br, I) substituents and Lewis bases. Even though halogen atoms have the capability 

to donate a lone pair of electrons, the electrophilic region on the halogen atoms, termed the σ hole, 

and located trans to its σ bond, can attract electron-rich sites, such as oxygen, nitrogen, and halogen 

atoms.16 Considering the fact that both halogen bond donors and acceptors are electronegative, the 

existence of halogen bonding is somewhat counterintuitive. According to a survey of ligand-

protein interactions from Protein Data Bank, the most common element acting as electron donor 

in halogen bonds is the carbonyl oxygen, followed by nitrogen.120, 121 Although it has been only 

50 years since halogen bonding was first well demonstrated by Hasselt in 1960s,122 this interaction 

has been explored and exploited in many fields including crystal engineering,17, 123 material 

science,124 protein-ligand interactions,125, 126 and catalysis.127, 128 In general, the strength of the 

halogen bonding depends on the size of the σ-hole, following the trend of I > Br > Cl > F. However, 

the strength can be tuned by changing the chemical environment of the halogens, e.g.by adding 

electron donating or withdrawing groups in the vicinity of halogen-bonded carbons. Among the 

halogens, F is the least prone to be involved in halogen bonding, only forming halogen bonds when 

fluorine atoms are linked to strong electron-withdrawing groups.129 Halogen bonds tend to be 

directional, and the ideal contact angle between σ-hole and halogen bond acceptor is close to 

180°.130  For optimized systems, the strength of the halogen bond can be comparable to a hydrogen 

bond.16 In a study of protein-ligand complexes, the interaction energies for halogen bond were 

estimated to be from -1.97 to -5.4 kcal/mol, where the stronger halogen bonds have comparable 

interaction energies as a typical hydrogen bond.131 For example, the interaction energy of the 

hydrogen bond between hydroxyl in methanol and carbonyl in acetone is about -5.3 kcal/mol.132 

It has been shown in several crystal engineering studies that when both intermolecular interactions 

are available, hydrogen bonding is favored over halogen bonding, but that both interactions can 
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co-exist.17, 133 Another interesting characteristic of halogen bonding is that it tends to be less 

sensitive to and persists in polar environment.130, 134 

The most frequently used experimental technique for studying halogen bonding is X-ray 

crystallography, which enables measurement of the interatomic distance between halogen donor 

and acceptor.135 However, this technique can only be applied to crystalline materials. Other 

techniques, such as solid and solution state nuclear magnetic resonance,134, 136 infrared 

spectroscopy,137 Raman spectroscopy,138 and X-ray photoemission spectroscopy124 have been 

employed to characterize halogen bonding. Density functional theory (DFT) calculation is often 

used to confirm experimental observations of halogen bonding.139 

Investigations into halogen bonding are gaining traction, and the occurrence of such 

interactions in drug formulations is of considerable relevance given that more than 30% of the 

drug molecules in development contain halogens, and halogen bonds have been observed in a 

variety of biomolecular systems.120 Medicinal chemists have taken advantage of halogen bonding 

in the design of new therapeutics.125, 140 However, the implications of halogen bond formation in 

drug formulation has been ignored. Of particular interest in this context, are interactions between 

halogen-bearing drugs dispersed in polymers. Polymers are widely used in drug formulations, and 

play a pivotal role in the formation of ASDs, a solubility enhancing platform for low aqueous 

solubility drugs.141, 142 While several types of intermolecular drug-polymer interactions have been 

described previously including hydrogen bonding and ionic interactions,12, 64, 68, 69 halogen bonds 

in these systems have not been reported to date.  

In the current study, we chose four model compounds that contain Cl, Br or I, but lack 

hydrogen bond donors (shown in Figure 4-1), where clotrimazole and loratadine are marketed 

drugs. Brotrimazole is a derivative of clotrimazole obtained by replacing Cl with Br. Compound 

3,3-bis(3,5-diiodo-4-methoxyphenyl)isobenzofuran-1(3H)-one (Me-DIBF) is a methylated 

derivative of a protein inhibitor.143 The polymers investigated (Figure 4-1) were copovidone 

(PVPVA), which is present in many important commercial ASD formulations,142 and the 

somewhat simpler, but closely related polymer, povidone (PVP). To demonstrate and investigate 

halogen bonding between model compounds and polymers, X-ray photoemission spectroscopy 

was used to monitor changes in the electronic environment of relevant atoms. Solution nuclear 

magnetic resonance was used to measure the binding strength between donor and acceptor. Lastly, 
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infrared spectroscopy was used to provide confirmation of the acceptor group. For the first time, 

the presence of drug-polymer halogen bonding is demonstrated in amorphous formulations. 

 

(a) (b) 

  

(c) (d) 

  

(e) (f) 

  

(g) (h) 

  

Figure 4-1. Molecular structure of (a) clotrimazole, (b) brotrimazole, (c) loratadine, (d) 3,3-

bis(3,5-diiodo-4-methoxyphenyl)isobenzofuran-1(3H)-one (Me-DIBF), (e) PVPVA , (f) PVP, 

(g)1-ethylpyrrolidine, and (h) 1-ethyl-2-pyrrolidone. 
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 Experimental Section 

Compound 1-((2-bromophenyl)diphenylmethyl)-1H-imidazole (Brotrimazole) and 3,3-bis(3,5-

diiodo-4-methoxyphenyl)isobenzofuran-1(3H)-one (Me-DIBF) were synthesized in house. The 

synthesis details and final product characterization are provided in supporting information. Single 

crystal structure of brotrimazole was attained by X-ray crystallography. The single crystals were 

grown from a solution of dichloromethane and ethyl acetate using hexane vapor diffusion. Two 

crystals were selected for data collection and analyzed to ensure reproducibility of results. The 

structure determination and refinement details are shown in the supporting information.  

All ASDs were prepared by solvent evaporation using a rotatory evaporator. XPS, NMR, 

and IR were used to characterize halogen bonding in ASDs. XPS data were obtained by a Kratos 

Axis Ultra DLD spectrometer using monochromic Al Kα radiation (1486.6 eV).  The spectra was 

collect at constant pass energy (PE) at 20 and 160 eV for high-resolution and survey spectra, 

respectively. A commercial build-in Kratos charge neutralizer was used to avoid non-

homogeneous electric charge of non-conducting powder and to achieve better resolution. For NMR 

titration experiments, a deuterated cyclohexane or toluene stock solution with the host compound 

(concentration of 14.5 mM) was divided into eight NMR tubes (0.6 mL each). A variable amount 

of 1-ethyl-2-pyrrolidone (EP) as guest was added to each tube to provide a range of halogen 

bonding acceptor concentrations. The chemical shift of the host molecule was monitored and the 

titration curves were fit to a 1:1 binding model, which is a hyperbolic function, using OriginPro 

2019 (Originlab Corporation, Northampton, MA) to determine the binding constant. Lastly, the IR 

spectra for all the ASDs were collected using a Bruker Vertex 70 FTIR spectrometer. More 

experimental details are in the supporting information. 

 Results 

4.4.1 X-ray Photoelectron Spectroscopy (XPS) 

The chemical composition of all the neat model compounds and ASDs was characterized 

by XPS. The binding energy of the Cl 2p electrons in clotrimazole and loratadine, the Br 3d 

electrons in brotrimazole, and the I 3d electrons in Me-DIBF were measured respectively. The 2p 

and 3d core-level spectra are characterized by a spin-orbit splitting, and therefore show two 

components. The ratios between the two components are 2:1 and 3:2 for p and d orbitals, 
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respectively. The spin-orbit splitting for Cl 2p, Br 3d, and I 3d are 1.6, 1.0 and 11.5 eV respectively. 

The Cl 2p spectrum of pure clotrimazole is one pair of peaks at 200.4 ± 0.1 (Cl 2p3/2) and 202.0 ± 

0.1 eV (Cl 2p1/2) as shown in Figure 4-2a. However, when the clotrimazole molecules were 

dispersed into PVPVA, two new pairs of Cl peaks at 198.1 ± 0.2 (Cl 2p3/2), 199.8 ± 0.2 (Cl 2p1/2) 

and 196.7 ± 0.4 (Cl 2p3/2), 198.3 ± 0.1 eV (Cl 2p1/2) emerged (Figure 4-2a). Similar results were 

obtained for clotrimazole and PVP (Figure 4-2b). The Cl 2p peaks for loratadine showed a similar 

pattern, where two extra pairs of Cl 2p peaks with lower binding energy emerged in ASDs (Figure 

4-2d). The Br 3d spectrum from neat brotrimazole also showed an extra pair of photoelectron peaks 

with lower binding energy, corresponding to a 25% atomic ratio. The probable explanation is 

crystal disorder (see Figure B.3). The crystal structure refinement revealed that 18% of time the 

imidazole switched positions with one of the phenyl rings, which resulted in Br interacting with a 

phenyl ring instead of imidazole. In general, the phenyl ring is a better electron donating group. 

Therefore, the portion of Br atoms with a lower binding energy are likely a result of Br interacting 

with a phenyl ring instead of imidazole. In contrast, in the ASD matrix, Br 3d peaks occurring at 

lower binding energies of 67.1 ± 0.1, 68.1 ± 0.1 eV were dominant (Figure 4-2c). In Figure 4-2e, 

the neat Me-DIBF compound showed only one pair of I 3d photoemission peaks with binding 

energy of 620.7 ± 0.1 (I 3d5/2), 632.2 ± 0.1 eV (I 3d1/2) eV, while an extra pair of peaks at 618.1 ± 

0.1, 629.6 ± 0.1 eV, were observed in the ASDs.  Binding energies for all systems are summarized 

in Table 4-1. For each of these model compounds, which contained different halogen atoms, the 

halogen atom showed additional lower binding energy peaks in the XPS spectrum when the 

compounds were molecularly mixed with PVPVA or PVP. A binding energy shift to a lower 

energy is an indication that the atom has become more electron-rich. Thus, in the ASD matrix, the 

halogen atoms likely received electrons from carbonyl groups present in PVPVA or PVP. 
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Figure 4-2. Representative halogen X-ray photoemission spectrum for (a) clotrimazole/PVPVA 

ASDs, (b) clotrimazole/PVP K29-32 ASDs, (c) brotramolze/PVPVA ASDs, (d) 

loratadine/PVPVA ASDs, and (e) Me-DIBF/PVPVA ASDs. The X-ray photoemission spectrum 

of neat model compound were also shown as comparison. 

 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Figure 4-2 Continued  

 

  

(d) 
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Table 4-1. Binding energy for neat materials and for peaks shifted to the lower binding energies 

when it is dispersed in PVPVA. 

 Neat Compound (eV) 
Low Binding Energy Peaks when 

Dispersed in Polymer (eV) 

Clotrimazole 

(PVPVA) 
200.4 ± 0.1, 202.0 ± 0.1 

198.1 ± 0.2, 199.8 ± 0.2 

196.7 ± 0.4, 198.3 ± 0.4 

Clotrimazole 

(PVP K29-32) 
200.4 ± 0.1, 202.0 ± 0.1 

197.9 ± 0.1, 199.5 ± 0.1 

196.8 ± 0.1, 198.4 ± 0.1 

Brotrimazole 70.3 ± 0.1, 71.2 ± 0.1 67.1 ± 0.1, 68.1 ± 0.1 

Loratadine 200.6 ± 0.04, 202.2 ± 0.1 
198.0 ± 0.1, 199.6 ± 0.1 

196.8± 0.0, 198.4 ± 0.0 

Me-DIBF  620.7 ± 0.1, 632.2 ± 0.1 618.1 ± 0.1, 629.6 ± 0.1 

 

 By deconvoluting the XPS spectra, the percentage of halogen atoms showing low binding 

energy peaks was calculated for different drug loadings, with results summarized in Figure 4-3 

and numerical values of the percentage of the lower binding energy peaks given in Table B.2. It is 

rationalized that at low drug loading, the drug molecules are further apart, and hence a majority 

have a higher tendency to interact with polymer. In contrast, at high drug loading, the drug 

molecules are in closer proximity to each other, and a majority have a greater likelihood of self-

interactions. The trend among all ASDs is that the percentage of halogen atoms possessing a lower 

binding energy decreased as the drug load increased. This supports the idea that PVPVA is 

donating electrons to the halogens.  
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Figure 4-3. The percentage of halogen atoms with high (as found in the neat compound) and low 

binding energies (new peaks seen in the ASD) as a function of drug loading (DL) in the ASD for 

ASD system (a) clotrimazole/PVPVA, (b) clotrimazole/PVP K29-32 (c) Loratadine/PVPVA, (d) 

brotrimazole/PVPVA, (e) Me-DIBF/PVPVA. 

4.4.2 Nuclear Magnetic Resonance Spectroscopy (NMR) 

Halogen bonding interactions between components were examined, quantitatively, in 

solution by NMR spectroscopy by measuring the binding constant between the components. The 

titration experiments entailed addition of 1-ethyl-2-pyrrolidone (EP), a structural analogue of the 

repeat unit in the polymers, to a solution of the model compound dissolved in deuterated 
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cyclohexane. Cyclohexane was chosen as solvent to avoid any potential halogen bonding between 

π electrons and halogen atoms. For clotrimazole, the 1H NMR spectra showed that the chemical 

shift of the proton at the para position relative to the chlorine atom changed as a function of EP 

concentration, as presented in Figure 4-6S (a). The 13C NMR chemical shift for the carbon atom 

covalently bonded to the chlorine showed a similar change with addition of EP, as shown in Figure 

4-6S (b). The change of chemical shift from the 1H and 13C spectra during EP titration is depicted 

in Figure 4-4. The binding constant (KF) values for the halogen bonding interaction between 

clotrimazole and EP are reported in Table 4-2 for each nucleus. Similar KF values were obtained 

for the halogen bonding interaction from the 1H and 13C NMR titration experiments. Analogous 

experiments were conducted for brotrimazole and loratadine, and the binding constants are 

summarized in Table 4-2. As a negative control, solution 1H NMR of clotrimazole, brotrimazole, 

and loratadine in the presence of 1-ethylpyrrolidine (no carbonyl group) showed only minor proton 

shifts (as shown in SI). All the NMR spectra and chemical shift change titration curves are 

provided in the supporting information. Binding constants were also measured in deuterated 

toluene (Table B.3). It has been reported that π electrons can be halogen bond donors.144 In toluene, 

the binding constants were much smaller compared to those in cyclohexane. This is consistent 

with, competition between π electrons in toluene and carbonyl groups in EP for the halogen groups. 

NMR titration experiments were not performed for Me-DIBF due to the complex potential 

stoichiometry between halogen bond donor and acceptor. 
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Figure 4-4. (a) 1H NMR chemical shift change of clotrimazole as a function of the concentration 

of 1-ethyl-2-pyrrolidone; (b) 13C NMR chemical shift change of clotrimazole as a function of the 

concentration of 1-ethyl-2-pyrrolidone. 
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Table 4-2. KF values for halogen bonding between model compounds and 1-ethyl-2-pyrrolidone 

from the 1H and 13C NMR titration experiments at 25 °C in cyclohexane. 

  KF based on 1H NMR (M-1) KF based on 13C NMR (M-1) 

Clotrimazole 0.63 ± 0.05 0.97 ± 0.04 

Loratadine 0.65 ± 0.05 1.11 ± 0.07 

Brotrimazole 0.56 ± 0.06 0.81 ± 0.04 

 

4.4.3 Infrared (IR) Spectroscopy of ASDs 

IR spectra of PVPVA in the carbonyl region in were examined in the absence and presence 

of molecularly dispersed drug. For pure PVPVA, the peak for the vinylpyrrolidone (VP) carbonyl 

was around 1684 cm-1, while the position of the vinyl acetate (VA) carbonyl was at 1736 cm-1. 

The IR spectra for clotrimazole-PVPVA and brotrimazole/PVPVA ASD system, shown in Figure 

4-5a and 4-5b respectively, illustrate that the peak maximum corresponding to the carbonyl group 

in VP shifted slightly to lower wavenumbers, from 1684 cm-1 to 1682 cm-1, as the drug loading 

was increased from 10% to 90%, while the carbonyl group in VA did not change. This 2 cm-1 shift 

suggests that the carbonyl group in VP is responsible for the halogen bonding interaction between 

the model compounds and PVPVA. For Me-DIBF, a similar trend was observed with a larger 

downshift of 6 cm-1, suggesting the halogen bonding interaction is stronger in Me-DIBF ASDs. 
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Figure 4-5.(Following page) Infrared spectra of the carbonyl group region of pure PVPVA and 

(a) clotrimazole-PVPVA ASDs, (b) brotrimazole-PVPVA ASDs, and (c) Me-DIBF-PVPVA  

ASDs. 
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Figure 4-5 continued 

 

 Discussion 

Halogen bonding is emerging as an important intermolecular interaction in various areas of 

science. In the area of drug research, most studies have focused on X-bonding between halogen 

bearing drugs and proteins, and its role in improving ligand-receptor interactions. As knowledge 

in this area increases and utilization of halogen groups as a means to enhance drug efficacy 

becomes more prominent, it becomes increasingly important to understand the relevance of this 

interaction for other aspects of drug research such as pharmaceutical formulation development. 

Molecular recognition is of particular importance to the solid state, playing a critical role in both 

local and long range ordering of materials. In the context of pharmaceutical systems, non-covalent 

interactions impact properties such as solubility, solid state form landscape, and phase 

transformations.   

Herein, using a variety of orthogonal analytical techniques, we found compelling evidences 

of X-bonding between drug or drug-like molecules containing Cl, Br, or I but lacking hydrogen 

bond donors, and the polymer, PVPVA and PVP. XPS appears to be of particular utility for 

studying changes in the halogen environment, being one of the few techniques that allow a direct 

probe of the halogen moiety. Further, the photoelectron spectrum is sensitive to intermolecular 
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interactions. For example, ionic and hydrogen bond interactions are well known to lead to binding 

energy shifts in the photoelectron spectrum.145, 146 Thus, we note that the binding energies of Cl 

2p, Br 3d, and I 3d peaks decreased when the model compounds were molecularly dispersed in 

PVPVA. The lowering of the binding energy indicates that these halogen atoms gain electron 

density when the polymer is present. This trend is consistent with halogen bonding, where the σ-

hole on the halogen atom is known to attract electrons. Moreover, the 2-4 eV binding energy shift 

observed is significant and comparable to the binding energy shift produced by hydrogen 

bonding.146 This lends support that the shift is due to a specific intermolecular interaction. Shifts 

to a lower binding energy, albeit to a lesser extent, have been reported for systems containing 

halogen bonds between I and nitrogen,147, 148 providing further support to our interpretation. 

Oxygen in carbonyl is known to be one of the most common halogen bond acceptors, in particular 

for protein-ligand interactions.120 Further, it is well-known that the carbonyl group of the vinyl 

pyrrolidone group in PVP and PVPVA is a good hydrogen bond acceptor.64 Therefore, it is 

unsurprising that this group acts as the halogen bond acceptor. The IR spectroscopy results confirm 

that the vinyl pyrrolidone group is preferred relative to the vinyl acetate group (Figure 4-5). Further 

support for the supposition that this oxygen group donates electrons to the halogen atom is 

provided by examination of the O1s peak of PVP in the presence and absence of clotrimazole. For 

all other systems, XPS spectra contain signal from multiple oxygen atoms, however, for the PVP-

clotrimazole system the O1s peak arises solely from the vinylpyrrolidone carbonyl. In the 

dispersion, the O1s binding energy shifts to a higher value by 0.2 eV relative to neat PVP (Figure 

B.4), suggesting a reduction in electron density consistent with the formation of a halogen bond. 

The minimal change in the 1H NMR spectrum of clotrimazole, brotrimazole and loratadine in the 

presence of 1-ethylpyrrolidine (which lacks a carbonyl group) relative to the large shifts seen in 

the presence of the carbonyl containing analogue 1-ethyl-2-pyrrolidone, further supports the role 

of the VP oxygen as the halogen bond acceptor. Halogen bonding with a carbonyl group has also 

been seen not only in protein-ligand binding,149, 150 but also between two small molecules.127, 128 

In summary, based on the evidence presented herein, we propose that halogen bonding can occur 

between the polymer carbonyl and Cl, Br, or I in ASDs, with a greater extent of halogen bonding 

occurring when the drug loading is low, and thus drug-drug intermolecular interactions are less 

probable.   
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Halogen bonds share many similarities with the more commonly encountered hydrogen bonds in 

terms of physical properties. They are both directional interactions between an electron-deficient 

moiety and a high electron density region. The binding energy for hydrogen bonding is 0.2 to 40 

kcal/mol, while for halogen bonding it is 1.2 to 43 kcal/mol.151, 152 Therefore, in theory the 

interaction strengths between halogen and hydrogen bonds can be comparable. The halogen bonds 

between the compounds studied herein and PVPVA appear to be similar to weak hydrogen 

bonding interactions. The binding constants between clotrimazole, brotrimazole, and loratadine 

with EP (Table 4-2) are between 0.6-1.1 M-1, which are of a similar magnitude to the 0.7 M-1 

binding constant corresponding to weak hydrogen bonds, where fluorine is the hydrogen bond 

acceptor.111 The IR carbonyl absorption peak only shifted 2-6 cm-1 when halogen bonded to the 

model compounds in the ASDs. In contrast, red shifts as large as 20-30 cm-1 have been observed 

when PVP forms hydrogen bonds with drugs in ASDs.45, 153, 154 In general, the strength of halogen 

bonds is expected to follow the trend I > Br > Cl. However, the binding strengths between Br and 

Cl were comparable based on the binding constant measured from the NMR titration and the 

wavenumber shift in the IR absorption of the carbonyl group for clotrimazole and brotrimazole. 

Thus, replacing Cl with Br did not significantly change the halogen bonding intensity for the drug 

molecules studied. This observation can perhaps be rationalized based on analysis of cohesive 

interactions in the crystals. In brotrimazole, there is intermolecular interaction between Br and 

either the phenyl group or imidazole, however, this interaction was not observed in the 

clotrimazole crystal. Thus, the tendency for brotrimazole to self-interact may be greater compared 

to clotrimazole, and this interaction can compete with the brotrimazole-PVPVA intermolecular 

interaction. The formation of halogen bonds with phenyl groups is further suggested by the smaller 

binding constants between model compounds and EP in toluene (Tablet B.3), where the π electrons 

of the solvent molecules can compete with carbonyl groups of EP as halogen bond donors. For 

Me-DIBF/PVPVA ASDs, the carbonyl moiety showed larger IR shift, suggesting stronger halogen 

bonding. Although an I atom is a strong halogen bond donor, few drug molecules contain I due to 

its toxicity.  

A comparison of the extent of interaction between the various compounds and the polymer 

carbonyl is shown in Figure 4-6. Here, the ratio of free-to-halogen bonded VP carbonyls is 

compared as a function of the amount of compound added. At lower drug loading, there is an 

excess of carbonyl groups available for halogen bonding and the drug-polymer interaction is 
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undersaturated. As the drug load increases, a maximum of about 1 halogen bonded carbonyl per 8 

free carbonyls is observed, with no further decreases when additional amounts of drug are present. 

This saturation may be due, at least in part, to steric constraints. Interestingly, the drug-polymer 

interaction saturates at approximately the same ratio of free carbonyls to halogen bonded carbonyls 

(y axis in Figure 6) for all systems with increases in drug load, which further suggests possible 

steric constraints. Halogen bonding extent did not increase when Cl was replaced with Br, as 

corroborated by NMR titration results (Table 4-2). The iodine containing compound, Me-DIBF, 

contains four iodine groups per molecule, and multiple halogen bonds can be formed for each 

molecule, likely leading to the observed rapid saturation.  

 

 

Figure 4-6. Molar ratio of free:halogen bonded vinyl-2-pyrrolidinone moieties as a function of 

drug loading. Dotted lines are drawn as a guide to the eye. The number of VP carbonyl groups 

acting as halogen bond acceptors is considered equal to the number of halogen atoms 

participating in halogen bonding (Fig. 3). 
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 Conclusions 

The halogen-containing molecules studied, namely clotrimazole, loratadine, brotrimazole, 

and Me-DIBF, were found to form halogen bonds with the carbonyl group of the vinylpyrrolidone 

moiety in copovidone-based amorphous dispersions. This is the first time that the occurrence of 

halogen bonding has been reported in drug-polymer blends. Orthogonal spectroscopic techniques, 

specifically IR, NMR and XPS spectroscopy, showed shifts in peaks consistent with transfer of 

electrons from the polymer oxygen to halogen atoms in drugs. Based on IR spectroscopic data, 

iodine appeared to form a stronger interaction than either Cl or Br, which appeared similar in 

strength. The results from this study serve to highlight the occurrence of this common, but long-

neglected intermolecular interactions in drug-polymer formulations. With the increasing 

utilization of halogen atoms in drug discovery to tailor pharmacological performance, the potential 

impact of halogen bonding on formulation performance warrants further investigation and 

exploration. 
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 THE IMPACT OF DRUG-POLYMER 

INTERMOLECULAR INTERACTIONS ON DISSOLUTION 

PERFORMANCE OF AMORPHOUS SOLID DISPERSIONS 

 Abstract 

For poorly soluble drugs formulated as amorphous solid dispersions (ASDs), fast and 

complete release with generation of nano size drug-rich colloidal particles is beneficial for 

optimizing drug absorption. However, this ideal dissolution profile can only be achieved when 

drug releases at the same percent rate as PVPVA, also known as congruent release, where polymer 

controls the dissolution process. This phenomenon only occurs under certain drug loading (DL). 

The maximal DL at which congruent release occurs is defined as the limit of congruency (LoC). 

LoC varies depending on ASD formulation, however, a greater LoC is desirable. Thus, the purpose 

of this study is to investigate the relationship between functional groups in four model compound 

and their release performance from amorphous solid dispersions. The release rates were 

investigated by surface area normalized dissolution. The compounds shared a common scaffold 

with different functional groups, which can form hydrogen bonds, halogen bonds, or hydrophobic 

interactions with polymer. ASDs of compounds able to form hydrogen bonds with polymer had 

lower LoCs, while compounds that were only able to form halogen bonds or hydrophobic 

interactions with polymer achieved higher LoCs. Furthermore, the compound able to form halogen 

bonds, but not hydrogen bonds, showed an increase in LoC when PVPVA was replaced by PVP, 

due to the higher number of halogen bond acceptors in PVP. While the compound interacting with 

polymer through hydrophobic interactions had a worse dissolution behavior with PVP than with 

PVPVA, possibly because PVP is more hydrophilic. The types of intermolecular interactions were 

also confirmed by X-ray photoelectron spectroscopy and infrared spectroscopy. The study 

highlights the impact of drug-polymer interactions on ASD dissolution performance, providing 

insights into developing formulations with higher LoCs based on the chemical structures of drug 

and polymer.  
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  Introduction 

Due to an increasing number of new molecular entities with poor aqueous solubility, 

amorphous solid dispersions (ASDs) have emerged as one of the preferred formulation strategies 

to improve drug absorption and bioavailability. Ideally, an ASD is a molecular level mixture of 

amorphous drug and polymer. ASDs typically demonstrate improved drug dissolution rates due to 

the amorphous form of the drug. For some drug-polymer systems, the drug release rate is 

controlled by the polymer. In this instance, the free drug concentration released into solution can 

surpass the amorphous solubility. In this context, the amorphous solubility is the maximum free 

drug concentration that can be achieved through the dissolution of neat, water saturated amorphous 

compound in the absence of crystallization.10, 11 When the free drug concentration surpasses the 

amorphous solubility, a drug-rich phase is generated in the form of initially colloidal species. There 

is emerging evidence that these species can further improve drug bioavailability relative to 

formulations which do not generate these colloidal species.9, 63, 116 While the underlying 

mechanisms of any in vivo effects are still under investigation, it has been suggested that these 

nano-sized drug-rich species can serve as a reservoir, maintaining the drug supersaturation at the 

maximal level by replenishing drug molecules removed from solution due to absorption.8 However, 

this drug-rich phase forms only when drug release is polymer-controlled, which in turn only occurs 

when the drug loading (DL) is below a threshold value.10, 11 At low DLs, drug and polymer release 

occurs congruently, at a rate similar to the neat polymer release rate, which can be several orders 

of magnitude higher than the release rate of the neat amorphous compound.10 However, at high 

DLs, release becomes drug-controlled, resulting in slow and incomplete drug release without the 

formation of nano-sized drug-rich colloidal species. The DL region where this transition in release 

behavior occurs can be very narrow, whereby the decline in release performance is dramatic. The 

DL where the change in release behavior is observed has been termed the limit of congruency 

(LoC). Considering that ASDs with a higher drug loading are often required for high dose drugs 

to reduce the overall patient pill burden, a high LoC is desirable. However, the LoC has been found 

to be specific for a given drug and polymer system. For copovidone ASDs, LoC values ranging 

from 5-25% DL have been reported, with little understanding of how drug properties contribute to 

this pattern of behavior. 
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Polymer chemistry and properties are also critical to ASD performance, with drug-polymer 

intermolecular interactions considered key determinants. For example, hydrogen bonding was 

shown to be important for drug-polymer miscibility, thus enhancing the processability of 

polyvinylpyrrolidone (PVP)-based hot melt extrusion formulations.66 Hydrogen bonding can also 

improve the physical stability of ASDs by reducing drug crystallization kinetics in the ASD 

matrix.13, 45, 65, 67 Ionic interactions also delay drug crystallization in the ASD matrix by reducing 

molecular mobility.69 Hydrophobic interactions between drug and polymer that persist in an 

aqueous environment were demonstrated to be important for supersaturation maintenance 

following ASD dissolution.53, 70 In a recent study, the existence of halogen bonding between drug 

molecules containing halogen atoms and vinylpyrolidione (VP) carbonyl (C=O) moieties in 

copovidone (PVPVA) based ASDs was observed. However, to date there has been little research 

conducted to study the impact of drug-polymer interactions, if any on the LoC of ASDs. Given the 

emerging importance of this parameter, this represents a knowledge gap for ASD formulation. 

The goal of this study was to elucidate the relationship between compound-polymer 

intermolecular interactions and release performance from copovidone based ASDs. Copovidone 

was selected as the polymer of interest due to its widespread use in commercial ASD 

formulations.100, 155  Four compounds sharing a common scaffold, but with different functional 

groups were studied. Key functionalities expected to participate in specific interactions were iodine 

and phenolic hydroxyl groups. As shown in Figure 5-1(a-c), one compound contains both 

hydroxyls and iodine atoms, one contains only hydroxyls, and the third compound contains iodine 

only.  The OH groups can participate in hydrogen bonds with the copovidone carbonyl groups, 

while the I atom can potentially form a halogen bond with the same polymer acceptor groups. 

Carbonyl groups are known to be good hydrogen bond and halogen bond acceptors.64, 126 Finally, 

compound d lacks either a hydrogen bond donor or a halogen bond donor, and can interact with 

the polymer primarily dispersive interactions. PVPVA-based ASDs with these four model 

compounds were prepared at different DLs, and their release performance was studied using 

surface normalized dissolution. Intermolecular interactions in the solid state were characterized by 

infrared (IR) spectroscopy and X-ray photoelectron spectroscopy (XPS). Drug-rich colloidal 

species, formed in solution during release tests, were studied by dynamic light scattering (DLS) 

and nano-tracking analysis (NTA). For some ASDs, PVPVA was substituted with povidone (PVP), 

a more hydrophilic polymer with more vinyl pyrrolidone (VP) carbonyl moieties available. 
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 Materials 

3',3'',5',5''-Tetraiodophenolphthalein (TIPP), phenolphthalein (PHPH), iodomethane, 

trifluoroacetic acid (TFA) and potassium carbonate were all purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Structures of TIPP and PHPH are shown in Figure 5-1a and 1b respectively. 

Compound 3,3-bis(3,5-diiodo-4-methoxyphenyl)isobenzofuran-1(3H)-one (Me-TIPP) (Figure 5-

1c) and 3,3-bis(4-methoxyphenyl)isobenzofuran-1(3H)-one (Me-PHPH) (Figure 5-1d) were 

synthesized in house, and their synthesis details and final product characterization are provided in 

the supporting information. Copovidone (PVPVA 64) and povidone K29-32 (PVP), Figure 5-1, 

were obtained from Ashland Inc. (Covington, KY, USA). Ethanol 200 proof anhydrous, 

acetonitrile (CH3CN), methanol (MeOH), dimethyl sulfoxide (DMSO), tetrahydrofuran (THF), 

sodium phosphate monobasic monohydrate, and sodium phosphate dibasic anhydrous were all 

purchased from Fisher Scientific (Hampton, NH, USA).  

(a) (b) 

 
 

(c) (d) 

  

(e) (d) 

 
 

    Figure 5-1. Chemical structures of (a) 3',3'',5',5''-Tetraiodophenolphthalein (TIPP), (b) 

Phenolphthalein (PHPH), (c) 3,3-bis(3,5-diiodo-4-methoxyphenyl)isobenzofuran-1(3H)-one 

(Me-TIPP), (d) 3,3-bis(4-methoxyphenyl)isobenzofuran-1(3H)-one (Me-PHPH), (e) PVPVA 

with VP/VA mass ratio of 60/40, and (f) PVP.  
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 Methods 

5.4.1 Determination of Amorphous Solubility 

Triplicate measurements were performed at 37 ⁰C using the solvent shift technique to 

determine the amorphous solubility.3, 24 Briefly, a stock solution was injected at a continuous rate 

into a buffer solution while monitoring the sample for loss of transmitted light due to scattering at 

a non-absorbing wavelength of 360 nm using a UV-Vis spectrophotometer with an in-situ probe. 

The UV-Vis spectrophotometer was a SI Photonics (Tuscon, Arizona) CCD Array with a 10 mm 

path length in-situ probe. Stock solutions of PHPH (20 mg/mL) and MePHPH (0.3 mg/ml) were 

prepared with ethanol, while stock solutions of TIPP (1.5 µg/ml) and MeTIPP (1.5 µg/mL) were 

prepared with THF or acetone, respectively. The amorphous solubility was measured in 50 mM 

pH 6.8 phosphate buffer containing 1 mg/ml PVPVA for all compounds except TIPP. TIPP 

amorphous solubility was measured in 50 mM pH 2.5 phosphate buffer containing 1 mg/ml 

PVPVA. Solution pH values were selected to ensure that all compounds would be unionized form 

during the experiments. The measurements were performed using a Pump 11 Elite syringe pump 

(Harvard Apparatus, Holliston, MA) with a 2.5 ml Hamilton Gastight 1000 Series glass syringe 

(Hamilton Company, Reno, NV), where the stock solutions were injected at a continuous rate into 

a 20 ml vial containing 15 ml of the appropriate buffer under constant stirring with stirring rate of 

300 rpm.  

TIPP and Me-TIPP showed a non-zero relationship between loss of transmitted light and 

compound concentration from the very beginning of the measurement, indicating that the 

amorphous solubility was very low and could not be determined precisely with the UV probe due 

to the immediate formation of scattering species. This result was confirmed with the NanoSight 

LM10, a nano tracking analysis (NTA) instrument from Malvern Instruments (Worcestershire, 

United Kingdom). The NTA instrument was equipped with a green laser (75 mW, 532 nm) as the 

light source and a 20x magnification microscope objective. In this experiment, the two compounds 

were each dissolved in acetone to prepare solutions using the solvent shift methods. Aliquots of 

stock solution were added to 15 ml of the appropriate buffer solution at 25 ⁰C under constant 

stirring. After each aliquot, the solution was analyzed for the presence or absence of nanospecies. 

One 30 second video was collected for each measurement with a camera sensitivity level of 13. 

The videos were processed using a threshold value of 5. The results showed that nano particles 

form at concentrations less than 0.01 μg/ml. 
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5.4.2 Differential Scanning Calorimetry (DSC) 

The glass transition temperatures (Tg) for all the model compounds were measured by DSC 

using a Q2500 calorimeter with a refrigerated cooling system from TA Instruments (New Castle, 

DE). TIPP is a fast crystallizer, therefore the Tg was measured using a 90% TIPP 10% PVPVA 

ASD. The rest of the compounds were converted to their amorphous form, except for MePHPH 

which was already liquid at room temperature, prior to loading into standard aluminum DSC pans. 

The experimental procedure to attain amorphous compounds and ASDs is described in Section 3.3. 

Aluminum pans were sealed with lids that were punctured with a pin to allow for evaporation of 

any residual solvents. The samples were equilibrated to a temperature significantly below Tg (<50 

⁰C), and then were heated to a temperature at least 30 ⁰C above Tg and cooled to a temperature at 

least 30 ⁰C below Tg for at least four cycles. The heating and cooling ramps were at 10 ⁰C/min. All 

the DSC runs were conducted under nitrogen with a nitrogen flow of 50 mL/min to create a dry 

environment. The temperature accuracy of the Q2000 was validated by running a 10 °C/min 

heating ramp on a sample of indium. The last heating cycle was used for analysis and the Tg was 

obtained based on the midpoint.   

5.4.3 Preparation of Amorphous Solid Dispersions (ASDs) 

All the ASDs, amorphous Me-TIPP, and amorphous PHPH were prepared using a solvent 

evaporation method. THF was used as solved for preparing TIPP and Me-TIPP ASDs, while 

ethanol was used for PHPH and Me-PHPH. Model compound and polymer were fully dissolved 

in the solvent prior to solvent evaporation. A rotatory evaporator (Brinkman Instruments, 

Westbury, NY) was used to rapidly remove solvent. The temperature of the water bath for solvent 

evaporation was 40 °C for THF and 60 °C for ethanol. The ASDs were stored in under vacuum for 

24 h to remove residual organic solvent.  

5.4.4 Dissolution of Amorphous Solid Dispersions  

5.4.4.1 Dissolution using Rotating Disk Apparatus  

All the release experiments were conducted using an intrinsic dissolution rate measurement 

assembly (Agilent, Santa Clara, CA) to normalize the surface area. About 100 mg ASD powder 

was compressed at a pressure of 1500 psi with a hydraulic press (Carver Inc., Wabash, IN) in a 
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circular intrinsic die with a diameter of 8 mm. The compression pressure was held for 60 s. The 

die was then attached to a paddle which was rotated at 100 rpm. For TIPP, studies were carried 

out at pH 2.5 to suppress ionization, while the other three model compounds were assessed at pH 

6.8. All experiments were performed at 37 °C. 

5.4.4.2 Concentration Analysis of Model Compounds and Polymer 

To study the release behavior of both model compound and polymer, 3 mL dissolution 

medium was withdrawn at 10, 20, 30, 40, 50, 60, and 90 min post exposure of the compact to the 

dissolution medium. The total volume of dissolution medium was maintained at 100 mL by 

replenishing with 3 mL blank dissolution medium at each time point. For TIPP and Me-TIPP, 0.8 

mL of withdrawn sample was diluted by addition of 0.2 mL DMSO to prevent precipitation during 

analysis. For PHPH and Me-PHPH, 0.5 mL of sample was diluted by 0.5 mL ethanol prior to 

concentration analysis. High performance liquid chromatography (HPLC) was performed using a 

1260 Infinity system (Agilent, Santa Clara, CA) to analyze the model compound concentration. 

The HPLC methods used for the four model compounds are summarized in Table 1. The separation 

column was an Ascentis Express C18 (Sigma-Aldrich, St. Louis, MO) with dimensions of 10 cm 

x 3.0 mm with 2.7 µm partical size. The remainder of the 3 mL sample was filtered through a 0.2 

µm nylon syringe filter (Pall Coporation, Port Washington, NY). The final 0.8 mL portion of the 

filtered sample was diluted with 0.2 mL methanol prior to polymer concentration analysis. Polymer 

concentration was analyzed by HPLC using a size-exclusion column A2500 aqueous GPC/SEC 

column 300 x 8 mm (MalvernPanalytical, Worcestershire, UK), and the HPLC method is listed in 

Table 5-1.  
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Table 5-1. Summary of HPLC methods for model compounds and polymer. 

Model 

Compound 

Injection 

volume (µL) 

Flow rate 

(mL/min) Mobile Phase 

Detection 

wavelength 

(nm) 

TIPP 

 

2 

 

0.6 

 

 

70% CH3CN 30%  

0.1% (v/v) TFA H2O 

 

210 

 

Me-TIPP 

 

2 0.6 

90% CH3CN  

10% H2O 

 

210 

      PHPH 

 

2 0.6 

50% CH3CN 50% 

0.1% (v/v) TFA H2O 

 

210 

Me-PHPH 

 

2 0.6 

70% CH3CN  

30% H2O 

 

210 

PVPVA or 

PVP K29-32 50 0.5 

80% pH 7.4 buffer 

20% MeOH 205 

5.4.5 Characterization of Drug-rich Phase Generated during Release Testing 

5.4.5.1 Nanoparticle Tracking Analysis (NTA) 

The presence of nanodroplets was confirmed using a NanoSight LM10, a nano tracking 

analysis (NTA) instrument from Malvern Instruments (Worcestershire, United Kingdom), 

equipped with a green laser (75 mW, 532 nm) light source and a 20x magnification microscope 

objective. Samples of 1 ml were taken after 30 min of dissolution and an image of the particles 

observed under the NTA was captured.  

5.4.5.2 Dynamic Light Scattering (DLS) 

The size of the drug-rich colloidal species generated during dissolution of the ASDs at a 

drug loading just below the LoC was measured using a Nano-Zetasizer (Nano-ZS) from Malvern 

Instrument (Westborough, MA). A 5 mL sample was withdrawn from the dissolution medium after 

30 mins and size was analyzed by DLS. The backscattered light was at an angle of 173°. The 

cuvette used was a 12 mm square polystyrene disposable cuvette. All the experiments were 

performed in triplicate. The polydispersity index (PDI) was less than 0.3 for all the measurements, 

therefore the intensity size distribution generated were considered as a monodisperse. 
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5.4.6 Infrared Spectroscopy 

Thin films of the neat PVPVA and the ASDs at different drug loading were prepared by 

spin-coating for collection of transmission IR spectra. The polymer or compound-polymer mixture 

was pre-dissolved in an organic solvent with solid content of 50 mg/mL. THF was used to dissolve 

TIPP and Me-TIPP ASD mixtures, while ethanol was used for PHPH and Me-PHPH ASD 

mixtures. The general procedure for spin coating was as follows: 100 µL solution was deposited 

onto a thallium bromoiodide (KRS-5) window (Harrick Scientific Corporation, Ossining, NY), 

and the substrate was spun for 15 s at 50 rpm followed by 50 s at 2500 rpm using a spin coater 

(Chemat Technology Inc., Northridge, CA). The spin coating process was conducted in a 

humidity-controlled glove box to prevent moisture-induced phase separation during sample 

preparation. The IR spectra were collected in transmission mode using a Bruker Vertex 70 FTIR 

spectrometer (Billerica, MA). The average spectrum was based on 128 scans for each sample and 

a resolution of 4 cm-1. The data were analyzed using OPUS software (version 7.2, Bruker, Billerica, 

MA).  

5.4.7 X-ray Photoelectron Spectroscopy (XPS) 

For TIPP/PVPVA ASDs, the chemical composition on the compact surface was examined 

by XPS, and compared to that of Me-TIPP, which has been reported in a previous study. The 

sample preparation and the experimental procedures were the same as it was described in Section 

3.4.7.  

 Results 

5.5.1 Physicochemical Properties of Four Model Compounds 

Table 5-2 summarizes various physicochemical properties of the four model compounds 

studied. Three of the compounds have quite high Tg values, while Me-PHPH has a much lower 

value. The value for TIPP contains 10% polymer, and hence the pure compound value is likely to 

be slightly lower, given that the Tg of PVPVA is 104°C.156 Using the Fox equation, the value of 

the neat compound is estimated to be 84°C. The hydrophobicity of the compounds varies based on 

the calculated log P values, where the iodo containing compounds are predicted to be more 

hydrophobic. This is consistent with the low amorphous solubility values observed for these 
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compounds. The presence of iodine atoms also leads to a considerably elevated MW, relative to 

the other compounds.  

Table 5-2. Physicochemical properties for model compounds. Midpoint Tg and amorphous 

solubility are presented as mean values ± standard deviation, where n = 3. 

 MW (g/mol) Log P Tg  (°C) 

Amorphous 

Solubility (µg/ml) 

TIPP 821.91 6.39a 86.1 ± 1.9 (with 10 wt.% PVPVA) <0.01 

Me-TIPP 849.97 7.6a 122.7 ± 7.7 <0.01 

PHPH 318.3 2.63a 99.0 ± 3.5 27.5 ± 0.9 

Me-PHPH 346.38 3.93a 25.2 ± 0.6  4.40 ± 0.04 
aPredicted using ACD Lab prediction tool 

5.5.2  Release Profiles of ASDs 

5.5.2.1 Release Profiles of TIPP, Me-TIPP, PHPH, and Me-PHPH PVPVA ASDs  

The release profiles of model compound/PVPVA ASDs with drug loadings spanning the 

LoC (i.e. highest drug loading where polymer and drug release at the same normalized rate) are 

presented in Figure 5-2. The polymer alone showed 100% release after 60 minutes (data not 

shown). At low DLs, both compound and polymer released simultaneously, and showed a similar 

release rate to neat polymer. Upon increasing the DL, polymer and compound release diverged, 

where polymer was released faster than compound, and both components showed a slower release 

rate than the neat polymer whereby release was incomplete at the end of the experimental 

monitoring period. The highest DL where compound and polymer release simultaneously to give 

> 80% compound release was taken as the LoC.  The LoC values were determined to be 10, 30, 5, 

and 40% DL for TIPP, Me-TIPP, PHPH, and Me-PHPH ASDs, respectively. For ASDs where DL 

was at or below the LoC, the concentration exceeded the amorphous solubility value at short 

dissolution times. The dissolution medium became turbid, which is a visual indication of the 

formation of the drug-rich phase. Me-TIPP and Me-PHPH PVPVA ASDs at a 40% DL showed 

100% PVPVA release, but only 70% Me-TIPP and 80% Me-PHPH release with a visible portion 

of the compound remaining undissolved in the holder. In some cases, no model compound was 

released and even PVPVA release was drastically delayed. For example, TIPP/PVPVA ASDs at 

drug loading of 15% and Me-TIPP/PVPVA ASDs at drug loading of 50%, no detectable model 

compound release and only minimal PVPVA release was observed. For PHPH/PVPVA at 10% 
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drug loading and Me-PHPH/PVPVA at 50% drug loading, some extent of dissolution for both 

model compound and PVPVA were detected, but the rates were slower. Compared the dissolution 

behavior among different model compound ASDs, it appears that small modification on chemical 

structure results in drastic change for ASD dissolution behavior.
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Figure 5-2. Release profiles of (a) TIPP/PVPVA ASDs with drug loading of 10 and 15%, (b) 

Me-TIPP/PVPVA ASDs with drug loading of 30, 40, and 50%, (c) PHPH/PVPVA ASDs with 

drug loading of 5 and 10%, and (d) Me-PHPH/PVPVA ASDs with drug loading of 30, 40, and 

50%. 
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Figure 5-2 continued 
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Figure 5-2 continued 
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5.5.2.2 Release Profiles of Me-TIPP and Me-PHPH PVP K29-32 ASDs  

Release profiles from ASDs prepared with PVP K29-32 instead of PVPVA were evaluated for 

Me-TIPP and Me-PHPH are shown in Figure 5-3. In the case of Me-TIPP/PVP K29-32 ASDs the 

40% DL formulation showed complete release of model compound and PVP in about 50 min, with 

a congruent release profile, while the 50% DL formulation showed a slower congruent release rate 

with 75% release in 90 minutes. Thus, the release of Me-TIPP was better for the PVP K29/32 

ASDs than for the PVPVA ASDs for comparable DLs. In comparison, substituting PVPVA with 

PVP K29-32 somewhat impaired the dissolution of 40 and 50% DL Me-PHPH ASDs, where 40 

and 0% of the model compound released in 90 min, respectively, for the PVP based ASDs versus 

80 and 20% for the corresponding PVPVA-based ASDs. 
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Figure 5-3. Release profiles with drug loading of 40 and 50% for (a) Me-TIPP/PVP K29-32 

ASDs (b) Me-PHPH/PVP K29-32 ASDs. 
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5.5.3 Characterization of Drug-rich Colloidal Species Generated upon Dissolution 

The dissolution medium for ASDs with a DL at or below LoC was visibly turbid during 

release testing, which indicates the formation of drug-rich colloidal species. These colloidal 

species were examined by DLS and their presence was confirmed with NTA. The particle size 

measurements by DLS are summarized in Table 5-3, while the representative NTA images are 

shown in Figure 5-4.  

Table 5-3. Particle size for drug-rich colloidal species generated during ASD dissolution. Mean 

values ± standard deviation are shown where n=3.  

 Size of drug-rich colloidal species (nm) 

TIPP/PVPVA at 10% DL 179 ± 8 

Me-TIPP/PVPVA at 30% DL 193 ± 5 

PHPH/PVPVA at 5% DL 348 ± 16 

Me-PHPH/PVPVA at 30% DL 364 ± 5 
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Figure 5-4. NTA scattering images of dissolution medium obtained after dissolution of (a) TIPP, 

(b) Me-TIPP, (c) PHPH, and (d) Me-PHPH PVPVA ASDs at drug loading of 10, 30, 5, and 30%. 

The bright spots indicate the presence of drug-rich colloidal species. 

5.5.4 Solid State Characterization of ASDs 

5.5.4.1 IR 

Figure 5-5 shows the IR spectra of the PVPVA and model compound carbonyl groups in 

ASD films. For neat, dry PVPVA, the peak for the vinylpyrrolidone (VP) carbonyl was observed 

at around 1684 cm-1, while the peak for the vinyl acetate (VA) carbonyl was located at 1736 cm-1. 

Both peaks are labeled by a solid red line in Figure 5. The IR spectra of TIPP/PVPVA ASDs 

(Figure 5-5a) showed a gradual shift of the VP carbonyl to lower wavenumbers as the drug loading 

increased, accompanied by a broadening of the peak. The maximum observed shift was 30 cm-1 at 

90% DL. Similarly, Me-TIPP ASDs showed a small shift in the VP carbonyl to a lower 

wavenumber, however, the maximum shift was only 7 cm-1 (Figure 5-5b). PHPH ASDs showed a 

new peak evolving at around 1654 cm-1 (Figure 5-5c) while the original VP carbonyl peak 

decreased in intensity with an increase in DL. The maximum shift of 30 cm-1 is similar in 

(a) 
(b) 

(c) (d) 
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magnitude to that observed for the TIPP ASDs, however, the peak shape is narrower. Lastly, Me-

PHPH ASDs showed minimal shift in the VP carbonyl moiety with increasing DL (Figure 5-5d), 

which is consistent with the lack of either hydroxyl or iodo groups. The VA carbonyl group did 

not change significantly for any of the ASDs, indicating that the VP carbonyl is responsible for 

the intermolecular interactions between the model compounds and PVPVA.  

In the chemical structure of these four model compounds, there is a carbonyl group, which 

can interact with hydroxyl or iodo groups to form compound-compound interactions. The carbonyl 

groups in the model compounds were labeled with a blue dotted line on the IR spectra showed in 

Figure 5-5. The carbonyl groups in TIPP (Figure 5-5a) shows two different wavenumbers (1772 

cm-1, 1756 cm-1), indicating that a portion of the carbonyls are involved in compound-compound 

interactions, resulting in a 16 cm-1 shift to a lower wavenumber (1756 cm-1). As the drug loading 

decreases, the intensity of the peak at lower wavenumber reduces because the compound-

compound interactions are interrupted by the polymer. When the hydroxyl groups in TIPP are 

methylated to form Me-TIPP, the carbonyl group has only one population at a wavenumber of 

1772 cm-1, shown in Figure 5b. This observation suggests that there are no significant compound-

compound interactions among Me-TIPP molecules through this carbonyl group. For PHPH (Figure 

5c), two populations were observed for the carbonyl moiety in the compound at 1765 and 1736 

cm-1, respectively. The peak at 1736 cm-1 represents the population of compound-compound 

hydrogen bonding carbonyls, which increases in intensity at higher DL. This peak overlaps with 

the VA carbonyl peak. Compared to the free carbonyl groups, the hydrogen bonded carbonyls in 

PHPH have a shift of 29 cm-1. The carbonyl groups in Me-PHPH only show one peak at 1765 cm-

1 (Figure 5c), indicating no significant directional compound-compound interactions. 
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Figure 5-5. IR spectra for (a) TIPP-PVPVA ASDs, (b) Me-TIPP/PVPVA ASDs, (c) 

PHPH/PVPVA ASDs, and (d) Me-PHPH/PVPVA ASDs with drug loading from 0 to 90%.  
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Figure 5-5 continued 

 

 
 

 

1620167017201770

N
o
rm

a
liz

e
d

 A
b

s
o

rb
a

n
c
e

 

Wavenumber (cm -1)

10%

60%

40%
30%

20%

80%

70%

50%

PVPVA

90%

Neat Drug

1620167017201770

N
o
rm

a
liz

e
d

 A
b

s
o

rp
ti
o

n

Wavenumber (cm-1)

10%

60%

40%
30%
20%

80%

70%

50%

PVPVA

90%

Neat Drug

(d) Me-PHPH 

(c) PHPH 



 

 

140 

The chemical composition of the tablet surfaces for TIPP and Me-TIPP PVPVA ASDs 

with DLs from 10 to 40% were characterized by XPS. The binding energy of I 3d electrons in both 

neat amorphous model compounds and in ASDs were measured. The I 3d core-level spectra 

(Figure C.1 and C.2) show two components with a ratio of 3:2 because of spin-orbital splitting. 

The I 3d photoemission peaks of neat amorphous compounds showed one pair of peaks with 

binding energies of 620.7 ± 0.01 (I 3d5/2) and 632.2 ± 0.04 eV (I 3d1/2) eV. When Me-TIPP and 

TIPP were dispersed into PVPVA, a new pair of I 3d photoemission peaks with lower binding 

energy, located at 618.1 ± 0.05 and 629.6 ± 0.05 eV, were observed, which suggests that a portion 

of the I atoms have become more electron-rich. The peaks showing a lower binding energy likely 

result from halogen bonding between I and the carbonyl in vinylpyrrolidone (VP) following 

dispersion of the compound in the polymer. The atomic percentage of I atoms the lower BE as a 

function of DLs is summarized in Figure C.3. Based on the atomic percentage of I atoms, the molar 

amount of I atoms having lower binding energy in a 100 mg ASD tablet can be calculated as a 

function of DL (Figure 5-6). At 10% drug loading, a similar number of I atoms are involved in 

halogen bonding for TIPP and Me-TIPP ASDs. However, for DLs of 20% or above, approximately 

twice as many I atoms are involved in halogen bonding for Me-TIPP ASDs relative to in TIPP 

ASDs. This observations suggests that there is a competition between halogen and hydrogen bond 

formation between TIPP and PVPVA. The IR data shows that TIPP and PVPVA do form hydrogen 

bonding interactions, supporting this supposition.  
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Figure 5-6. Molar amount of I atoms showing lower binding energy in 100 mg PVPVA ASDs 

for drug loading from 10 to 40 wt.%. 

 Discussion  

Drug-polymer intermolecular interactions in ASDs and their impact on formulation 

performance have been studied previously in different contexts. Hydrogen bonding is one of the 

most frequently studied interactions, and it is considered to play an important role in delaying drug 

crystallization in the ASD.13, 65, 118 In contrast, halogen bonding, a specific interaction considered 

important in supramolecular chemistry157, 158 and for drug potency,159 has not been considered in 

terms of its impact on formulation performance. Recently, the existence of drug-polymer halogen 

bonding interactions in drug-polymer ASD systems has been demonstrated, leading to questions 

about their role in formulation properties and performance. A halogen bond is an attractive 

interaction between the electrophilic regions of halogen atoms, termed the sigma hole, and 

electron-rich moieties, such as oxygen, nitrogen, and other halogen atoms.16 In general, the I atom 

is a better halogen bond donor compared to other halogen atoms. Common between both hydrogen 

and halogen interactions is that their respective partner atoms (i.e. the donor group) must have 

electron-rich moieties that can donate electrons to form the interactions. Thus, in a system where 
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both interactions are possible, the occurrence of competition between hydrogen and halogen bonds 

is probable, although, they can co-exist.17, 158 In several crystal engineering studies, it has been 

shown that hydrogen bonding is generally favored over halogen bonding.17 However, halogen 

bonding tends to persist to a greater extent in a more polar environment while hydrogen bonding 

is less favored.130, 134  

The TIPP molecule contains two hydroxyl groups and four iodo groups which can act as 

hydrogen and halogen bond donors, respectively. Me-TIPP only has the halogen bond-donating 

iodo groups, while PHPH only has hydrogen bond-donating hydroxyl groups. Lastly Me-PHPH 

does not have either of these functional groups and therefore can only form non-specific 

interactions with the polymer. The VP carbonyl group in PVPVA is a good electron donating group 

and is the acceptor group in the formation of hydrogen45, 64 and halogen bonds.127, 149, 150 The 

extensive shift in the VP carbonyl peak (IR spectra, Figure 5-5c) in TIPP and PHPH ASDs 

confirms the formation of hydrogen bonds between the hydroxyl and carbonyl groups. Similar 

shifts have been observed previously for other compounds containing hydrogen bond donors. 12, 45 

In contrast, Me-TIPP led to smaller shift in the PVPVA carbonyl peak, suggesting that the halogen 

bonding interaction is weaker than the hydrogen bond formed with the phenolic group; phenols 

are known to be good H-bond donors.160 The supposition that the shift in carbonyl peak is due to 

halogen bonding is supported by the XPS data, which shows an additional iodine population at a 

lower binding energy when Me-TIPP is dispersed in a PVPVA matrix.  The lower binding energy 

iodine peaks are also observed for TIPP/PVPVA ASDs, although the molar amount is generally 

lower than for the Me-TIPP/PVPVA ASDs (Figure 5-6). This suggests that TIPP formed fewer 

halogen bonds with PVPVA than Me-TIPP (for DLs >10%) most likely due to competition 

between the hydroxyl and iodo groups with the VP carbonyls in PVPVA. The VP carbonyl shifts 

in the IR spectra suggest that the two interactions can co-exist, based on the broad peak seen for 

the TIPP ASDs (Figure 5-5a). This is most readily apparent in the 60% DL TIPP/PVPVA ASD 

spectrum, where the original VP carbonyl peak shows a small shift (as seen for the halogen 

bonding interaction in Me-TIPP), while a new peak at around 1650 cm-1 is present, as seen for 

PHPH. Thus, both hydrogen and halogen bonding appear to be present in TIPP/PVPVA ASDs, 

but hydrogen bonding seems to be more prevalent, especially at higher DLs. Conversely, it is clear 

Me-PHPH does not form any directional intermolecular interactions with PVPVA. Thus, there is 

evidence of halogen bonding only, hydrogen bonding only, both halogen and hydrogen bonding 
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and no specific interactions in the ASDs prepared with the four different compounds. Given the 

difference in the release properties of the different ASDs, it is of interest to consider how the 

compound molecular structure, the resultant physicochemical properties, and compound-polymer 

interactions may impact the observed release behavior. 

In addition to compound-polymer interactions, compound-compound interactions were also 

observed in the IR spectra. All four model compounds have carbonyl groups, which can potentially 

form hydrogen and halogen bonds with hydroxyl and iodo groups. TIPP IR spectrum showed two 

carbonyl peaks compared to Me-TIPP, suggesting the presence of either hydrogen or halogen 

bonds. However, the XPS spectra of neat TIPP (Figure C.1) and Me-TIPP (Figure C.2) show that 

all the iodo atoms are in one chemical state, with electron binding energies that are higher 

compared to the iodo groups that halogen bond to the VP carbonyl in PVPVA. Thus, hydrogen 

bonding interactions are present in neat TIPP instead of halogen bonding. Compound PHPH, 

without iodo groups, exhibits strong compound-compound hydrogen bonds, leading to a 29 cm-1 

downshift of the carbonyl IR peak. This shift is much larger compared to the hydrogen bonding 

shift observed in TIPP (about 14 cm-1). This suggests that the compound-compound hydrogen 

bond is stronger in PHPH than TIPP. One explanation is that the iodo groups in TIPP sterically 

hinder the formation of the hydrogen bond. Interestingly, the compounds with low LoC, PHPH 

and TIPP, have a higher tendency to form strong compound-compound interactions compared to 

Me-TIPP and Me-PHPH. One rationale is that the compound-compound interaction potentially 

can compete with compound-polymer interaction, which reduces the tendency of the ASD to form 

compound-polymer interactions. In addition, the compound-compound interactions become more 

dominant at higher DLs.   

The four model compounds have different physicochemical properties as a result of the 

inherent differences in molecular structure (Table X). Me-PHPH, showed a much lower Tg than 

the other compounds, presumably due to a lack of specific interactions in the neat amorphous 

material, as well as the lower molecular weight. The iodo-containing compounds, TIPP and Me-

TIPP, are more hydrophobic compared to PHPH and Me-PHPH, based on consideration of the 

calculated log P values, and the greater hydrophobicity most likely explains their very low 

amorphous solubilities. The iodine-containing compounds also have much higher MWs than the 

non-iodo counterparts, thus for the dispersions, at any given drug loading, less molecules are 

present for the former relative to the latter compounds.  
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The DL where the release performance of the ASD diminishes varies considerably depending on 

the compound chemistry. A high drug loading, while still maintaining rapid release, is an essential 

property of an ASD formulation, especially for high dose compounds, in order to minimize the 

dosage size, since a large dosage form negatively impacts patient compliance. Therefore, 

understanding the link between molecule physicochemical properties and drug loading limits 

(LoC), is essential in order to develop the optimum formulation. Properties including Log P, 

amorphous solubility, Tg, and MW do not show obvious correlations with the LoCs. Interestingly, 

the compounds that formed strong specific interactions with the polymer, PHPH and TIPP, showed 

much lower LoC values relative to the compounds that formed weaker specific (halogen bonding, 

MeTIPP) or non-specific interactions (Me-PHPH).  Hydrogen bonding is known to enhance the 

ASD physical stability,13, 45 however, based on our observations, it appears that compound-

polymer hydrogen bonding may lead to a reduction in LoC. In contrast, systems with weaker 

interactions display more robust dissolution behavior at higher DLs.  

Further insight into the underlying role of compound-polymer intermolecular interactions 

is provided by changing the chemistry of the polymer. PVP K29-32 has a similar MW to PVPVA, 

but contains only the VP monomer, and therefore has a higher concentration of hydrogen bond 

acceptor groups for a given DL, increasing the potential for halogen bond formation. This increase 

in the number of polymer acceptor groups increased the LoC from 30% to 40% with substantial 

release observed even at 50% DL (Figure 5-3a). The same increase in LoC was not observed for 

Me-PHPH/PVP ASDs. In fact, release performance was degraded by switching to this polymer. 

This may reflect the greater hydrophilicity of PVP compared to PVPVA and that Me-PHPH 

interacts with the polymer mostly through non-specific and hydrophobic interactions (in the 

presence of water). PVPVA can be considered more hydrophobic than PVP, because a substantial 

fraction of PVPVA is composed of the hydrophobic VA moiety. This result again suggests that 

halogen bonding, or other weak interactions are beneficial for ASD dissolution.  

Polymer-controlled dissolution of ASDs, leads to the formation of colloidal drug species.10, 

11 A potential bioavailability advantage is provided by these nano-sized species, which act as drug 

reservoir, replenished the drug solution concentration when absorption across a membrane occurs.8 

Moreover, the size of these colloidal species may be important for in vivo performance.116 

Interestingly, the size of these drug-rich colloidal species varies by a factor of ~2 among the 

different model compounds at their respective LoCs (Table 3). The more hydrophobic iodo-
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containing compound ASDs yield the smaller colloids. The difference in concentration or 

molecular interaction cannot explain this observation. Smaller drug-rich colloids can potentially 

lead to a better oral absorption, due to a faster drug replenishment rate by this reservoir.116 The 

size of the colloidal species generated may be another important factor to consider when assessing 

various ASD formulations, and is likely to have some inherent dependence on the parent 

compound properties, as well as the excipients used in the ASD.  

 

Figure 5-7. LoC for four model compound/PVPVA ASDs, and each column are labeled with 

types of hydrogen bond (OH) and halogen bond donor (I) for that compound.  

 Conclusions 

This study investigated the impact of molecular interactions on ASD dissolution 

performance by studying the release behavior of four model compounds with a common chemical 

scaffold that was substituted with different functional groups. The optimal dissolution performance 

of ASDs is characterized by fast and complete release of components where the model compound 

releases at the same percent rate as the polymer, leading to formation of drug-rich colloidal species 

after the concentration in solution exceeds amorphous solubility. However, this ideal dissolution 

behavior can only be achieved at DLs at or below LoC, which was observed to vary among the 
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ASDs made with these four model compounds. The study suggests that LoC may depend on the 

specific intermolecular interactions between the model compounds with the polymer. A greater 

LoC means that ASDs can be formulated at higher DL to reduce patient pill burden without 

sacrificing dissolution performance. It appears that model compounds that can form hydrogen 

bonds with PVPVA have a lower LoC, indicating that hydrogen bonding may be detrimental to 

ASD release performance. On the other hand, halogen bonding and hydrophobic interactions may 

be beneficial to ASD release performance as compounds possessing only these interactions 

achieved a higher LoC. The benefit of halogen bonding to ASD dissolution performance was 

further confirmed by replacing PVPVA with PVP. The increase in halogen accepting groups (VP 

carbonyls) resulted in an increase in LoC for Me-TIPP/PVP ASDs, likely due to the increase in 

the number of halogen bonds.  Thus, for the first time, a correlation can be made between drug 

functional groups and ASD release performance, based on the study of a group of closely related 

model compounds which differ only by small and systematic variations in substituted functional 

groups. This study highlights that drug-polymer interactions may be a dominate factor dictating 

how drug and polymer release from ASDs. 
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 3 

(a) 

 

 

(b) 

 

Figure A.1 Release profiles of ASDs containing 5 wt.% (a) Span 85, (b) Tween 80, and (c) 

Vitamin E TPGS with DL of 7.5%. 
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Figure A.1 continued 

(c) 

 

  

0%

20%

40%

60%

80%

100%

120%

0 20 40 60 80 100

% Release

Time (min)

PVP-VA

Ledipasvir



 

 

149 

(a) (b) 

  

  Figure A2. XPS N 1s spectrum for (a) neat PVPVA and (b) neat amorphous ledipasvir.  

 

 

 

(a) (b) 

  

Figure A3. XPS F 1s spectrum for (a) neat amorphous ledipasvir and (b) ledipasvir in ASDs 

with 20% drug loading. 
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(a) 

 

 

(b) 

 

Figure A4. (a) Proton NMR spectrum of ledipasvir (b) 13C NMR spectrum of ledipasvir in 

deuterated DMSO. 
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Figure A5. 19F NMR spectra at different temperature with a ledipasvir concentration of 

2 mg/mL.  
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Figure A6. Release profiles for 5% ledipasvir-PVPVA containing 5% poloxamer 407 ASDs.  

 

 

 

 

Figure A7. Release profiles for ledipasvir-PVPVA ASDs at 20% DL.
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Calculation Example for Figure 3-16 

For x axis: 

PVPVA 64: 60 wt.% VP, 40 wt.% VA,  

MW of VP is 111.14 g/mol, MW of VA is 86.09 g/mol 

Thus, the molar ratio between the two, VP and VA, is 5.4 : 4.6, and average MW of the repeat unit 

is thus 99.62 g/mol 

 

For NMR titration sample that contains 2 mg/mL ledipasvir and 80 mg/mL VP in a 0.6 mL 

deuterated toluene, the correlated PVPVA mass based on the amount of VP added can be 

calculated as followed, 

 

80𝑚𝑔

𝑚𝐿
×

0.6𝑚𝐿

114.14 𝑔/𝑚𝑜𝑙
×

10

5.4
× 99.62

𝑔

𝑚𝑜𝑙
= 77 𝑚𝑔 𝑃𝑉𝑃𝑉𝐴 

 

The drug loading can be calculated, 

 

2𝑚𝑔/𝑚𝐿 × 0.6𝑚𝐿

2𝑚𝑔
𝑚𝐿 × 0.6𝑚𝐿 + 77 𝑚𝑔

= 1.5% 

 

For secondary y axis: 

At 10% DL, 73.4% of F atoms showed lower binding energy in XPS in a 100 mg ASD tablet, and 

each ledipasvir molecule contains two F atoms. Thus, the total molar amount of F with lower 

binding energy can be calculated,  

100 𝑚𝑔 × 10%

889 𝑔/𝑚𝑜𝑙
× 2 × 73.4% = 0.165 𝑚𝑚𝑜𝑙 
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APPENDIX B. SUPPORTING INFORMATION FOR CHAPTER 4 

Synthesis of Brotrimazole 

(2-bromophenyl)diphenylmethanol The preparation was as described previously161: to a stirred 

solution of methyl 2-bromobenzoate (2.6 g, 12 mmoL, 1.0 equiv) in anhydrous Et2O (40 mL) at 0 

oC under nitrogen was added PhMgBr (8.8 mL, 3.0 M in Et2O, 2.2 equiv). The reaction mixture 

was stirred at room temperature overnight. The reaction was quenched by sat. NH4Cl solution (7 

mL). The mixture was extracted by Et2O, the organic layers were combined and the solvent was 

removed under vacuum. The residue was purified by silica gel chromatography with hexane as the 

eluent to afford the product as white solid (3.5 g, 86%). 

((2-bromophenyl)chloromethylene)dibenzene (2-bromophenyl)diphenylmethanol (3.4 g, 10.0 

mmol, 1.0 equiv) was mixed with SOCl2 (10 mL, excess) and several drops of DMF was added. 

The mixture was stirred at room temperature overnight. The stirring was stopped upon the 

completion of reaction as monitored by 1H NMR of the crude mixture. Then SOCl2 was removed 

under vacuum. To the residue was added DCM (5 mL) and concentrated again and this was 

repeated for three times to afford ((2-bromophenyl)chloromethylene)dibenzene. This was used 

directly in the next step without further purification. 

1-((2-bromophenyl)diphenylmethyl)-1H-imidazole To a precooled solution of 2-

bromophenyl)chloromethylene)dibenzene (10.0 mmol, 1.0 equiv) in anhydrous DMF (20 mL) at 

0 °C under argon was added 1H-imidazole (1.0 g, 15.0 mmol, 1.5 equiv) and triethylamine (4.2 

mL, 30.0 mmol, 3.0 equiv) via a syringe. The reaction mixture was allowed to warm to room 

temperature and stirred overnight. 50 mL ethyl acetate was added and washed with brine three 

times, and dried over Na2SO4. After filtration and concentration, the crude mixture was purified 

by column chromatography (silica gel, 50% ethyl acetate in hexanes) to afford the title product 

(3.0 g, 77.1%).  
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Scheme B.1. Synthesis of brotrimazole. 

 

1H NMR (800 MHz, Chloroform-d) δ 7.66 (dd, J = 7.9, 1.5 Hz, 1H), 7.49 (t, J = 1.2 Hz, 1H), 7.36 

– 7.32 (m, 6H), 7.30 – 7.28 (m, 1H), 7.24 – 7.21 (m, 5H), 7.07 (d, J = 1.3 Hz, 1H), 6.91 (dd, J = 

8.0, 1.7 Hz, 1H), 6.76 (d, J = 1.5 Hz, 1H).  13C NMR (201 MHz, CDCl3) δ 142.19, 140.36, 139.24, 

135.90, 130.93, 130.52, 129.86, 128.46, 128.17, 127.97, 127.56, 125.90, 121.63. HRMS (m/z, 

APCI): calcd for C22H18BrN2(M+H)+: 389.0653. Found: 389.0639. 
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Figure B.1. 1H NMR and 13C NMR for 1-((2-bromophenyl)diphenylmethyl)-1H-imidazole. 
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Synthesis of 3,3-bis(3,5-diiodo-4-methoxyphenyl)isobenzofuran-1(3H)-one (Me-DIBF) 

To a solution of 3,3-bis(4-hydroxy-3,5-diiodophenyl)isobenzofuran-1(3H)-one (6.6 g, 8.0 mmol, 

1.0 equiv) in anhydrous DMF (50 mL) at RT under argon was added K2CO3 (4.4 g, 32.0 mmol, 

4.0 equiv) and MeI (2.5 mL, 40.0 mmol, 5.0 equiv) via a syringe. The reaction mixture was stirred 

overnight. The mixture was poured into water and filtered to afford the title product as a white 

Ffsolid (6.5g, 95.6%). 
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1H NMR (800 MHz, Chloroform-d) δ 8.00 – 7.98 (m, 1H), 7.83 – 7.81 (m, 1H), 7.69 – 7.65 (m, 

5H), 7.58 – 7.56 (m, 1H), 3.88 (s, 6H). 13C NMR (201 MHz, CDCl3) δ 168.44, 159.52, 149.85, 

139.44, 138.09, 134.97, 130.31, 126.72, 125.09, 123.78, 91.01, 87.36, 60.73. HRMS (m/z, ESI): 

calcd for C22H15I2O4(M+H)+: 850.7149. Found: 850.7137. 

 

 

Figure B.2. 1H NMR and 13C NMR for 3,3-bis(3,5-diiodo-4-methoxyphenyl)isobenzofuran-

1(3H)-one.
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Figure B.2 continued
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Single Crystal X-ray 

Crystallization and Data Collection 

Single crystals were grown from a solution of dichloromethane and ethyl acetate using hexane 

vapor diffusion. Two crystals were selected for data collection and analyzed to ensure 

reproducibility of results. The crystals were mounted on a Mitegen micromesh mount using a trace 

of mineral oil and cooled to 150 K. Data were collected on a Bruker D8 Quest Single Crystal 

CMOS Diffractometer (Bruker, Billerica, MA) with a sealed tube X-ray source generating Mo-Kα 

radiation (λ = 0.71073 Å), a curved triumph monochromator with a 10 cm x 10 cm Photon-100 

detector and fixed chi angle, and an Oxford Cryostream 800 plus variable temperature device (80-

500K). Reflections were collected and processed, and the data was corrected for absorption and 

scaled by the multi-scan method using the Apex3 software v2018.1-0 (Bruker, Billerica, MA).  

 

Structure Determination and Refinement 

The space group was assigned and the structure was solved using XPREP within the SHELXTL 

suite of programs162, 163 by direct methods. Structure refinement was performed in SHELXL 

version 2018/3164, 165 by full matrix least squares on F2 with all reflections. Hydrogen atoms 

attached to carbons were geometrically placed in calculated positions and were constrained to ride 

on their parent atoms, such that the hydrogen-carbon bond distance for the aromatic C-H was 0.95 

Å. Uiso(H) values for the C-H units were set to be a 1.2 multiple of Ueq(C).  The imidazole and one 

of the phenyl groups were refined as disordered. The imidazole was refined in three parts such that 

two imidazole moieties were placed in similar positions but rotated 180⁰ with one another, while 

the position of the third imidazole moiety was swapped with the position of one of the phenyl rings. 

Similarly, the phenyl ring was refined in three parts such that two phenyl moieties were placed in 

similar positions but slightly off shifted, coinciding with the rotation of the imidazole, while the 

position of the third phenyl moiety was swapped with the third imidazole moiety. All thermal 

parameters were restrained to be similar to each other. The bond distance between the central 

carbon atom and the carbon atom on the disordered phenyl ring was restrained to be similar to the 

bond distance between the central carbon atom and the carbon atom of one of the non-disordered 

phenyl rings for all disordered phenyl moieties. Similarly, the bond distance between the central 
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carbon atom and the nitrogen for the minor moieties was restrained to be similar to that for the 

major moiety. Lastly, the diffraction intensities were corrected for extinction. Complete 

crystallographic data, in CIF format, have been deposited with the Cambridge Crystallographic 

Data Center: CCDC xxxxxx. Additional crystal data, data collection and refinement details can be 

found in the supporting information. The data can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via. www.ccdc.cam.ac.uk/datarequest/cif. 

  

http://www.ccdc.cam.ac.uk/datarequest/cif
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Table S1. X-ray crystallography experimental details for brotrimazole 

Crystal data 

Chemical formula C22H17BrN2 

Mr 389.28 

Crystal system, space 

group 

Monoclinic, P21/c 

Temperature (K) 150 

a, b, c (Å) 11.1106 (6), 11.7583 (6), 13.1793 (7) 

 (°) 91.055 (2) 

V (Å3) 1721.48 (16) 

Z 4 

Radiation type Mo K 

 (mm-1) 2.39 

Crystal size (mm) 0.44 × 0.23 × 0.06 

 

Data collection 

Diffractometer Bruker AXS D8 Quest CMOS  

diffractometer 

Absorption correction Multi-scan  

SADABS 2016/2: Krause, L., Herbst-Irmer, R., Sheldrick G.M. & Stalke 

D. (2015). J. Appl. Cryst. 48 3-10. 

 Tmin, Tmax 0.600, 0.746 

No. of measured, 

independent and 

 observed [I > 2(I)] 

reflections 

33666, 5743, 4072   

Rint 0.054 

(sin /)max (Å-1) 0.737 

 

Refinement 

R[F2 > 2(F2)], wR(F2), 

S 

0.038,  0.092,  1.03 

No. of reflections 5743 

No. of parameters 404 

No. of restraints 864 

H-atom treatment H-atom parameters constrained 

ρmax, ρmin (e Å-3) 0.67, -0.65 

Computer programs: Apex3 v2018.1-0 (Bruker, 2018), SAINT V8.38A (Bruker, 2016), SHELXS97 

(Sheldrick, 2008), SHELXL2018/3 (Sheldrick, 2018), SHELXLE Rev946 (Hübschle et al., 2011). 
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Single Crystal Structure of Brotrimazole 

Structure of brotrimazole were determined at a max resolution of 0.67 Å. As shown in Figure 3S, 

two phenyl rings are in a conformation of an “open clam”, and the Br atom is in between two 

“shells”. However, the structure of clotrimazole contains the Cl atom on the opposite side of the 

two phenyl rings according to  the crystal structure in the Cambridge Crystallographic Data Center 

with ID PUVRIH.166 Compared to Cl, Br is potentially more structurally hindered as a halogen 

bond donor. Interestingly, the brotrimazole crystal structure is disordered, where the positions of 

one of the phenyl rings and imidazole are swapped in 18.3% of the cases, as shown in Figure 3S. 

This behavior was confirmed in the second crystal analyzed. Despite the conformational 

differences, the distance between Br and C (shown in the green dotted line in Figure 1) is around 

3.4 Å, which is slightly smaller than their sum of Van Der Waals radius, 3.55 Å, indicating 

intermolecular interaction.  

 

Figure B.3. Single crystal structure of brotrimazole. The interactions are indicated with distance 

(Å).  
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Preparation of Amorphous Solid Dispersions (ASDs) 

All the amorphous solid dispersions were prepared by solvent evaporation using a rotatory 

evaporator (Brinkman Instruments, Westbury, NY). The organic solvent used to dissolve both drug 

and polymer was ethanol, except for Me-IDBF, where tetrahydrofuran was used. The temperature 

of the water bath was 60 °C and 40 °C for ethanol and tetrahydrofuran, respectively. Subsequently, 

the ASDs were placed in a vacuum oven for a day to remove residual organic solvent. 

Clotrimazole-PVPVA, clotrimazole-PVP, and loratadine-PVPVA ASDs were prepared with drug 

loadings of 10, 20, 25, 30, 40 and 50 wt. %. Brotrimazole-PVPVA and Me-DIBF-PVPVA ASDs 

were prepared with drug loading of 10, 20, 30 and 40 wt. %.  

X-ray Photoelectron Spectroscopy (XPS) 

XPS Acquisition and Data Analysis XPS data were obtained by a Kratos Axis Ultra DLD 

spectrometer using monochromic Al Kα radiation (1486.6 eV).  The spectra was collect at constant 

pass energy (PE) at 20 and 160 eV for high-resolution and survey spectra, respectively. A 

commercial build-in Kratos charge neutralizer was used to avoid non-homogeneous electric charge 

of non-conducting powder and to achieve better resolution. All the ASD samples for XPS were 

compressed into tablets prior to examination. 100 mg ASD powder was compressed at 1500 psi 

with a hydraulic press (Carver Inc, Wabash, IN) in a circular intrinsic die with diameter of 8 mm, 

and the compression pressure was held for 60s. Then the tablets were ejected manually from the 

die. The tablet were placed on a stainless steel sample holder bar using a double-sided sticking Cu 

tape. The XPS spectra were collected at 5 different points for each tablet. The size of analysis spot 

was 0.5 mm in diameter.  XPS data were analyzed with CasaXPS software (www.casaxps.com). 

Prior to data analysis, the C-C component of the C 1s peak was set to a binding energy (BE) of 

284.8 eV to correct for charge at each acquisition spot. Curve-fitting was performed following a 

Shirley background subtraction using Gaussian/Lorentzian peak shapes. The atomic 

concentrations of the elements in the near-surface region were estimated after a Shirley 

background subtraction taking into account the corresponding Scofield atomic sensitivity factors 

and inelastic mean free path (IMFP) of photoelectrons using standard procedures in the CasaXPS 

software assuming homogeneous mixture of the elements within the information depths (~10nm). 
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Table B.2. Total percentage of the lower binding energy halogen atoms in ASDs. 

  

Drug Loading 

(%) 

Percentage of halogen atoms with lower binding energies 

(%) 

Clotrimazole/PVPVA     

  10 73.0 ± 18.4 

  20 55.3 ± 5.7 

  25 53.6 ± 8.7 

  30 56.7 ± 12.1 

  40 32.8 ± 1.5 

  50 30.1 ± 4.2 

Clotrimazole/PVP K29-

32     

  10 76.1 ± 7.7 

  20 60.6 ± 8.4 

  30 40.9 ± 8.9 

  40 51.6 ± 7.1 

  50 38.5 ± 7.1 

Loratadine/PVPVA     

  10 69.7 ± 7.9 

  20 82.1 ± 7.2 

  25 53.2 ± 5.8 

  30 43.7 ± 4.7 

  40 39.1 ± 4.3 

Brotrimazole/PVPVA     

  10 87.9 ± 1.3 

  20 71.1 ± 3.4 

  30 61.9 ± 1.6 

  40 55.9 ± 3.0 

Me-DIBF/PVPVA     

  10 60.8 ± 4.1 

  20 53.3 ± 5.1 

  30 29.9 ± 1.6 

  40 22.2 ± 1.5 
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Figure B.4. X-ray photoemission spectrum of the O1s in PVP for pure PVP and 

clotrimazole/PVP 50/50 wt. %.  

Nuclear Magnetic Resonance (NMR) Spectroscopy 

1H and 13C NMR were performed using Bruker Avance-III-800 spectrometer (Billerica, MA) 

equipped with a QCI cryoprobe. Titration was used to obtain binding constants. Deuterated 

cyclohexane was chosen as a solvent to ensure sufficient solute solubility and to avoid interference 

with halogen bonding. Chemical shifts were reported relative to tetramethylsilane (TMS). All the 

samples were equilibrated at 25 °C for at least 5 min before data collection. To evaluate the weak 

interaction between drug or its analogy and 1-ethylpyrrolidinone (which is a monomeric analogue 

of PVP and maintains good solubility in toluene), we monitored model compound chemical shifts 

by EP titrations. The general procedure for titrations was as follows: a deuterated toluene stock 

solution with the host compound (concentration of 14.5 mM) was divided into eight NMR tubes 

(0.6 mL each). A variable amount of 1-ethyl-2-pyrrolidone (EP) as guest was added to each tube 

to provide a range of halogen bonding acceptor concentrations. The guest concentrations used were 

11.0, 87.5, 173.2, 339.9, 654.6, 946.8, 1218.9 mM for each titration sample. The chemical shift of 

the host molecule was monitored and the titration curves were fit to a 1:1 binding model, which is 

a hyperbolic function, using OriginPro 2019 (Originlab Corporation, Northampton, MA) to 

determine the binding constant KF, which is given by equation 1: 
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𝐾𝐹 =
[𝐴𝐷]

[𝐴][𝐷]
       (1) 

 

where [AD] is the concentration of the halogen-bonded complex, while [A] and [D] are the 

concentrations of the free acceptor and the free donor, respectively.  

Using NMR spectroscopic titration to attain binding constants is a widely used approach.111, 134, 167, 

168 Titrations were repeated three times for reproducibility and estimation of errors, one set of 

representative NMR spectra and the titration curves for each model compound are presented here. 

The binding constant was determined by both 1H NMR and 13C NMR. For control experiments, 1-

ethylpyrrolidine, which lacks the carbonyl group present in 1-ethylpyrrolidinone, was added to the 

host solution to examine its impact on the chemical shift.  
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Titration of Clotrimazole 

 

 

Figure B.5. (a) Chemical structure for clotrimazole. (b) 1H NMR spectra of the proton on the 

para position to the chlorine atom in the presence of varying amount of 1-ethyl-2-pyrrolidone. 

From bottom to top, the concentration of 1-ethyl-2-pyrrolidone is 0, 11, 87.5, 173.3, 339.9, 

654.6, 946.8, 1219 mM. The peaks labeled with stars belong to the proton used in the titration 

curve. (c) 13C NMR spectra of the chlorine-bonded carbon in the presence of varying amount of 

1-ethyl-2-pyrrolidone. From bottom to top, the concentration of 1-ethyl-2-pyrrolidone is 0, 11, 

87.5, 173.3, 339.9, 654.6, 946.8, 1219 mM. 
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Figure B.5 continued 
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Titration of brotrimazole 

 

 

Figure B.6. (a) Chemical structure for brotrimazole. (b) 1H NMR spectra of the proton on the 

para position to chlorine atom in the presence of varying amount of 1-ethyl-2-pyrrolidone, from 

bottom to top the concentration of 1-ethyl-2-pyrrolidone is 0, 11, 87.5, 173.3, 339.9, 654.6, 

946.8, 1219 mM respectively. The peaks labeled with stars are the proton peak used for titration 

curve. (c) Plot of 1H NMR chemical shift change as a function of the concentration of 1-ethyl-2-

pyrrolidone.  
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Figure B.6 continued 
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Figure B.7. (a) Chemical structure of brotrimazole. (b) 13C NMR spectra of carbon atom 

highlighted in the presence of varying amount of 1-ethyl-2-pyrrolidone, from bottom to top the 

concentration of 1-ethyl-2-pyrrolidone is 0, 11, 87.5, 173.3, 339.9, 654.6, 946.8, 1219 mM 

respectively. (c) Plot of 13C NMR chemical shift change as a function of the concentration of 1-

ethyl-2-pyrrolidone.  
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Figure B.7 continued 
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Titration of loratadine 

 

 

Figure B.8. (a) Chemical structure of loratadine. (b) 1H NMR spectra of the proton highlighted in 

the presence of varying amount of 1-ethyl-2-pyrrolidone, from bottom to top the concentration of 

1-ethyl-2-pyrrolidone is 0, 11, 87.5, 173.3, 339.9, 654.6, 946.8, 1219 mM respectively. The 

peaks labeled with stars are the proton peak used for titration curve. (c) Plot of 1H NMR 

chemical shift change as a function of the concentration of 1-ethyl-2-pyrrolidone.  
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Figure B.8 continued 
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Figure B.9. (a) 13C NMR spectra of carbon atom highlighted in the presence of varying amount 

of 1-ethyl-2-pyrrolidone, from bottom to top the concentration of 1-ethyl-2-pyrrolidone is 0, 11, 

87.5, 173.3, 339.9, 654.6, 946.8, 1219 mM respectively. (b) Plot of 13C NMR chemical shift 

change as a function of the concentration of 1-ethyl-2-pyrrolidone.  
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Figure B.9 continued 
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Figure B.10. 1H NMR for clotrimazole in the presence of 654 mM of 1-ethylpyrrolidine (top 

spectrum), and 1-ethyl-2-pyrrolidone (bottom spectrum). 

 

Figure B.11. 1H NMR for brotrimazole in the presence of 654 mM of 1-ethylpyrrolidine (top 

spectrum), and 1-ethyl-2-pyrrolidone (bottom spectrum). 
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Figure B.12. 1H NMR for loratadine in the presence of 654 mM of 1-ethylpyrrolidine (top 

spectrum), and 1-ethyl-2-pyrrolidone (bottom spectrum). 
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Binding Constants in Toluene 

Table B.3. KF values for halogen bonding between model compounds and 1-ethyl-2-pyrrolidone 

from the 1H and 13C NMR titration experiments at 25 °C in toluene.  

  KF based on 1H NMR (M-1) KF based on 13C NMR (M-1) 

Clotrimazole 0.32 ± 0.09 0.35 ± 0.06 

Loratadine 0.35 ± 0.11 0.39 ± 0.01 

Brotrimazole 0.30 ± 0.11 0.21 ± 0.02 

Bulk Infrared (IR) Spectroscopy 

Thin films of pure PVPVA, clotrimazole-PVPVA mixtures, brotrimazole-PVPVA mixtures, and 

Me-DIBF-PVPVA mixtures were spin-coated on thallium bromoiodide (KRS-5) windows 

(Harrick Scientific Corporation, Ossining, NY) using a spin coater (Chemat Technology Inc., 

Northridge, CA). The general procedure for spin coating was as follows: 50 µL of the PVPVA or 

drug-PVPVA ethanol solution with solid content of 100 mg/mL was deposited onto the substrate, 

then it was spun for 15 s at 50 rpm followed by 50 s at 2500 rpm. The IR spectra were collected 

using a Bruker Vertex 70 FTIR spectrometer (Bruker, Billerica, MA). For each sample, 128 scans 

were collected for both background and samples at a resolution of 4 cm-1. The data was analyzed 

utilizing OPUS software (version 7.2, Bruker Billerica, MA). IR spectra for loratadine-PVPVA 

were not collected due to the overlap of the carbonyl group in loratadine with PVPVA carbonyl 

group region. 
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 5 

 

Figure C.2 XPS I 3d spectrum for (a) neat amorphous TIPP and (b) TIPP in ASDs with 20% 

drug loading. 

 

 

Figure C.2 XPS I 3d spectrum for (a) neat amorphous Me-TIPP and (b) Me-TIPP in ASDs with 

20% drug loading. 
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Figure C.3 The percentage of iodo atoms with high (as found in the neat compound) and low 

binding energies (new peaks seen in the ASD) as a function of drug loading (DL) in the ASD for 

ASD system (a) TIPP/PVPVA, (b) Me-TIPP/PVPVA. 

a 
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